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Abstract 

Functional selectivity, which highlights the ability of ligands to differentially activate the 

signalling pathways linked to G protein-couple receptors (GPCRs) has provided an avenue 

for developing ligands with greater safety profiles. Pilocarpine (Pilo), a non-selective 

muscarinic acetylcholine receptor (mAChR) agonist has been shown to differentially activate 

G protein subtypes linked to the M3 mAChR. In this study the pharmacology of Pilo was 

further investigated using a number of readouts. When compared to methacholine (MCh), a 

reference agonist, Pilo appeared to preferentially stimulate inositol phosphates production 

than global receptor phosphorylation. The ligand also appeared to preferentially promote 

phosphorylation of Ser412 at the third intracellular loop of the receptor than Ser577 at the C-

terminal tail. This differential phosphorylation may be linked to the fact that these residues 

are phosphorylated by distinct protein kinases. However, such preferential phosphorylation 

was not evident at the mutant M3 RASSL receptor that was engineered to respond to 

Clozapine-N-oxide (CNO). This mutant receptor was phosphorylated in response to CNO 

stimulation in a similar manner as the wild-type M3 mAChR responding to ACh. 

Allosteric modulation has been considered an attractive approach to selectively target GPCR 

subtypes for multiple disease indications. BQCA and LY2033298 have been shown to act 

allosterically at the M1 and M4 mAChR, respectively. In this study, we provided evidence 

that BQCA is probe dependent and the compound is more potent as an affinity modulator of 

ACh than Pilo. However BQCA did not significantly potentiate the phosphorylation state of 

the M1 mAChR following stimulation with a sub-maximal concentration of ACh. Similar 

results were obtained for LY2033298 at the M4 mAChR which suggest that allosteric 

modulators do not promote a receptor conformation that increases the accessibility of 

phosphorylation sites to protein kinases. 
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Chapter 1: General introduction 

1.1 The superfamily of G protein-coupled receptors  

The ability to sense extracellular signals and transduce the information into various 

intracellular signalling molecules is paramount to cells in living organisms. G protein-

coupled receptors (GPCRs) are a class of cell surface proteins that mediate such signal 

transduction process. These receptors recognise a diverse array of stimuli and play key roles 

in a wide range of physiological processes including memory formation, muscle contraction, 

glandular secretion and cellular growth and differentiation (Lefkowitz, 2004; Lefkowitz, 

2000). More than 1% of the human genome is known to code for GPCRs which makes these 

receptors one of the largest and most ubiquitous cell surface proteins found in nature (Pierce 

et al., 2002; Venter et al., 2001). Additionally, mutations that result in a loss or gain of 

function have been linked with diseased states and as such GPCRs represent an important 

drug target for the pharmaceutical industry (Rana et al., 2001). 

1.2. Classification of GPCRs 

All GPCRs share a common architecture of seven transmembrane (TM) domains connected 

by intracellular (ICL) and extracellular (ECL) loops, a cytoplasmic C-terminus and an 

exoplasmic N-terminus (Kristiansen, 2004; Lagerstrom et al., 2008; Pierce et al., 2002). The 

ECL1 and ECL2 are connected by a disulphide bond between two conserved cysteine 

residues which helps to fold the protein in a correct conformation (Bockaert et al., 1999; 

Lameh et al., 1990). The transmembrane domains among many GPCRs are relatively similar, 

but the loop regions and terminal domains are highly diverse (Bockaert et al., 1999).  These 

differences allow GPCRs to be grouped into families and classes. 

Initial GPCR classification was based on primary sequence analysis and via this method 

GPCRs were grouped into three families (Family A-C) (Pierce et al., 2002). However this 
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classification has been expanded into five families (Family A, B, C, adhesion and 

frizzled\taste2) owing to the discovery of novel GPCRs and differences in ligand binding 

sites, (Bockaert et al., 1999; Lagerstrom et al., 2008; Rosenbaum et al., 2009). Family A is 

the largest group and can be further divided into α, β, γ and δ subfamilies. The α subfamily 

include receptors for light, odorants, small molecule biogenic amines, hormones and 

neurotransmitters. These receptors have a ligand binding site located deep within the 

transmembrane helical bundle (Bockaert et al., 1999). The β-subgroup consists of receptors for 

peptide hormones such as endothelin, neurotensin and gonadotropin-releasing hormone 

which have a shallow binding pocket formed mainly by the ECLs and N-terminal domain 

(Lagerstrom et al., 2008). The γ subfamily includes receptors for peptides and lipid like 

molecules such as chemokines, opioid and somatostatin which also utilise the ECLs and N-

terminal domain to engage the endogenous ligands (Lagerstrom et al., 2008). The δ family 

consists of receptors for odorant and proteases (Lagerstrom et al., 2008). Interestingly, the 

protease activated receptors (PARs) have a large N-terminal domain which undergoes a 

proteolytic cleavage either by thrombin (PAR1, 3 and 4) or trypsin (PAR2) to reveal a 

tethered ligand. This ligand then activates the receptor by interacting with the ECL2 

(Kristiansen, 2004).  

A characteristic feature of family A GPCRs is that most of them contain highly conserved 

structural motifs such as the E/DRY sequence at the interface of TM3 and ICL2 and NPxxY 

motif in TM7 (Fredriksson et al., 2003; Kristiansen, 2004). These motifs are known to be 

important for receptor activation.   

Family B GPCRs has about 25 members and include receptors for peptide hormones such as 

glucagon, secretin, calcitonin and parathyroid hormone (Pierce et al., 2002). These receptors 

share very little sequence homology but usually have a large N-terminal domain that is rich in 

cysteine residues (Gether, 2000; Lagerstrom et al., 2008). These cysteine residues form a 
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network of disulphide bonds which are important for the endogenous ligand binding (Pal et 

al., 2012).  

Family C is also relatively small and include the γ-aminobutyric acid (GABAB) receptor, 

calcium sensing receptor (CASR) and metabotropic glutamate receptors (mGluRs). These 

receptors have a large N-terminal domain that is critical for ligand binding (Bockaert et al., 

1999; Fredriksson et al., 2003; Gether, 2000; Lagerstrom et al., 2008; Pierce et al., 2002). 

The N-terminal domain of metabotropic glutamate receptor forms two lobes separated by a 

hinge region, a globular arrangement known as the Venus fly trap (VFT) (Bessis et al., 2002; 

Kunishima et al., 2000). Structural analysis of this region showed that the VFT motif shares a 

low but significant homology to the bacterial periplasmic binding protein, LIVBP (Bockaert 

et al., 1999; O'Hara et al., 1993). In addition to the VFT motif, most family C GPCRs also 

have a cysteine rich domain that is thought to be important for receptor activation. This 

domain is proposed to transmit the conformational change at the VFT motif to the 

transmembrane domain and facilitates receptor activation (Bockaert et al., 1999; Lagerstrom 

et al., 2008).  

Most family C GPCRs exist as a dimer and in some cases this dimerisation is required for 

proper functionality. For instance, the GABAB receptor has two subtypes which play distinct 

roles in signal transduction. The GABAB1 subtype binds to the ligand and the GABAB2 

interacts with G protein. The two subunits must form a heterodimer with each other in order 

to form a fully functional GABAB receptor (Bockaert et al., 1999). 

The adhesion family include receptors for lectomedin and CD97 antigen which bind to the 

extracellular matrix (Fredriksson et al., 2003; Lagerstrom et al., 2008). These receptors have 

an excessively long N-terminal domain that forms a mucin-like stalk. This N-terminal 

domain also contains several functional domains including a proteolytic cleavage site and a 
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cadherin-like motif that is important for ligand binding (Fredriksson et al., 2003; Lagerstrom 

et al., 2008). 

The frizzled receptors are activated by the glycoprotein ligand, Wnt which plays an important 

role in cell proliferation and embryonic development (Fredriksson et al., 2003). The taste2 

receptors are expressed predominantly in the taste buds and mediate bitter taste sensation. 

These receptors have several features including short N-and C-terminal domains and the 

presence of highly conserved IFL, SFLL and SxKTL motifs in TM2, TM5 and TM7 

respectively (Fredriksson et al., 2003). The N-terminal domain of frizzled receptors is also 

rich in cysteine residues that are necessary for ligand binding (Schulte, 2010). 

1.3. Crystal structure of GPCRs 

In order to understand the structural basis of GPCR functions, it has been necessary to obtain 

high resolution crystal structures of GPCRs bound to antagonist or agonist and to 

downstream signalling molecules. Because GPCRs are expressed at low levels in native 

tissues and are highly unstable when purified out of the membranes, rhodopsin has served as 

an important model system for crystallography due to its high expression levels in rod outer 

segments and stability in the dark (Palczewski, 2000). However great progress in protein 

engineering and crystallographic methods has been made which enabled other GPCRs to be 

crystallised. Such methods include mutagenesis, removal of flexible regions and fusion with 

an antibody fragment or T4 lysozyme which proved to be thermostabilising and extremely 

helpful for crystals formation (Zhao et al., 2012). More than sixteen different GPCRs have 

now been crystallised to high resolution in various different conformations (antagonist bound, 

agonist bound and G protein coupled) (Katritch et al., 2013). These structures revealed 

interesting differences and similarities between receptors from different subfamilies and 
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receptors within subfamilies. Most of these common and distinct structural features were 

found at the ligand binding pocket and the loop regions of the receptor. 

The binding pocket of the aminergic receptor family is known to contain a highly conserved 

aspartate residue (Asp
3.32

) which plays an important role in ligand binding and receptor 

activation (superscript represents Ballesteros Weinstein numbering, (Ballesteros et al., 1995). 

In the structure of the dopamine D3 receptor (Chien et al., 2010), M2 and M3 mAChRs (Haga 

et al., 2012; Kruse et al., 2012) and β1 and β2 adrenergic receptors (Rasmussen et al., 2007; 

Warne et al., 2008), this residue was found to interact with the amine group of the bound 

ligand. Asp
3.32

 was also found in the opioid receptors, though it did not participate in ligand 

binding. Instead, the ECL2 which forms a highly conserved β-hairpin arrangement served as 

the ligand binding motif (Granier et al., 2012; Katritch et al., 2013; Manglik et al., 2012; 

Thompson et al., 2012; Wu et al., 2012).  

In the inactive structure of rhodopsin, the ligand, 11-cis-retinal was bound covalently to a 

lysine residue in TM7 (Lys
7.43

) via a protonated Schiff’s base linkage (Palczewski, 2000). 

This interaction was further stabilised by a counterion of Glu
3.28 

and protected from the 

extracellular environment by ECL2 which forms a lid over the binding pocket. A similarly 

restricted binding pocket was also observed in the crystal structure of sphingosine-1-

phosphate 1 (S1P1) receptor (Hanson et al., 2012). The closely packed arrangement of the 

residues at the top of the binding pocket may suggest that the endogenous ligand enters the 

pocket via the membrane bilayer (Hanson et al., 2012; Katritch et al., 2013).  

An additional layer of complexity in the ligand binding pocket was revealed in the crystal 

structure of the M2 and M3 mAChRs. In these structures, the binding pocket was highly 

hydrophilic and the bound antagonist (QNB in M2 mAChR and tiotropium in M3 mAChR) 

was protected from the extracellular milieu by an aromatic cage formed by three tyrosine 
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residues (Tyr
3.33

, Tyr
6.51

 and Tyr
7.39

). A second binding pocket was found at the top of the 

cage which is thought to be a site for allosteric modulators (Haga et al., 2012; Kruse et al., 

2012). The binding pocket in the two structures was highly similar which highlights the 

difficulty in developing selective pharmacological agents at the orthosteric binding pocket of 

this receptor family. 

In contrast, the binding pocket for the adenosine A2A receptor, histamine H1 and β1- and β2- 

adrenergic receptors was accessible to the extracellular environment. The ECL2 of these 

receptors was disordered and lacked the rigid β-sheet arrangement (Jaakola et al., 2008; 

Jaakola et al., 2010; Rasmussen et al., 2007; Rosenbaum et al., 2007; Rosenbaum et al., 

2009; Warne et al., 2008). The binding pocket in the β1- and β2- adrenergic receptors 

overlaps with the binding pocket of rhodopsin, but the binding pocket of the histamine H1 and 

adenosine A2A receptors was much deeper (Doré et al., 2011; Jaakola et al., 2008; 

Shimamura et al., 2011). This allowed the antagonist (ZM241385 in adenosine A2A and 

doxepin in histamine H1 receptor) to bind in an extended conformation. 

At the intracellular regions, rhodopsin has an additional helix (helix 8) and an ionic lock 

formed by Arg
3.50

 in the E/DRY motif of TM3 and Glu
6.30

 in TM6. This interaction is thought 

to stabilise the receptor in the inactive conformation (Palczewski, 2000; Rosenbaum et al., 

2009). Interestingly, helix 8 and ionic lock interaction were absent in many of the non-visual 

GPCR structures. The functional significant of the lack of helix 8 in these structures is 

unknown but the absence of ionic lock interaction is thought to be related to constitutive 

activity of the receptor (Katritch et al., 2012; Katritch et al., 2013). 

In addition to inactive structures, several GPCRs including rhodopsin, adenosine A2A and β2 

adrenergic receptors have also been crystallised in the active conformation, which provided 

insights into the mechanisms of receptor activation (Choe et al., 2011; Park et al., 2008; 
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Rasmussen et al., 2011a; Rosenbaum et al., 2011; Scheerer et al., 2008; Warne et al., 2012; 

Warne et al., 2011; Xu et al., 2011). Overall, the structural changes at the ligand binding 

pocket were very small (between 0.8 – 1.2 Å) but changes at the intracellular regions were 

much more pronounced (Ahuja et al., 2009; Katritch et al., 2012; Katritch et al., 2013; Lebon 

et al., 2012). These include an outward rotation of the intracellular portion of TM6 and the 

breaking of the ionic lock (in rhodopsin). This movement, often referred to as the rotamer 

toggle, also resulted in TM6 moving closer to TM5. A rigid body movement was observed at 

the TM3 which resulted in the helix moving up and in some cases along its axis (Katritch et 

al., 2012; Katritch et al., 2013). The intracellular portion of TM7 moved inward toward the 

centre of the 7TM bundle and created a distortion in the region of the conserved NPxxY 

motif. These global structural changes resulted in the opening of a binding crevice for G 

protein at the intracellular region between TM3, TM5 and TM6 (Rosenbaum et al., 2009). 

Structural insights into how GPCRs interact with and activate G protein were obtained from 

the crystal structure of opsin (an active form of rhodopsin) bound to the C-terminal tail of 

Gαt (transducin) and the β2 adrenergic receptor bound to heterotrimeric G protein. In these 

structures, the TM5 and TM6 of the receptors were found to make significant interactions 

with the α5 helix of the C-terminal portion of Gα subunit (Rasmussen et al., 2011b; Scheerer 

et al., 2008). The α-helical domain of the G proteins also rotated from the GTPase domain by 

~125
o
 which may facilitate GDP release and nucleotide exchange (Lebon et al., 2012; 

Rasmussen et al., 2011b). 

1.4. Signalling mechanisms of GPCRs 

The ability of GPCRs to mediate a diverse array of cellular responses is centred on the fact 

that these receptors are able to interact with multiple transducer proteins and activate a 
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complex signalling network (Marinissen et al., 2001). Among cellular targets of GPCRs are 

the heterotrimeric G proteins and arrestins.  

1.4.1. G protein dependent signalling 

Heterotrimeric G proteins form the major signalling pathway by which GPCRs function. Four 

families of G protein have been indentified based on the Gα subunit; Gαs, Gαi, Gαq/11 and 

Gα12/13 (Cabrera-Vera et al., 2003; Johnston et al., 2007; Oldham et al., 2008). The 

heterotrimeric G protein consists of α, β and γ subunits. Based on cloning and homology 

analysis of the human genome, 35 genes have been proposed to code for G proteins; 16 for 

the α subunit, 5 for the β subunit and 14 for the γ subunit (Milligan et al., 2006). Because the 

β and γ subunits are tightly bound together (via an N terminal domain coil-coiled interaction), 

these subunits are considered as one functional unit (Oldham et al., 2008). GPCRs interact 

with the G protein and promote the exchange of GTP for GDP at the Gα subunit. Thus, 

GPCRs act as a guanine nucleotide exchange factor (GEF) upon stimulation by an agonist 

(McCudden et al., 2005; Oldham et al., 2008; Oldham et al., 2006; Willars, 2006). This 

nucleotide exchange leads to the dissociation of G protein into the α and βγ functional units. 

Termination of G protein mediated signalling involves the hydrolysis of GTP and the re-

association of Gα subunit with the Gβγ dimer (Figure 1.4.1.1) (Cabrera-Vera et al., 2003; 

Johnston et al., 2007; McCudden et al., 2005). In vivo, this rate of GTP hydrolysis is greatly 

enhanced by a family of proteins known as regulators of G protein signalling (RGS) proteins 

(Willars, 2006). 
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Figure 1.4.1.1: G protein activation cycle. Activation of a GPCR by an agonist 

results in the binding of the receptor to the heterotrimeric G protein. This coupling causes the 

release of GDP at the Gα subunit and the subsequent binding of GTP which exists at a much 

higher concentration in cells. This nucleotide exchange resulted in the release of Gα subunit 

from the Gβγ dimer. Both Gα and Gβγ subunits are active signalling molecules which then 

regulate the activity of downstream effector molecules. Termination of receptor signals is 

mediated by GTP hydrolysis and the re-association of the Gα subunit with the Gβγ subunits. 

In vivo, the rate of this hydrolysis is greatly enhanced by the regulators of G protein 

signalling (RGS) proteins. 
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The Gα subunit is thought to play the predominant role in transmitting the GPCR signal (See 

Figure 1.4.1.2 and table 1.4.1.1 for downstream effectors of Gα subunit). However the βγ 

subunits have also been shown to be able to activate downstream effector targets such as 

PI3Kγ and G protein inward rectifying K
+
 channels (GIRKs) (Clapham et al., 1997; Pierce et 

al., 2002). 

Structurally the Gα subunit contains of a GTPase domain and an α-helical domain 

(Lambright et al., 1996; Oldham et al., 2008; Sondek et al., 1996; Sondek et al., 1994). The 

GTPase domain is conserved across all four families of G proteins as well as in small 

monomeric G proteins. The GTPase domain contains helical regions that act as a molecular 

switch (helix I, II, III). These helices adopt different conformations when bound to GDP or 

GTP, suggesting that they are important for G protein activation (Oldham et al., 2008). The 

helical domain is unique to the Gα subunit and consists of six α‑helical bundles that form a 

lid over the nucleotide-binding pocket (Oldham et al., 2008). All Gα subunits with the 

exception of Gαt (transducin) are post translationally modified by palmitoylation at the N-

terminus which allows the heterotrimeric G protein to anchor to the plasma membrane 

(McCudden et al., 2005; Oldham et al., 2008).   

The Gβ subunit is made up of seven bladed antiparallel β-strands that bind tightly to the Gγ 

subunit via the N-terminal domain. The Gγ subunit is in turn anchored to the plasma 

membrane by isoprenylation of their C-terminal domain with either a farnesyl or 

geranylgeranyl moiety (Oldham et al., 2008). 

Critical domains that allow G proteins to interact with GPCRs and effector targets have also 

been determined. It was shown that the Gα subunit plays the predominant role for both 

processes. For GPCR binding, these domains were mapped to the α5 helix, α4/β6 loop and 

certain residues at the N terminal domain (Johnston et al., 2007; Oldham et al., 2006). The 
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binding site for downstream effectors such as adenylate cyclase (AC) was mapped to the 

switch II and α3 helix of the Gα subunit. The extreme C terminal domain of Gα subunit was 

found to be important for conferring effector selectivity. For instance replacement of the last 

3 C-tail residues of Gαi with the corresponding peptide for Gαq resulted in a chimeric G 

protein that is responsive to activation by a Gαi coupled receptor but activate phospholipase 

C (Cabrera-Vera et al., 2003; Conklin et al., 1993; Oldham et al., 2008). 
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Figure 1.4.1.2: GPCR signalling via heterotrimeric G proteins. Activation of 

heterotrimeric G proteins of the Gαs and Gαi families resulted in the activation and inhibition 

of adenylate cyclase (AC) leading to changes in cyclic AMP (cAMP) formation (A). 

Activation of Gαq (B) and Gα12/13 (C) proteins resulted in the activation of phospholipase C 

and Rho-GEF, respectively. Other known effector targets of GPCRs are listed in Table 

1.4.1.1. 
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Table 1.4.1.1: Examples of effector targets of heterotrimeric G proteins. AC, adenylate 

cyclase; cGMP, cyclic GMP; PDE, phosphodiesterase; PLC, phospholipase C; PKC, protein 

kinase C; PKD, protein kinase D; PI3K, phosphatidylinositol-3-kinase; GRKs, G protein-

coupled receptor kinases; ERK1/2, extracellular signal regulated protein kinase 1 and 2; GEF, 

guanine nucleotide exchange factor.   Represents activation and    indicates inhibition. Table 

adapted from (Gudermann et al., 1996; Gudermann et al., 1997; Hermans, 2003; Offermanns, 

2003; Pierce et al., 2002) 

 

 

 

 

 

G protein family Effectors

GαS, Gαolf

Gαt1-2

Gαq/11

Gα12

Gβγ

AC, Ca2+ channels, Cl- channels, Na+ Channels

Main subunits

Gαs

Gαi/o

Gαi1-3

GαoA-B

K+ channels

AC, Cl- channels

cGMP-PDE

Na+ Channels

AC, Cl- channels, Na+ Channels

K+ channels, C-Src

Gαz cGMP-PDE

Gαq, Gα11,14-15 PLC

Gα12, Gα13

Na+/H+ exchanger

ERK1/2, JNK, p115RhoGEF 

Combinations of different 

β and γ subunits

GRKs, PKC, PKD, PI3K, PLC

Ca2+ channels, K+ channels, Na+ Channels

AC (II and IV)
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1.4.2. Arrestin dependent signalling 

In addition to activating heterotrimeric G proteins, many GPCRs have also been discovered 

to interact with arrestins (DeWire et al., 2007; Kendall et al., 2009; Reiter et al., 2006; 

Shenoy et al., 2005). Arrestins are cytosolic proteins that become recruited to the plasma 

membrane as a result of receptor activation. Two mechanisms of arrestin binding to GPCRs 

have been proposed; 1, arrestins have a polar core which attracts the phosphorylated or 

negatively charged residues on the receptor, and 2, arrestin molecules have an activation 

sensor which recognises the active conformation of the receptor (Gurevich et al., 2006; 

Kendall et al., 2009). Hence the recruitment of arrestins to the plasma membrane is greatly 

enhanced by phosphorylation and the active conformation of GPCRs. 

In vertebrates, arrestins are encoded by large genes (15-30 kb) containing 14-17 exons 

(Gurevich et al., 2006). Four arrestin subtypes have been cloned in mammals which have 

distinct expression profiles; arrestin 1 and arrestin 4 are predominantly expressed in the retina 

and preferentially bind to rhodopsin and the cone opsin, respectively. Arrestin 2 and 3 are 

expressed virtually in every cells of the body and have been shown to be able to interact with 

a plethora of different GPCRs (Reiter et al., 2006). 

The nature of the interactions between GPCRs and arrestins generally fall into two categories 

depending on the stability of the interactions and the affinity of the receptor for arrestin 3 

over arrestin 2 (Oakley et al., 2000). Receptors that bind transiently to arrestins and do not 

translocate into the perinuclear compartments are categorised as Class A receptors (Gurevich 

et al., 2006; Kendall et al., 2009; Luttrell et al., 2010). These receptors often have greater 

preference for binding to arrestin 3 than arrestin 2. Conversely, GPCRs that bind equally well 

to both arrestin subtypes and form a stable complex that traffics into the cytosol are 

categorised as Class B receptors (Gurevich et al., 2006; Kendall et al., 2009; Luttrell et al., 

2010; Oakley et al., 2000).  
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The crystal structure of all four arrestins has been obtained which provided insights into the 

mechanisms of arrestin activation. Overall, the tertiary structure of the protein is highly 

conserved and composed of two elongated domains (N-terminal and C-terminal domains) 

connected by a short linker (Granzin et al., 1998; Gurevich et al., 2006; Han et al., 2001; 

Hirsch et al., 1999; Sutton et al., 2005; Zhan et al., 2011). The two domains form a “clamp” 

like structure held in an inactive conformation by three main intramolecular interactions. One 

of these interactions involves the C-terminal domain extension folding back into the centre of 

the protein and making contacts with the polar core. The other interaction is a network of 

ionic bonds between specific residues along the concave of the protein, including the highly 

conserved lysine (Lys175 in arrestin1) and aspartate (Asp296) residues (Gurevich et al., 

2006). It is thought that receptor binding disrupts these interactions and causes structural 

changes in the two domains that allow arrestins to bind to downstream target(s). 

Arrestin dependent and G protein dependent signalling pathways have been shown to be 

spatially segregated. Although arrestins 2 and 3 have nuclear localisation signal, the proteins 

often remain and sequester their downstream targets in the cytosol (Gurevich et al., 2006). In 

contrast, G protein targets are free to translocate to the nucleus.  One example of such target 

is IκBα, a protein that binds to the nuclear transcription factor, NFκB.  Interaction of IκBα 

with either arrestin 2 or arrestin 3 resulted in the sequestration of NFκB in the cytoplasm 

(Witherow et al., 2004). This prevents the translocation of the IκBα:NFκB complex to the 

nucleus and inhibits the transcription of genes involved in inflammatory and autoimmune 

responses (Karin et al., 2005). 

Studies using siRNA have also shown that arrestin dependent signalling is temporally distinct 

from G protein mediated signalling (Ahn et al., 2004; Ren et al., 2005). Whereas G protein 

dependent phosphorylation of extracellular signal regulated protein kinases 1/2 (ERK 1/2) 
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occurs very rapidly and reached maximal level after 5 minutes of receptor stimulation, 

arrestin dependent ERK 1/2 phosphorylation typically occurs much later (10 min post 

receptor stimulation) and can persist for many hours (Ahn et al., 2004; Ren et al., 2005). 

Many cellular proteins have been identified as arrestin targets including the non-receptor 

tyrosine kinases C-Src, Hck, Fgr and Yes (DeWire et al., 2007; Lefkowitz et al., 2005; 

Lefkowitz et al., 2004; Shukla et al., 2011). Arrestins have also been shown to scaffold Akt 

and protein kinase cascade modules consisting of ASK1, MKK4 and JNK3 (Coffa et al., 

2011; Kendall et al., 2009; Shukla et al., 2011). Since these protein kinases play a key role in 

various mammalian physiological processes including learning and memory, cell 

proliferation, chemotaxis and anti-apoptosis, suggests that arrestin dependent signalling may 

provide a novel mechanism for therapeutic intervention (Berkeley et al., 2001; DeWire et al., 

2007; Kendall et al., 2009).  

In addition to transmitting GPCR signals, arrestins have also been shown to interact with 

cellular proteins that are involved in receptor internalisation (see Section 1.7 for further 

information). These proteins include clathrin, associated protein 2 (AP2) and the ubiquitin 

ligase mdm2 (Figure 1.4.2.1) (Pierce et al., 2001; Pierce et al., 2002).   
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Figure 1.4.2.1: GPCR signal transduction and regulation by arrestins. Activation of a 

receptor by an agonist results in the phosphorylation of ICL regions and C-tail of the receptor 

by protein kinases such as GRKs (A). This leads to the recruitment of arrestins to the 

activated receptor. Arrestins scaffold endocytic machinery and facilitate receptor 

internalisation or recruit signalling molecules such as ERK or the non receptor tyrosine 

kinase C-Src (B) to initiate alternative signalling cascades. 
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1.5. Functional selectivity of GPCRs 

Classical concepts in receptor pharmacology propose that GPCRs exist in an equilibrium 

between active (R
*
) and inactive (R) states. Accordingly, ligands that preferentially stabilise 

the R
*
 state are classed as agonists whereas ligands that preferentially bind to the R state are 

referred to as inverse agonists.  Neutral antagonists do not differentiate between the two 

states but block the actions of other ligands at the receptor. In this view, the propensity of 

ligands to cause receptor activation (i.e. intrinsic efficacy) is considered linear and can range 

from partial to full agonists across multiple signalling pathways. However, it has become 

apparent that GPCRs are structurally flexible and able to adopt multiple active conformations 

(Caramellini et al., 1998; Kobilka et al., 2007; Swaminath et al., 2004). These conformations 

can be differentially stabilised by agonists and give rise to functional selectivity or biased 

agonism (Luttrell et al., 2011; Rajagopal et al., 2010; Urban et al., 2007; Violin et al., 2007). 

An early example of functional selectivity was reported at the 5-HT2A and 5-HT2C receptors 

which showed that synthetic ligands TFMPP (3-fluoromethylphenyl-piperazine) and DOI 

((+)-1-(2, 5-dimethoxy-4-iodophenyl)-2-aminopropane) were more efficacious at promoting 

arachidonic release than inositol phosphate accumulation when compared to the endogenous 

ligand 5-HT (Berg et al., 1998). Subsequently, studies at other GPCRs including the β2 

adrenergic receptor have also revealed the pleiotropic behaviour of a number of GPCR 

agonists (Azzi et al., 2003; Galandrin et al., 2007; May et al., 2010). This behaviour was 

characterised by the reversal in potency of the agonists for two distinct signalling pathways 

linked to the same receptor.  

 

In addition to reversed potency, agonists (such as JNJ7777120) also display dual efficacy, 

acting as an antagonist in one signalling pathway and an agonist in another pathway 

(Rosethorne et al., 2011). However, such an “extreme” ligand bias is very rare (Kenakin, 
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2011) and in most cases, agonists display only weakly or partial bias for one signalling 

pathway over another. As such bias agonism can be difficult to detect. 

Several methods for detecting and quantifying ligand bias have been developed to overcome 

this difficulty, which include the comparison of maximal receptor responses evoked by the 

same concentrations of agonists (Gregory et al., 2010) and comparison of agonist 

concentrations that result in equal receptor responses (Figueroa et al., 2007; Figueroa et al., 

2009). Other methods include the use of the operational model of agonism to determine the 

intrinsic efficacy (τ) of the agonists (Black, 1996; Black et al., 1983; Strange, 2008; Strange, 

2007) and then comparing the values to the intrinsic efficacy of a reference agonist (often the 

endogenous ligand) to obtain an effective signalling bias and a bias factor (a quantitative 

measure of ligand bias) (Rajagopal et al., 2011). The operational model of agonism requires a 

known affinity value for the agonists and as such, a separate radioligand binding experiment 

needs to be performed in addition to signalling assays. Because agonist affinity can vary 

depending on the state of the receptor (G protein coupled/uncoupled, arrestin bound etc.) an 

extension of the operational model of agonism was also proposed which compares the agonist 

efficacy and affinity (τ/KA) ratios (Evans et al., 2011; Kenakin, 2009).  

Using these various approaches, many ligands acting at various different GPCRs have been 

shown to display biased agonism (Kenakin, 2011; Rajagopal et al., 2010; Reiter et al., 2012; 

Violin et al., 2007). The nature of the bias varies from G protein bias, arrestin bias and 

differential G protein subtypes coupling. Since these divergent signalling profiles have the 

potential to cause different cellular responses, functional selectivity may provide an avenue 

for developing more effective therapeutic agents (i.e. by selectively activating a 

therapeutically beneficial signalling pathway while negating the pathway linked to unwanted 

side effects) (Kenakin, 2012; Whalen et al., 2011). Indeed a number of biased ligands have 

been developed that showed efficacy in preclinical and early clinical studies in heart failure 
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and acute pain (Boerrigter et al., 2011; Boerrigter et al., 2012; Ibrahim et al., 2012; Kim et 

al., 2012). 

1.6. Allosterism at GPCRs 

Allosterism is an important property of proteins as it allows the effects of binding of a 

molecule at one site of the protein to be transmitted to another site (Kenakin, 2009). This 

concept was first described by Changeux, Monod, and co-workers in their prominent work on 

feedback inhibition of enzymes involved in bacterial biosynthetic pathways (Monod et al., 

1963; Monod et al., 1965). This concept was then extended to GPCRs to describe the 

pharmacological effects of ligands which interact with the receptor at a site distinct from the 

binding site used by the endogenous ligand (Ehlert, 2005; Ehlert, 1988). 

It is known that GPCRs contain multiple binding sites that can accommodate the binding of 

two distinct ligands. The orthosteric binding site, which is used by the endogenous ligand, is 

highly conserved across GPCR subtypes, while the other site, termed the allosteric site is less 

evolutionarily conserved (Christopoulos, 2002; Christopoulos et al., 2002). Although the two 

sites are spatially distinct they are conformationally linked such that the binding of an 

allosteric modulator at its site will result in a conformational change that alters the reactivity 

of the receptor for the orthosteric ligand and vice versa (Christopoulos et al., 2004).  

The allosteric binding site on GPCRs represents an attractive target for drug development as 

compounds that interact with this site are likely to be more selective. This site has been 

extensively probed, particularly for family A and family C GPCRs. For instance, studies on 

the mAChR, a prototypical family A GPCR have uncovered regions at the extracellular 

domains that are important for the binding and signalling of allosteric modulators. These 

include residues in the ECL2 (172-EDGE-175 motif and Y177 at the M2 mAChR, Y179 at 

the M1 mAChR and F186 at the M4 mAChR), residues in the ECL3 (N419 at the M2 mAChR 
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and D432 at the M4 mAChR) and regions at the top of TM7 (W422 at the M2 mAChR and 

W400 at the M1 mAChR) which are distinct from the residues that form the orthosteric 

binding pocket (Gregory et al., 2010; Huang et al., 2005; Jager et al., 2007; Leppik et al., 

1994; May et al., 2007a; May et al., 2007b; Nawaratne et al., 2010; Prilla et al., 2006). 

Furthermore, the crystal structures of the M2 and M3 mAChRs also revealed that the allosteric 

site is located at the extracellular region near the top of the main orthosteric binding pocket, 

which confirmed the spatial differences between the two sites (Haga et al., 2012; Kruse et al., 

2012). Several ligands acting at family A GPCRs have now been shown to interact 

allosterically, including brucine, AC-42 and BQCA at M1 mAChR and Org27569 and 

Org27759 at the cannabinoid CB1 receptor (Lazareno et al., 1997; Ma et al., 2009; Price et 

al., 2005; Spalding et al., 2002). 

Unlike class A GPCRs, the allosteric binding site of family B and family C GPCRs is located 

within the 7TM helical bundle (Soudijn et al., 2004). Studies on the metabotropic glutamate 

receptor subtype 5 (mGluR5), a member of family C GPCRs have indicated that residues in 

TM3 (I651, P655 and S658), and TM7 (A810) to be critical for the binding of the allosteric 

inhibitor MPEP (May et al., 2007b; Pagano et al., 2000). Additionally, removal of the N-

terminal domain containing the orthosteric binding site did not affect the binding of another 

allosteric compound, 3,3’-difluorobenzaldazine, highlighting that the allosteric site is 

spatially distinct from the orthosteric binding site (Goudet et al., 2004; Soudijn et al., 2004). 

Interestingly, analogous allosteric binding site was found at the mGluR1 indicating that some 

allosteric modulators may occupy overlapping positions within the 7TM domain of different 

receptor subtypes (May et al., 2007b; Pagano et al., 2000) 

Allosteric modulators acting at GPCRs can exhibit a number of pharmacological properties 

(Figure 1.6.1) (Conn et al., 2009a; May et al., 2007b). Allosteric modulators that bind to 

GPCRs and affect only the affinity of the receptor for the orthosteric ligands are classed as 
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affinity modulators (Christopoulos et al., 2002; May et al., 2007b). The magnitude and 

direction of the effects can vary from negative (i.e. negative allosteric modulator or NAM) to 

positive (positive allosteric modulator or PAM). Allosteric modulators can also affect the 

efficacy of the orthosteric ligand at the receptor (i.e. efficacy modulators) by altering the 

stability of the ligand/receptor/G protein complex (Christopoulos et al., 2002). Some 

allosteric modulators are also able to perturb receptor functions in the absence of the 

orthosteric ligand and hence classed as allosteric agonists (Langmead et al., 2008a; 

Langmead et al., 2006a; Langmead et al., 2006b). Such allosteric agonists often possess 

bimodal/bitopic interactions that involve both the allosteric and orthosteric binding pockets 

(Lane et al., 2013; Valant et al., 2012b; Valant et al., 2009).  

Allosteric modulators often display more than one of the properties described above and as 

such a combination of radioligand binding and functional signalling assays is required to 

detect and characterise their full behaviours (Burford et al., 2011; Ehlert, 2005; Ehlert, 1988; 

Langmead, 2011). Similarly, some allosteric modulators may “modulate” certain signalling 

pathways more strongly than others and as such, a quantitative analysis of allosteric 

interactions is paramount to gain full understanding of their pharmacology.  

Several models have been developed to quantify allosteric interactions at GPCRs 

(Christopoulos et al., 2002; Conn et al., 2009a; Ehlert, 2005; Ehlert, 1988; May et al., 

2007b). The first model was named the simple allosteric ternary complex model (ATCM) 

which describes the effect of allosteric modulators on the affinity of the orthosteric ligand 

(and vice versa) (Figure 1.6.2). In this model, the orthosteric and allosteric ligands bind to 

their respective binding sites with an apparent dissociation constant, KA and KB respectively 

(Christopoulos et al., 2002; Conn et al., 2009a; May et al., 2007b).  The magnitude and 

direction of the affinity modulation is governed by the cooperativity factor α. An allosteric 

modulator that enhances the affinity of the orthosteric ligand will have α value greater than 1, 
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whereas allosteric modulators that decrease the affinity of the orthosteric ligand will have α 

value less than 1. This model has also been extended to accommodate the binding of a second 

orthosteric ligand Figure 1.6.2 (Langmead, 2011). In this scenario, the apparent dissociation 

constant of the second orthosteric ligand is denoted by KI and the effect of the allosteric 

modulator on the affinity of the second orthosteric ligand is governed by the cooperativity 

factor α’(Langmead, 2011).  Because the ATCM does not take into account the effects of the 

allosteric modulators on the signalling efficacy of the receptor in response to an orthosteric 

agonist, a final model was proposed. This model was based on a combination of the simple 

ATCM and the operational model of agonism which allows the quantification of the 

modulator effect on the efficacy of the orthosteric agonist (denoted β) as well as 

determination of the orthosteric (τA) and allosteric (τB) ligand intrinsic efficacies 

(Langmead, 2011; Leach et al., 2007). 

Allosteric modulators possess a number of theoretical advantages over orthosterically acting 

compounds as therapeutic agents. First, they are likely to be more selective due to the 

allosteric binding site being diverse among receptor subtypes (Christopoulos et al., 2004; 

Conn et al., 2009a; Kenakin, 2012; May et al., 2007b). Secondly, some allosteric modulators 

that do not perturb receptor functions in the absence of the endogenous ligand will preserve 

the temporal and spatial properties of cellular signalling processes in vivo (Christopoulos et 

al., 2004; Conn et al., 2009a; Kenakin, 2012; May et al., 2007b).  Finally, allosteric 

modulators that have limited cooperativity will have a saturable effect and so less likely to 

produce toxic effects associated with an overdose (Christopoulos et al., 2004; Conn et al., 

2009a; Kenakin, 2012; May et al., 2007b).  

Developing allosterically acting therapeutics however, present novel challenges 

(Christopoulos et al., 2004). First, some allosteric modulators are probe-dependent and they 

may not be detected if an incorrect orthosteric ligand is used (Valant et al., 2012a). This 
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situation may occur if the endogenous ligand for the receptor is unavailable or that it is too 

weak to be used in drug discovery programs. Second, allosteric modulators may exhibit 

mixed pharmacology and deciding which parameters to use for guiding structure activity 

relationship is difficult. Additionally, some allosteric modulators are species dependent and 

the magnitude of modulation on GPCRs obtained from different species orthologs (i.e. mouse 

vs. human) is different (Suratman et al., 2011). This will complicate preclinical studies 

during which animal models are used to test the allosteric compounds. 

Despite these challenges, two allosteric compounds have now entered the clinic for the 

treatment of HIV infections (maraviroc, a negative allosteric modulator of the chemokine 

CCR5 receptor) and hyperparathyroidism (cinacalcet, a positive allosteric modulator of the 

calcium sensing receptor), highlighting the feasibility of developing novel therapeutics acting 

at an allosteric site of GPCRs (Cavanaugh et al., 2012; Conn et al., 2009a; Dentone et al., 

2012; Henrich et al., 2013; Marcocci et al., 2012; Mora-Peris et al., 2012; Nozza et al., 2012; 

Patterson et al., 2012; Portsmouth et al., 2012; Urwyler, 2011; Ward et al., 2012). 
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Figure 1.6.1: Mode of action and pharmacological properties of allosteric modulators. 

Allosteric modulators bind to a site on the receptor that is spatially distinct from the binding 

site used by the endogenous ligand and affect the affinity and efficacy (or both) of the 

endogenous ligand. Some allosteric ligands have intrinsic activity in their own right and as 

such behave as ago-allosteric modulators. Adapted from Conn P, J et al 2009a.  
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Figure 1.6.2: Allosteric models at GPCRs. (A) The simple allosteric ternary complex 

model (ATCM) describes the binding of orthosteric ligand A and allosteric modulator B, with 

an equilibrium dissociation constant KA and KB respectively. The cooperativity factor α 

describes the magnitude by which the affinity of each ligand is altered by the simultaneous 

binding of the other.  An α value > 1 denotes positive affinity modulation and an α value < 1 

indicates negative modulation. (B) The extended ATCM incorporates the binding of a second 

orthosteric ligand which has an equilibrium dissociation constant, Ki. The magnitude of 

affinity modulation by the allosteric modulator is described by the α’ value. (C) The 

operational model of allosterism and agonism describes the intrinsic efficacy of the 

orthosteric (τA) and allosteric (τB) ligands and the magnitude of allosteric modulation when 

both ligands are interacting with the receptor (βτA). Adapted from Langmead et al 2011. 
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1.7. Regulation of GPCRs by phosphorylation 

GPCRs are highly regulated receptor proteins. In response to a continuous stimulation by an 

agonist, most GPCRs undergo phosphorylation (Pierce et al., 2002; Tobin et al., 2008). This 

post-translational modification is very rapid and leads to uncoupling of the receptor from G 

proteins (Pierce et al., 2002). Studies over the years have established that a diverse family of 

protein kinases are able to phosphorylate GPCRs including the second messenger activated 

protein kinases (PKA and PKC) and receptor specific protein kinases such as the 

serine/threonine casein kinase (CK) and G protein-coupled receptor kinase (GRK) families 

(Benovic et al., 1989; Benovic et al., 1987; Kuhn et al., 1972; Pitcher et al., 1998; Tobin, 

2008; Tobin et al., 2008). 

Receptor phosphorylation by second messenger activated protein kinases directly uncouples 

the receptor from G proteins and can occur in the presence or absence of an agonist 

(Lefkowitz, 1993; Pierce et al., 2002). Therefore these kinases are involved in both 

homologous desensitisation (by a negative feedback mechanism) and heterologous 

desensitisation (via phosphorylation of other receptor types). Interestingly, PKA mediated 

phosphorylation has been shown to cause G protein switching from Gαs to Gαi, indicating 

that PKA plays an important role in defining the signalling outcome of some GPCRs (Daaka 

et al., 1997; Martin et al., 2004).  

The CK family consists of two members, CK1 and CK2 (Tobin, 2002). CK1 consists of five 

subtypes (CK1 α, β, γ1-3, δ and ε) and is ubiquitously expressed (Tobin, 2002). CK1α is the 

smallest member of the family (~40 kDa) and the protein has been shown phosphorylate the 

M3 mAChR in an agonist dependent manner (Budd et al., 2000; Luo et al., 2008; Tobin, 

2002).  CK2 is a heterotetramer holoenzyme consisting of two regulatory β-subunits and two 

catalytic subunits (α’ and α). CK2 has been shown to phosphorylate a number of GPCRs 
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including the D2 (dopamine) receptor and the M3 mAChR (Rebholz et al., 2009; Torrecilla et 

al., 2007).  

The G protein-coupled receptor kinase family (GRK) consists of seven members (GRK1-7) 

which has been functionally grouped into three subfamilies: GRK1-like, GRK2-like and 

GRK3-like (Moore et al., 2007; Pitcher et al., 1998; Premont et al., 2007). Each member has 

a catalytic domain comprising of an ATP binding site and a conserved DL/MG sequence 

motif in the middle of the polypeptide chain (Maeda et al., 2003; Pitcher et al., 1998). The C-

terminal domain is highly variable and contains residues critical for interactions with the 

plasma membrane whereas the N-terminal domain appears to be important for receptor 

recognition (Maeda et al., 2003; Pitcher et al., 1998).   

The GRK1-like subfamily consists of GRK1 and GRK7 which are predominantly expressed 

in the rod and cone cells (Premont et al., 2007). These kinases mainly phosphorylate 

rhodopsin and regulate visual signalling. GRK2-like subfamily includes GRK2 and GRK3 

which contain a pleckstrin homology domain that interacts with the βγ subunits of G proteins 

and PIP2 (Lefkowitz, 1993; Pitcher et al., 1998; Premont et al., 2007). These interactions are 

thought to bring the kinases close to the target receptor and enable them to mediate 

phosphorylation. The GRK4-like subfamily includes GRK4, GRK5 and GRK6 which are 

constitutively associated with the plasma membrane (Pitcher et al., 1998; Premont et al., 

2007). Of these non visual GRKs, GRK2, 3, 5 and 6 are ubiquitously expressed and have 

been shown to phosphorylate a wide range of different GPCRs (Pierce et al., 2002). In 

contrast, GRK4 has a limited tissue distribution and is mainly expressed in the testis 

(Lefkowitz, 1993; Pitcher et al., 1998; Premont et al., 2007).  

All GRKs share a common mechanism in that they phosphorylate receptors only in the 

presence of an agonist (Lefkowitz, 1993; Pitcher et al., 1998; Willets et al., 2003). This is 
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because the phospho-acceptor sites for these kinases are concealed when the receptors are 

unoccupied and the conformational change resulting from agonist binding uncovers these 

sites. Although there are currently no known GRK specific sequence motifs, GRK2/3 have 

been shown to prefer acidic residues N terminal of the phosphorylation sites, while GRK5/6 

prefer basic residues (Pitcher et al., 1998).  

In addition to desensitisation and G protein subtype switching, phosphorylation has also been 

shown to cause receptor internalisation (Hanyaloglu et al., 2008; Puthenveedu et al., 2007). 

This process leads to reduction in total number of receptors expressed at the cell surface and 

hence reduction in cellular responsiveness to circulating agonist(s).  It has been shown that 

receptor internalisation can occur via at least two distinct mechanisms; clathrin dependent 

internalisation and caveolae dependent internalisation (Pierce et al., 2002; Sorkin et al., 

2009). Whilst clathrin dependent internalisation requires the recruitment of arrestins and 

clathrin associated protein 2 (AP2) to the receptor (Figure 1.4.2.1), caveolae dependent 

internalisation requires the activity of caveolin and cholesterols (Pierce et al., 2002). Clathrin 

mediated internalisation also requires the GTPase activity of membrane bound dynamin. 

Dynamin is thought to pinch the clathrin coated pits containing the receptor from the plasma 

membrane and facilitates the formation of vesicles (Pierce et al., 2002). The vesicles are then 

transported to the endosomes where they undergo cell sorting.  

Receptors in the endosomes are sorted either by being recycled back to the cell surface or 

transported to the lysosomes for degradation (Sorkin et al., 2009).  Receptor recycling 

involves dephosphorylation of the internalised receptor by protein phosphatase A2 and also 

requires the activity of small GTPase, Rab7 which targets the receptor to the plasma 

membrane (Sorkin et al., 2009). Once at the plasma membrane, the re-sensitised receptors are 

fully functional and able to mediate subsequent rounds of signal transduction.  
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Receptor degradation leads to reduction in total receptor populations in the cell, a process 

also known as receptor down regulation. Receptor ubiquitination (i.e. the addition of 8.5 kDa 

ubiquitin moiety) plays an important role in this process as it signals the proteosomes to 

degrade the internalised receptor (Hanyaloglu et al., 2008; Puthenveedu et al., 2007). 

Receptor phosphorylation has also been shown to regulate the activity of certain protein 

kinases such as ERK 1/2 and C-Jun N-terminal kinase 3 (JNK3) (Budd et al., 2001; 

Torrecilla et al., 2007). In many cases, these processes require arrestin binding (Section 

1.4.2, Figure 1.4.2.1) but for some receptors the role of arrestin in the regulation of ERK1/2 

and JNK3 activity is unknown. SiRNA knockdown experiments have shown that activation 

of ERK1/2 requires receptor phosphorylation by GRK5/6 whereas receptor internalisation 

requires the actions of GRK2 and GRK3 (Kim et al., 2005; Pierce et al., 2001; Ren et al., 

2005).   

The diversity of cellular processes that are regulated through GPCR phosphorylation has been 

attributed to the fact that phosphorylation is highly flexible and dynamic process (Tobin, 

2008; Tobin et al., 2008). Traditionally, receptor phosphorylation has been studied through 

metabolic labelling of cells with radioactive phosphates to reveal phosphorylation at all sites.  

However, there has been a significant shift in the use of more sophisticated non-radioactive 

approaches such as mass spectrometry, site directed mutagenesis and phosphorylation 

sensitive antibodies which revealed site specific information of receptor phosphorylation. 

These approaches have shown that different protein kinases are able to phosphorylate distinct 

as well as overlapping sites on GPCRs (Busillo et al., 2010; Liu et al., 2009; Tobin, 2008). 

The functional outcome of this differential phosphorylation has been highlighted in a study 

on CXCR4 which showed that phosphorylation of Ser 324/5 and Ser339 by GRK6 resulted in 

enhanced ERK activation whereas phosphorylation of the receptor by GRK2 at distinct sites 

resulted in negative regulation of ERK activation (Busillo et al., 2010) 
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Studies have also shown that the same receptor subtype expressed in different tissue/cell 

types are differentially phosphorylated (Butcher et al., 2011; Liu et al., 2009; Tobin et al., 

2008; Torrecilla et al., 2007). This suggests that different tissues may express different 

complements of protein kinases that are necessary for proper regulation of GPCR functions. 

Additionally, studies have also revealed that the same receptor subtype expressed in the same 

cell is differentially phosphorylated in response to different agonists (Butcher et al., 2011; 

Kao et al., 2011; Nobles et al., 2011; Oppermann et al., 1999; Poll et al., 2010; Zidar et al., 

2009). The patterns of phosphorylation in these receptors may form barcodes which code for 

the regulation of certain receptor mediated signalling pathways (Liggett, 2011). In this 

scenario, the mechanism by which GPCRs regulate downstream signalling proteins may be 

governed by the phosphorylation state of the receptor (Zidar et al., 2009). 

1.8. Muscarinic acetylcholine receptors 

The muscarinic acetylcholine receptor family (mAChR) represents a prototypical family A 

GPCRs and an important receptor system for the study of GPCR functions. Early 

pharmacological studies using selective antagonists and toxins have indicated the existence of 

multiple receptor subtypes (Bradley, 2000; Carsi et al., 1999; Hammer et al., 1980; 

Jolkkonen et al., 1994; Max et al., 1993; Melchiorre et al., 1987). These observations were 

confirmed by molecular cloning which revealed the existence of five subtypes of mAChR 

(termed M1-M5) (Hulme et al., 1990; Kubo, 1993). The M1 subtype, the first receptor to be 

cloned (Kubo et al., 1986) was shown to be expressed in many areas of the brain including 

the hippocampus, cortex and striatum (Brann et al., 1993; Wess, 2004; Wess et al., 2003b). 

The receptor plays an important role in controlling body movement and high order central 

nervous system (CNS) functions such as working memory and memory consolidation (Wess, 

2004). Since these CNS functions are disrupted in patients suffering from Alzheimer’s 
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disease, the M1 mAChR has been considered an attractive drug target for the pharmaceutical 

industry (Eglen et al., 2001; Felder et al., 2000; Langmead et al., 2008b).  

The M2 mAChR, which was cloned immediately after the M1 mAChR (Kubo et al., 1986) has 

been shown to have a widespread tissue distribution. In the CNS, the receptor is mainly 

expressed in the thalamus and brainstem, though it is also found in the cortex and 

hippocampus (Wess, 2004). Studies using knockout mice have indicated that the receptor 

plays an important role in regulating body temperature, tremor and pain (Wess, 2004). In the 

peripheral nervous system the receptor is expressed mainly in the heart and mediates the 

parasympathetic control of heart rate through modulation of voltage gated K
+ 

channels (Wess, 

2004).  

The M3 and M4 mAChRs were cloned based on homology sequence analysis of the TM2 

domain.  By designing oligonucleotide probes for this region, the rat M3 and M4 mAChR 

genes were identified (Bonner et al., 1987). Expression profiling by northern blot analysis 

and in situ hybridization have shown that the M3 mAChR is expressed predominantly in 

exocrine glands and the smooth muscles of the gastrointestinal and urinary tracts (Hulme et 

al., 1990; Wess, 2004). These receptors play an important role in regulating glucose 

homeostasis and smooth muscle contraction (Duttaroy et al., 2004; Gautam et al., 2007; 

Gautam et al., 2006; Kong et al., 2010; Wess, 2004). The M3 mAChR is also expressed at 

low levels in the thalamus, cortex and hippocampus where it was suggested to play a key role 

regulating food intake and mediating learning and memory processes (Poulin et al., 2010; 

Yamada et al., 2001). 

The M4 mAChR is predominantly expressed in the striatum and has been implicated in the 

regulation of locomotor activity and dopaminergic neurotransmission (Chapman et al., 2011; 

Tzavara et al., 2004; Tzavara et al., 2003). The dopaminergic system is thought to play a key 



46 
 

role in psychosis and antagonists for the dopamine receptors have been shown to alleviate the 

psychotic symptoms of patients suffering from schizophrenia (Atzori et al., 2007; Corrigan et 

al., 2004; Grinshpoon et al., 1998; Remington, 2008; Schmidt et al., 2012). As such, the M4 

mAChR is considered an attractive target for the treatment of the psychotic symptoms 

associated with schizophrenia (Eglen et al., 2001; Felder et al., 2000; Langmead et al., 

2008b). 

The M5 mAChR was cloned by screening genomic library for genes that have intronless 

coding regions (Bonner et al., 1988). The identity of the receptor was confirmed by 

measuring its ability to bind to the mAChR antagonist QNB and respond to stimulation by 

carbachol (CCh). The M5 mAChR has a restricted tissue distribution and is expressed 

predominantly in the midbrain area (Hulme et al., 1990; Langmead et al., 2008b). Studies 

using knockout mice have indicated that the receptor is involved in the regulation of cerebral 

blood flow and may also be associated with drug addiction and reward mechanisms (Wess, 

2004; Wess et al., 2003a; Yamada et al., 2003). 

The M1, M3 and M5 mAChRs generally couple to the Gαq/11 family of G proteins and activate 

phospholipase enzymes (PLC), whereas the M2 and M4 mAChR subtypes preferentially 

couple to Gi/o family of G proteins to inhibit adenylate cyclase enzymes (AC) (Caulfield et 

al., 1998; Wess, 2004). Activation of phospholipase C-β (PLC-β) by the M1, M3 and M5 

mAChRs leads to the breakdown of membrane bound PIP2 and the release of second 

messengers IP3 and DAG. IP3 and DAG then modulate downstream signalling targets such as 

protein kinase C, extracellular signal regulated protein kinases 1 and 2 (ERK 1 and 2) and IP3 

sensitive Ca
2+ 

channels (Christopoulos, 2007; Nahorski et al., 1997). Enhanced activity of 

PLC has also been linked with the modulation of M currents through inhibition of electrically 

evoked K
+ 

channels (Christopoulos, 2007; Delmas et al., 2005). Other phospholipase 

enzymes activated by the M1, M3 and M5 mAChRs include phospholipase A2 (PLA2) which 
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hydrolyses phospholipids to release arachidonic acid and lysophospholipid (Conklin et al., 

1988) and phospholipase D (PLD) which breaks down phosphatidylcholine to yield 

phosphatidic acid and choline (Rumenapp et al., 2001; Schmidt et al., 1994).  

Adenylate cyclases are enzymes that catalyse the formation of cAMP from ATP. Inhibition of 

these enzymes by the M2 and M4 mAChRs results in a decrease in the formation of cAMP 

and the activity of subsequent downstream targets such as protein kinase A (PKA).  The M2 

and M4 mAChRs have also been shown to modulate the activity of G protein inward 

rectifying K
+
 channels (GIRKs) through direct interaction with the βγ dimer, independent of 

AC activity (Christopoulos, 2007; Clapham et al., 1997; Pierce et al., 2002; Slesinger et al., 

1995) 

Intense studies over the years have shown that these signalling pathways are highly regulated 

(van Koppen et al., 2003). The mechanisms for this regulation have been extensively studied 

and it has been established that phosphorylation plays a key part, at least at the receptor level 

(Tobin, 2008; van Koppen et al., 2003; Wu et al., 1997; Yang et al., 1995) (see Table 1.8.1 

for locations of phosphorylation). For instance, the M2 mAChR has been shown to be 

phosphorylated at a cluster of serine and threonine residues within the third intracellular loop 

of the receptor and this phosphorylation event led to desensitisation of G protein dependent 

signalling and receptor internalisation (Hosey et al., 1999; Pals-Rylaarsdam et al., 1997a; 

Pals-Rylaarsdam et al., 1997b).  Similarly phosphorylation of the M1 mAChR has also been 

shown to cause desensitisation and receptor internalisation (Lameh et al., 1992; Maeda et al., 

1990; Moro et al., 1993; Shockley et al., 1999; Waugh et al., 1999). The regulation of the M3 

mAChR by phosphorylation appeared to be more complex. Phosphorylation of the receptor 

by CK1α and CK2 has been shown to regulate the coupling of the receptor to the ERK1/2 and 

JNK pathways, respectively (Budd et al., 2000; Budd et al., 2001; Torrecilla et al., 2007), 

whereas phosphorylation by GRK6 results in desensitisation (Willets et al., 2001; Willets et 
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al., 2002). In contrast, less is known about the role of phosphorylation in the regulation of the 

M4 and M5 mAChRs although both receptors have been implicated to be a target for GRKs 

and the M4 mAChR a target for CaM kinase II (Guo et al., 2010; Tsuga et al., 1998). 

Table 1.8.1: Putative Phosphorylation Sites in M1-M4 mACh Receptors. Putative 

phosphorylation sites for PKC, GRK2 and casein kinase la (CKla) in M1-M4 mACh 

receptors. ND not determined. Table adapted from van Koppen and Kaiser, 2003. 

 

 

 

The mAChRs, particularly the M1, M3 and M4 subtypes represent therapeutically significant 

targets for CNS and smooth muscle disorders and as such a large number of pharmacological 

agents have been developed to target these receptors (Eglen et al., 1999; Eglen et al., 2001; 

Felder et al., 2000; Langmead et al., 2008b). Ligands that act at the mAChRs range from 

orthosteric antagonists and agonists to allosteric modulators (Figure 1.8.1). Orthosteric 

mAChR 

subtype
Kinase Amino acid sequence Reference

hM1
PKC Thr354, Ser356 and Ser451, Thr455, Ser457 (putative) Haga et al., 1996

GRK2 284SerMetGluSerLeuThrSerSerGlu292  (putative) Lameh et al., 1992

Moro et al., 1993

Pals-Rylaarsdam

and Hosey, 1997;

Moro et al., 1993

hM2
286SerThrSerValSer290GRK2 and 307ThrValSerThrSer311 

hM3 332SerSerSer334 and 349SerAlaSerSer352 Moro et al., 1993;

Wu et al., 2000

GRK2

CK1α 370Lys-Ser425 Budd et al., 2000;

2001

ND Thr550, Thr553;Thr554

ND Ser384,Ser412, Ser577

Yang et al., 1995

mM3

rM4 CAM KII

Butcher et al., 2011

Thr145 Guo et al., 2012

Val385, Thr386, Ile389, Leu390, Ala438 Schlador et al., 2000
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ligands interact with the same binding site as ACh and generally show very little subtype 

selectivity (Conn et al., 2009a). Examples of orthosteric ligands include N-

methylscopolamine (NMS), 3-quinuclidinyl benzilate (QNB), methacholine (MCh), 

pilocarpine (Pilo) and arecoline (Arec). In contrast, allosteric modulators exert their effects 

on receptors by interacting with sites that are topographically distinct from the binding site 

used by ACh (Christopoulos et al., 2002; Leach et al., 2007; May et al., 2003; Melancon et 

al., 2012). Since the allosteric site is less evolutionarily conserved, allosteric modulators have 

the potential to be more subtype selective and more effective as therapeutic agents. Indeed 

several allosteric modulators have been demonstrated to possess greater selectivity for one 

mAChR subtype over another and these include benzyl quinolone carboxylic acid (BQCA), 

77-LH-28-1 and VU0357017 at the M1 mAChR and LY2033298 at the M4 mAChR (Conn et 

al., 2009b). BQCA was shown to potentiate the affinity and potency of ACh in vitro (Ma et 

al., 2009; Shirey et al., 2009). The compound has also been shown to rescue scopolamine 

induced memory deficit in mice suggesting that it is able to penetrate the blood brain barrier 

and reach the target receptor (Digby et al., 2010; Ma et al., 2009). VU0357017 was shown to 

activate the M1 mAChR in the absence of ACh, indicating that it is an allosteric agonist 

(Lebois et al., 2010). 

LY2033298 has diverse pharmacological properties. The compound has been shown to 

potentiate the affinity and potency of ACh at the M4 mAChR in vitro and in vivo (Chan et al., 

2008; Leach et al., 2010). The allosteric property of the compound is species dependent such 

that the degree of affinity and potency enhancement is greater at the human M4 mAChR 

compared to the mouse M4 mAChR (Suratman et al., 2011; Valant et al., 2012a). LY2033298 

is also able to induce receptor response in the absence of ACh in certain signalling readouts 

(Nawaratne et al., 2008). As such LY2033298 also behaves as an ago-allosteric modulator.  
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Like orthosterically acting agonists, allosteric modulators also have the potential to engender 

functional selectivity (Leach et al., 2007). However, allosteric modulators that display such 

behaviour at the mAChRs are limited (Challiss et al., 2009). Currently, AC-42 and 77-LH-

28-1 are the only allosteric agonists that have been shown to promote differential receptor 

signalling. In Chinese hamster ovary (CHO) cells expressing the human M1 mAChR, AC-42 

and 77-LH-28-1 promoted receptor coupling to both Gαs and Gαq/11 G proteins (Thomas et 

al., 2008). However, unlike the orthosteric ligands, oxotremorine-M (Oxo-M) and arecoline 

(Arec), the compounds did not promote receptor coupling to the Gαi1/2 G protein (Thomas et 

al., 2008).   

Similarly, evidence for orthosteric ligands that display functional selectivity at the mAChR is 

limited (Challiss et al., 2009). Pilocarpine (Pilo) appears to be the only compound that has 

been shown to display distinct pharmacological properties. The compound preferentially 

activates Gαi G protein via the M3 mAChR over Gαq/11 G protein (Akam et al., 2001). The 

compound has also been shown to promote ERK activation via a different pathway compared 

to ERK activation mediated CCh (Lin et al., 2008), although the significance of this pathway 

specific ERK activation is unknown.  
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Figure 1.8.1: Structures of pharmacological agents that interact with the mAChRs. 

Acetylcholine is the endogenous ligand; oxotremorine-M, methacholine, pilocarpine and 

arecoline are non-selective orthosteric agonists. VU0357017 and BQCA are allosteric 

modulators of the M1 mAChR whereas LY2033298 is a selective allosteric modulator of the 

M4 mAChR. Clozapine N-Oxide (CNO) is a potent agonist of the RASSL/DREADD 

mAChRs. 
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1.9. Dissecting mAChR functions using a chemical genetic approach 

Much knowledge of the physiological roles of the mAChRs has been gained through studies 

using mutant mice lacking each of the five mAChR subtypes and pharmacological 

characterisation with relatively selective agonists and antagonists (Wess, 2004; Wess et al., 

2003b). Another powerful approach to study GPCR functions in vivo is the generation of 

mutant receptors that do not respond to the endogenous ligand but can be activated potently 

and efficaciously by synthetic ligands (Armbruster et al., 2007; Conklin, 2007; Conklin et al., 

2008; Dong et al., 2010a; Pei et al., 2008; Scearce-Levie et al., 2002). These receptors have 

been named receptors activated solely by synthetic ligands (RASSL) or designer receptors 

exclusively activated by designer drugs (DREADD) (Conklin et al., 2008; Dong et al., 

2010b; Scearce-Levie et al., 2001). When expressed in animals these receptors would remain 

functionally silent until the application of the exogenous ligand(s). Since the exogenous 

ligands are otherwise inert, the method enables specific activation of the relevant receptor in 

vivo. 

Several RASSL receptors have now been created including the κ-opioid receptor, serotonin 4 

receptor (5-HT4), melanocortin 4 receptor (MC4) and muscarinic M1-M5 mAChRs (Pei et al., 

2008). These mutant receptors have proven to be valuable research tools for dissecting the 

signalling pathways linked to the receptor both in vitro and in vivo. 

The RASSL for the κ-opioid receptor was developed by substituting the second extracellular 

loop of the receptor with that of the δ-opioid receptor. This chimeric receptor, also called 

Ro1, had significantly reduced affinity for dynorphin but retained its ability to bind to the 

exogenous agonist, spiradoline (Coward et al., 1998). The receptor was subsequently 

expressed in a number of tissues including the heart and taste buds (Redfern et al., 1999; 
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Zhao et al., 2003) where it was shown to cause reduction in heart rate and mediates taste 

sensation, respectively.   

The RASSL for the mAChRs was developed through a yeast mutagenesis approach to 

identify mutations that would significantly reduce ACh binding but create binding to 

clozapine-N-oxide (CNO) (Armbruster et al., 2007). CNO was chosen because the compound 

has good bioavailability and is biologically inert, making it ideal for in vivo studies. In all of 

the 5 mAChR subtypes, two residues within the transmembrane domains (Y106C and A196G 

in the M1 mAChR, Y149C and A239G in the M3 mAChR and Y113C and A203G in the M4 

mAChR) were found to be important for conferring CNO affinity but significantly reducing 

ACh binding (Abdul-Ridha et al., 2013; Armbruster et al., 2007; Nawaratne et al., 2008).  

Pharmacological characterisation of the M3 RASSL receptor in vitro has shown that the 

receptor couples to the PLC and ERK 1/2 phosphorylation pathways in response to CNO 

stimulation (Armbruster et al., 2007). When expressed in the hippocampus and pancreatic β 

cells, the receptor was shown to cause neuronal firing and insulin secretion, respectively 

(Alexander et al., 2009; Guettier et al., 2009). Hence, the mutant receptor appeared to be able 

to replicate the WT M3 mAChR functionality in native tissues. 

The M4 RASSL receptor has also been shown to function in a similar manner as the WT 

receptor when stimulated with CNO. For instance, the receptor caused neuronal silencing 

when transiently expressed in hippocampal neurons and activated GIRK when co-transfected 

in HEK cells with the K
+
 channels (Armbruster et al., 2007). The receptor was also shown to 

cause c-fos expression in striatal neurons indicating modulation of neuronal activity in whole 

animals (Ferguson et al., 2011). Interestingly, ACh could stimulate a functional response at 

the M4 RASSL in the presence of the allosteric modulator LY2033298, highlighting that the 

allosteric site is unaffected by the RASSL mutations (Nawaratne et al., 2008). 
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Aims and objectives 

1. To investigate the signalling and regulation of the WT M3 mAChR in response to full 

and partial orthosteric agonists to determine if these compounds display functional 

selectivity. This will then be extended to the study of the regulation of the M3 RASSL 

receptor since this mutant receptor is considered a valuable research tool for 

dissecting the physiological roles of the M3 mAChR in vivo. 

2. To characterise the pharmacology of two novel allosteric ligands at the M1 mAChR 

and the effects of these compounds on receptor phosphorylation. 

3. To determine the phosphorylation state of the M4 mAChR and identify the sites of 

phosphorylation using mass spectrometry. The effects of the allosteric modulator 

LY2033298 on site specific phosphorylation of the M4 mAChR will also be 

investigated. 
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Chapter 2: Materials and methods 

2.1. Materials 

2.1.1. Standard reagents, chemicals and consumables 

General laboratory chemicals and reagents were purchased from either Sigma Aldrich (Poole, 

U.K.) or Fisher Scientific (Loughborough, U.K.). Water used for preparing solutions was of 

ultra pure quality obtained from ELGA Filtration System (ELGA Labwater, Marlow, U.K.). 

Water used for bacterial cell culture and molecular biology was filter sterilised and 

autoclaved at 121ºC for 15min. All mammalian cell culture reagents including various culture 

media, phosphate buffered saline (PBS), foetal bovine serum (FBS), penicillin/streptomycin 

mix, geneticin (G-418) and hygromycin B were purchased from Invitrogen (Paisley, U.K.). 

Glass coverslips (diameter 25mm, or 18×18mm), thin layer chromatography (TLC) plates 

and cell culture plastic consumables were purchased from VWR International (Lutterworth, 

U.K.). Agarose powder was purchased from Geneflow Ltd (Fradley, U.K.). Sterile plastic 

inoculation loops (diameter 5mm), petri dishes (diameter, 10cm; single vent), syringe filters 

(0.2μm) and RNase-, DNase-, DNA-, pyrogens- and PCR (polymerase chain reaction) 

inhibitor-free microcentrifuge tubes (1.5mL or 2.0mL) were supplied by Appleton Woods 

(Birmingham, U.K.). 

2.1.2. Specific reagents and assay kits 

Complete EDTA-free protease inhibitor tablets, PhosStop phosphatase inhibitor tablets, octyl 

glucoside, calf intestinal alkaline phosphatase, T4 DNA ligase, Fugene HD transfection 

reagent, mini plasmid isolation kit, Genopure maxi plasmid isolation kit and PCR product 

purification kit were provided by Roche Applied Science (Burgess Hill, UK). PfuUltra DNA 

polymerase and dNTPs for polymerase chain reaction (PCR) were provided by Stratagene 

(Cheshire, UK). SiPortamine transfection reagent was obtained from Ambion (Cambridge, 
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UK). Restriction enzymes and DNA ladder (1kb plus, 100bp-12kp range) were purchased 

from New England Biolabs (Hitchin, UK). Blasticidin, ethidium bromide for staining agarose 

gels and guanosine triphosphate (GTP) for radioligand binding assays were purchased from 

Sigma Aldrich (Poole, U.K.). SDS-PAGE reagents, Bradford reagent for protein 

determination and pre-stained protein molecular size markers for immunoblotting (10-

250kDa range) were from Bio-Rad (Hemel Hempstead, UK). SureFire ERK1/2 

phosphorylation kits were obtained from PerkinElmer (Waltham, Massachusetts, USA). 

Sequencing grade trypsin (lyophilised, 100 μg) was obtained from Promega (Southampton, 

UK). Protein A-Sepharose beads (1.5 g) and enhanced chemiluminescence (ECL) films were 

purchased from GE Healthcare (Little Chalfont, U.K). Bicinchoninic acid (BCA) assay kits 

for protein determination were obtained from Thermo Scientific (Rockford, IL, USA). 

Nitrocellulose membranes and immobilon horse radish peroxidase (HRP) substrates for 

immunoblotting were obtained from Millipore (Watford, UK). Vectashield containing DAPI 

for immunocytochemistry was obtained from Vector laboratories (Peterborough, UK).  

2.1.3. Bacterial strains 

Commercially available α-select chemically competent cells (Bioline, London, UK) were 

used for DNA transformation in routine cloning and sub-cloning procedures. These cells have 

been optimised to reduce recombination and hence improve the quality of transformed DNA.  

2.1.4. DNA plasmids and receptor constructs 

All mAChR gene sequences were cloned into pcDNA3.1 (+) vector from Invitrogen (Paisley, 

U.K.). This vector contains an ampicillin resistance gene for selection in Escherichia (E.) coli 

and a neomycin resistance gene for selection in mammalian cell lines. The construct for the 

M1 mAChR was obtained from Dr Ali Jazayeri (Heptares Therapeutics, Welwyn Garden 

City, U.K.) and this construct has a myc and His10 tags at the C-terminus. The M1 mAChR 

sequence was inserted at the NheI (5’) and NotI (3’) cloning sites. The construct for the M4 
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mAChR was purchased from Missouri University of Science and Technology (Rolla, 

Missouri, USA, www.cdna.org).  The sequence was cloned at the KpnI (5') and XhoI (3') 

sites. 

2.1.5. Mammalian cell lines 

WT Chinese hamster ovary cells (CHO-K1) were purchased from American Type Culture 

Collection (ATCC) – LGC standards (Teddington, Middlesex, UK). CHO cells stably 

expressing human M3 mAChR (CHO-hM3R) were a kind gift from Dr. N. J. Buckley (then at 

the Department of Pharmacology, University College London, U.K.). CHO cells stably 

expressing the human M1 mAChR (CHO-hM1R) was generated in house using a cDNA 

construct obtained from Heptares Therapeutics (BioPark, Welwyn Garden City, Herts, UK). 

CHO cells stably expressing the human M4 mAChR (CHO-hM4R) was generated in house 

using a cDNA clone purchased from Missouri University of Science and Technology (Rolla, 

Missouri, USA, www.cdna.org) or a gift from Heptares Therapeutics. Flip-In inducible HEK 

cells expressing the human M3 mAChR and the RASSL variant were a gift from Prof. 

Graeme Milligan (Glasgow, UK) 

2.1.6. Pharmacological agents 

Protein kinase (PK) C activator, Phorbol 12-myristate 13-acetate (PMA) and the broad 

spectrum PKC inhibitor bisindolylmaleimide I (Bis I) were obtained from Sigma Aldrich 

(Dorset, UK). Non selective mAChR orthosteric ligands, acetylcholine, methacholine, 

pilocarpine, arecoline and atropine were also provided by Sigma Aldrich (Dorset, UK). M4 

mAChR selective allosteric modulator LY2033298 was a kind gift from Heptares 

Therapeutics (Welwyn Garden City, UK). M1 mAChR selective allosteric modulator BQCA 

was obtained either from Insight Biotechnology (Middlesex, UK) or a gift from Prof. Jeff 

Conn (Vanderbilt University, Tennessee, USA) and VU0357017 was purchased from Sigma 

Aldrich (Dorset, UK). 



58 
 

2.1.7. Primers and siRNAs 

Annealed silencing RNA against mouse GRK2 (sense: 5’-

GAAAUAUGAGAAGCUGGAGtt-3’, antisense: 5’-CUCCAGCUUCUCAUAUUUCtt-3’) 

and GRK 6 (sense: 5’-GCAAGCUGUAGAACAUGUCtt-3’, antisense: 

5’GACAUGUUCUACAGCUUGCtt-3’) were purchased from Ambion (Cambridge, UK). 

PCR primers for the cloning of the M4 mAChR 

(5’cccggatccgccaccatggatgccaacttcacacctgtcaatggc and 

3’gggtctagactaagcgtaatctggaacatcgtatgggtaagcgtaatctggaacatcgtatgggtacctggcagtgccgatgttccg

atactggcacagcagcag) were obtained from Eurogentec (Southampton, UK). 

2.1.8. Radioisotopes and reagents for scintillation counting 

3
H-Myo inositol (10-25 Ci/mmol), [

3
H] N-methyl scopolamine ([

3
H]-NMS; 70 mCi/mmol), 

[
32

P]-orthophosphate (0.900-1.100 Ci/mmol), Ultima Gold XR liquid scintillation fluid, GF/B 

plates and scintillation vials (6mL and 20mL) were obtained from PerkinElmer (Waltham, 

Massachusetts, USA). 

2.1.9. Antibodies 

Antibodies against mAChRs were raised in house. Structural antibody for M3 mAChR was 

developed previously (Tobin et al., 1993) and phosphorylation specific antibodies were a 

generous gift from Dr Adrian J. Butcher. Both structural and phosphorylation specific 

antibodies for the M1 mAChR were also a gift from Dr Adrian J. Butcher whereas the 

phosphorylation specific antibody for the M4 mAChR was developed during this project. Rat 

IgG monoclonal anti-HA antibody (affinity matrix and lyophilised) was obtained from Roche 

Applied Science (Burgess Hill, UK). Rabbit IgG polyclonal anti-myc antibody and anti 

GRK2 and GRK6 antibodies were purchased from Insight Biotechnology (Middlesex, UK). 

Goat anti-rabbit and goat anti-mouse IgG, HRP-linked antibodies were purchased from Bio-

Rad Laboratories (Hemel Hempstead, UK). Goat anti-rabbit and goat anti-mouse IgG alexa-
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488 fluor-linked antibodies for immunocytochemistry was obtained from Vector laboratories 

(Peterborough, UK).  

2.1.10. Specialised equipments 

PheraStar and PolarStar microplate readers were obtained from BMG Labtech (Aylesbury, 

UK). TomTec 96-well harvester was obtained from TomTec Inc (Hamden, Connecticut, 

USA). MicroBeta liquid scintillation counter was obtained from PerkinElmer (Waltham, 

Massachusetts, USA). Automated cell counter was provided by Nexcelome Bioscience 

(Sarisbury Green, UK). Polytron homogenizer was purchased from Kinematica (Basel, 

Switzerland) and Beckman Coulter centrifuge from Beckman Coulter Inc (High Wycombe, 

UK). PCR thermal cycler and SpeedVac concentrator centrifuge were obtained from 

Eppendorf (Cambridge, UK). HTLE 7002 electrophoresis system was purchased from CBS 

Scientific (San Diego, CA, USA). STORM phosphoimager were obtained from GE 

Healthcare (Little Chalfont, UK) and confocal microscope was obtained from Leica 

Microsystems (Milton Keynes, UK) 

2.2. Methods 

2.2.1. Bacterial cell culture 

2.2.1.1 Growth and maintenance 

Escherichia. coli (E. coli) cells were grown at 37°C either in Luria-Bertani (LB) broth (1% 

w:v tryptone, 0.5% w:v yeast extract, and 1% w:v NaCl) with shaking at 220-230rpm or on 

LB agar (1% w:v tryptone , 0.5% w:v yeast extract, 1% w:v NaCl and 1.5% w:v agar) plates. 

Ampicillin (100μg/mL) was used as appropriate. 
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2.2.1.2.  E. coli stock  

Glycerol stocks of E. coli cells were prepared by mixing 400μL of fresh overnight culture and 

400μl of 40% (v:v) glycerol in sterile 2mL cryo-vials. Vials were then stored at -80ºC until 

required. To grow cells from a glycerol stock, the frozen cells were scraped with a sterile 

plastic inoculating loop and streaked onto a fresh LB agar plate containing the appropriate 

antibiotics. The plate was then incubated inverted at 37°C overnight and stored at 4°C until 

required. 

2.2.1.3. Bacterial transformation 

Plasmid DNA containing receptor sequences were transformed into α-select chemically 

competent (E. coli) cells. A 50-100μL aliquot of the competent cells was thawed on ice for 10 

min. A 0.5-1.0 μg aliquot of plasmid DNA or 5μL of ligation reaction (Section 2.2.10) was 

added and the mixture incubated on ice for a further 30min. The DNA/cell mixture was then 

heat-shocked at 42ºC for 45s and immediately placed on ice for 2min. The reaction mixture 

was adjusted to 1mL with SOC medium (0.5% w:v yeast extract, 2% w:v tryptone, 10mM 

NaCl, 2.5mM KCl, 10mM MgCl2, 10mM MgSO4, 20mM glucose). The cells were incubated 

at 37ºC for 1hr and then 10-100μL aliquots were spread onto a 10cm LB agar plate 

containing the appropriate antibiotics and incubated at 37ºC overnight. The plates were then 

sealed with Saran film and stored inverted at 4ºC. 

2.2.2. Plasmid DNA preparation 

Transformation is often followed by antibiotic selection to enable bacterial cells that have 

taken up the plasmid DNA to be propagated.  The plasmid DNA that has been expanded was 

isolated either in miniprep or maxiprep scales using commercially available kits. Minipreps 

were conducted for a small amount of DNA for diagnostic purposes such as selecting DNA 
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clones that contains an insert and confirming a potential construct. Maxipreps were carried 

out to prepare larger scale DNA samples for transfection in mammalian cells. 

2.2.3. Minipreps 

Plasmid DNA was purified using the high pure plasmid isolation kit provided by Roche. 2mL 

of bacterial culture was pelleted by centrifugation (6,000 x g; 5 min) and resuspended in 

250μL of re-suspension buffer (50 mM Tris-HCl, 10 mM EDTA; pH8.0) supplemented with 

100 μg/mL RNase A by gentle pipetting. Cells were lysed by addition of 250μL of lysis 

buffer (200 mM NaOH, 1% (w/v) SDS). Lysis was terminated after 5 min by the addition of 

350μL of binding buffer (4.0M guanidine hydrochloride, 0.5 M potassium acetate; pH 4.2). 

The cell lysates were centrifuged (12,000 x g; 10 min) and the supernatant loaded onto 

miniprep filter tubes. The tubes were centrifuged (12,000 x g; 1 min) and washed twice with 

700μL wash buffer (20 mM sodium chloride, 2 mM Tris-HCl, 80% (v/v) ethanol; pH 7.5). 

After washing, bound DNA was eluted from the column by addition of 50-100μL sterile 

water by centrifugation (12,000 x g; 5min) into sterile 1.5 mL Eppendorf tubes. 

2.2.4. Maxipreps 

The Genopure plasmid maxi kit was used to produce larger scale DNA samples. A 200mL of 

overnight culture was pelleted by centrifugation (3000g, 10 min). Media was carefully 

decanted and the cell pellet resuspended in 12mL of suspension buffer supplemented with 

100 μg/μL RNase A. Cells were lysed for 10min at room temperature by the addition of 

12mL lysis buffer. Lysis was stopped by the addition of 12mL neutralisation buffer. The 

bacterial lysates were cleared by centrifugation (3000g, 10 min) and filtration through a 

membrane. Meanwhile, a NucleoBond AX 500 column was equilibrated by the addition of 6 

ml Equilibration Buffer. The cell lysates were added onto the equilibrated tip and allowed to 

drain by gravity flow. The column was washed twice with 16mL of wash buffer. The DNA 

was then eluted by the addition of 15mL of elution buffer. The DNA was precipitated by the 
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addition of 11mL isopropranol and pelleted by centrifugation (3,750g; 90 min; 4 ºC). The 

DNA pellet was washed with 5mL of room temperature 70% (v/v) ethanol and then 

centrifuged (3750g; 60 min; 4
o
C). The supernatant was carefully removed and the pellet 

allowed to dry prior to re-suspension in 0.5mL of ultra pure H2O. 

2.2.5. Plasmid DNA quantification 

The yield of isolated plasmid DNA was determined by measuring absorbance at 260nm. An 

absorbance of 1 at 260nm corresponds to a concentration of 50μg/mL pure double-stranded 

DNA (dsDNA). The purity of DNA was determined by measuring absorbance at 280nm; a 

DNA solution with A260/A280 ratio of 1.7-2.0 indicated relatively pure DNA. Samples were 

first diluted 1:100 in ultrapure H2O and then measured. 

2.2.6. Polymerase chain reactions 

PCR reactions were performed in a sterile environment with total volume of 50μL. The 

reaction mixture contained 1μL of the thermostable DNA polymerse PfuUltra 

(2,500unit/mL), 5μL of 10× PfuUltra reaction buffer, 1μL (0.2μg/μL) of each 5’- and 3’-

primers, 0.4μL of 25mM dNTPs (0.2 mM), 0.25μg plasmid DNA template and an appropriate 

volume of H2O. The reactions were carried out in the Eppendorf thermal cycler with a heated 

lid. Unless otherwise stated, the standard PCR protocols listed in Table 2.2.6.1 is followed. 

After the reactions, the PCR products were separated from the template DNA by agarose gel 

electrophoresis (Section 2.2.8) and purified using a commercially available kit (Section 

2.2.9). 
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Table 2.2.6.1: Standard PCR cycling parameters for amplifying receptor sequences. 

 

2.2.7. Plasmids and DNA fragments restriction digestion 

In order introduce cohesive ends for ligation, plasmid DNA and purified PCR products were 

digested with appropriate restriction enzymes. The reactions were carried out in a 50μL 

reaction volume containing 2μg of purified DNA, 5μL 10× enzyme-specific buffer, 10U 

enzyme (10U/μL) and an appropriate volume of H2O. The mixture was incubated at 37°C for 

3hr. After digestion, the target fragments were separated by agarose gel electrophoresis 

(Section 2.2.8 followed by DNA purification (Section 2.2.9). Restriction digests were also 

performed for diagnostic purposes such as confirming a construct with an appropriate insert.  

In this case the reaction was performed in a reduced volume (20μL), containing 0.5μg DNA, 

2μL 10× appropriate enzyme buffer, 3U enzyme (10U/μL or 20U/μL) and an appropriate 

amount of H2O. The digested DNA was also resolved by agarose gel electrophoresis (Section 

2.2.8).  

2.2.8. Agarose gel electrophoresis of DNA 

DNA fragments, including intact PCR products, digested PCR products and digested 

plasmids were resolved by agarose gel electrophoresis. Depending on the length of the 

fragments, different percentage of agarose gels were prepared by dissolving agarose powder 

in 50mL TAE buffer (Tris/Acetate/EDTA: 40 mM Tris acetate, 1 mM EDTA, pH 8.0). The 

powder was heated in a microwave oven to ensure it is completely dissolved. The gel was 

Step Number of cycles Temperature Duration 

Denaturation 1 92
o
C 2 min 

Denaturation 92
o
C 30 sec 

Annealing  50-60
o
C 30 sec 

Extension 72
o
C 3 min 

Extension 1 72
o
C 10 min 

Termination 1 4
o
C Forever 

30
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then poured into a casting tray containing a comb to form the sample wells. The gel was 

allowed to solidify at RT. The gel was inserted horizontally into an electrophoresis tank and 

covered with TAE buffer. The comb was removed and DNA samples mixed with 10× loading 

buffer (50% v:v glycerol, 2% v:v Ficoll (hydrophilic polysaccharide), 50mM EDTA and 5% 

w:v bromophenol blue prepared in sterile water) were applied into the sample wells. A 1.0 kb 

DNA ladder (0.5μg/lane) was used to estimate the size of the DNA fragments. The gel was 

run at 100 volts for 60-80 min, removed from the tank and incubated with ethidium bromide 

for 30 min at RT. Gels were placed on the UV trans-illuminator and photographed using a 

digital camera.  

2.2.9. DNA purification from solution and agarose gel 

High Pure PCR Product Purification Kits were used to purify DNA fragments from agarose 

gels and solutions to remove dNTPs, primers, enzymes, salts, agarose, and other impurities.  

To extract DNA from an agarose gel, the band of interest was excised using a clean scalpel 

under the UV trans-illuminator and weighed in a 1.5mL microfuge tube of known weight. 

The gel band was incubated in a volume of Binding Buffer (μL) equivalent to three times the 

gel weight (mg) at 56°C with occasional mixing for 10 min or until the gel fragment has 

dissolved. Isopropanol was then added at a volume (μL) 1.5 times to the gel weight (mg). The 

sample mixed and applied to a High Pure Filter Tube which has been assembled on the 

Collection Tube. This was centrifuged for 1 min at 15,000g, the flow-through discarded and 

0.5mL of Wash Buffer added to the column, which was then centrifuged (1min, 15,000g). 

The column was washed by the addition of 0.2mL of Wash Buffer and further centrifuged 

(1min, 15,000g). The flow-through was discarded and the Filter Tube column centrifuged 

(1min, 15,000g) again to remove residual ethanol. DNA was then eluted with 100 μL of TE 

buffer (10mM Tris, pH 8.0, 1mM EDTA) and collected by centrifugation (1min, 15, 000g).  



65 
 

To extract DNA fragments from a restriction digest or PCR mixture, 500μL of Binding 

Buffer was added and the mixture was applied to the Filter Tube. The fragments were washed 

and processed as above.  

2.2.10. DNA ligation 

Digested DNA fragments containing sticky ends were ligated into plasmid vector using T4 

DNA ligase. A ratio of 1:7 vector to DNA insert was incubated (overnight at 4
o
C) with 1 unit 

of ligase and 1μL 10 x ligase buffer in a final volume of 10μL. A 5μL aliquot of the reaction 

was then transformed directly into 50μL of α-select chemically competent cells as described 

in Section 2.2.1.3. 

2.2.11. DNA sequencing 

DNA sequencing was performed by the ‘Protein and Nucleic Acid Chemistry Laboratory’ 

(Centre for Core Biotechnology Services, University of Leicester, UK) using an Applied 

Biosystems 3730 automated capillary DNA sequencer. In all cases the following primers 

were used: forward primer (T7) 5’-AATACGACTCACTATAGGG-3’ and reverse primer 

(BGH) 5’-TAGAAGGCACAGTCGAGG-3’. Sequences obtained were compared the the 

sequence available in the public domain (M1 mAChR accession number P11229, M3 mAChR 

accession number P20309 and M4 mAChR accession number P08173). 

2.2.12. Cloning of M4 mAChR sequence 

The M4 mAChR cDNA purchased from University of Missouri-Rolla contains the sequence 

that codes for 3xHA tag at the N-terminus of the receptor. To avoid the possibility that this 

N-terminal tag might interfere with expression, the tag sequence was removed and replaced 

to the C-terminus of the receptor using PCR. Furthermore, the new C-terminal tag contains 

only 2xHA. The 5’ end primer for the PCR cloning of the receptor contains a BamHI 

restriction site, a kozak sequence (to increase translation efficiency) and a portion of the M4 
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mAChR sequence. The primer for the 3’ end has the sequence for 2xHA tag, an XbaI site and 

at least 30 bp of the coding region of the M4 mAChR (Figure 2.2.12.1). Because of these 

extended primers, the annealing temperature was conducted at 60
o
C. The other steps were 

performed as standard PCR protocols (Section 2.2.6). 

 

 

Figure 2.2.12.1: PCR primers for removing the N-terminal 3xHA tag and introducing 

2xHA tag at the C-terminus of the M4 mAChR. Restriction sites are highlighted in blue. 

Kozak and HA tag sequences are shown in italic. Start and stop codons are shown in red. 
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2.2.13. Mammalian cell culture 

2.2.13.1. Cell counting and viability test 

Cells numbers were determined using a haemocytometer observed under a light microscope 

or automatic cell counter provided by Nexcelome Bioscience (Sarisbury Green). Live cells 

were determined by staining cells with 0.4% Trypan Blue. 

2.2.13.2. Generation of stable cell line and cell culture maintenance 

CHO-K1 cells were seeded at 250 000 cells/well in 6-well plate and allowed to adhere 

overnight at 37
o
C. Cells were serum starved for 2 hrs and then transfected with appropriate 

mAChR cDNA using Fugene HD transfection reagent according to the manufacturer’s 

instructions. Twenty four hours later, the media were replaced with complete media in the 

presence of 500 μg/ml of G-418. Cells were continuously selected until total cellular death 

was observed in non-transfected controls. Successful transfectants were plated in 10 cm 

dishes at high dilutions to allow the formation single colonies. Single colonies were picked, 

grown and screened for receptor expression using intact cells radioligand binding assay 

(Section 2.2.15.1). Where appropriate, selected clones were further subcloned to ensure 

homogeneous cell populations were obtained. All stable cell lines were grown in α-minimum 

Eagle’s medium (α-MEM) supplemented with 10% foetal bovine serum, 100 U/ml penicillin, 

100 μg/ml streptomycin, 2.5 µg/ml fungizone and 250 μg/ml geneticin. CHO-K1 cells were 

grown in the same buffer but without the addition of G-418. Cells were maintained in a 5% 

CO2, 95% air, humidified incubator at 37°C.  

2.2.14. Biochemical assays 

2.2.14.1 . Membrane preparations 

Cells expressing the receptor of interest were grown until approximately 90% confluence and 

harvested using 1 mM EDTA in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 
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1.5 mM KH2PO4) at pH 7.4. Cells were collected in tubes and centrifuged at 1200g for 5 min 

to form pellets. The cell pellets were resuspended in 20 ml of buffer containing 20 mM 

HEPES, 10 mM EDTA and Complete EDTA-free protease inhibitors (pH 7.4). All 

subsequent steps were performed at 4°C. The cell suspension was homogenized using a 

Polytron homogenizer with two 10 second bursts separated by cooling on ice. The cell 

homogenate was centrifuged for 5 min at 1200g, and the supernatant was transferred to new 

tubes. Where appropriate the remaining pellets were resuspended as before and re-

homogenised to increase membrane yield.  Pooled homogenates were centrifuged at high 

speed (45 min, 40,000g) in a Beckman Coulter centrifuge. The pellet was resuspended in 10 

ml of storage buffer (20 mM HEPES and 0.1 mM EDTA, pH 7.4) and briefly homogenized 

to ensure uniform consistency. The protein concentration was determined by the method of 

Bradford or BCA assay using bovine serum albumin as a standard (Bradford, 1976; Noble 

and Bailey, 2009). Membranes were aliquoted and stored at -80°C until required.  

2.2.14.2. Quantification of proteins using Bradford and BCA assays 

Protein concentrations in lysates and membrane preparations were determined by measuring 

the absorbance at 595nm in a spectrophotometer or plate reader. The spectrophotometer was 

blanked with 1:1000 dilutions of lysis buffer or storage buffer (1mL volume) and 1mL of 

Bradford Reagent. BSA standards (2000μg/mL - 25μg/mL) were prepared and mixed with 

1mL Bradford reagent. Protein samples were diluted 1:1000 in lysis buffer or storage reagent 

(1 mL volume) and 1mL of Bradford Reagent was added to each sample. The absorbance of 

the BSA standards and samples was measured and the protein concentrations in the samples 

were determined by interpolating their absorbance with the absorbance of BSA standards. For 

BCA assay, working reagent solution was prepared by mixing 19.6mL of Reagent A and 

0.4mL of Reagent B. 25μL of samples/blank/BSA standards were added to 96-well plate. 

BCA reagent mixture (200μL) was added to the wells. The plate was incubated at 37
o
C for 30 
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min and then read on a PolarStar plate reader. Protein concentrations in the samples were 

determined as described for the Bradford assay. 

2.2.15. Radioligand binding assays 

2.2.15.1. Intact cells binding 

Cells grown in 6, 12 or 24-well plates were washed three times in 1 ml Krebs/HEPES buffer 

(10 mM HEPES, 118 mM NaCl, 4.69 mM KCl, 1.18 mM MgSO4.7H2O, 1.3 mM CaCl2, 25.0 

mM NaHCO3, 11.7 mM glucose, pH 7.4). Cells were incubated with ~5 nM [
3
H]-NMS for 1 

hr at 37
o
C. Nonspecific binding was determined by the inclusion of 10 μM Atropine. Cells 

were washed three times with 1 ml ice-cold Krebs/HEPES buffer and then lysed with 200µL 

of RIPA buffer (10 mM Tris, 2 mM EDTA, 20 mM Glycerol-2-phosphate, 160 mM NaCl, 

1% Nonidet P-40, 0.5% deoxycholate, pH 7.4) for 10 min on ice. Bound [
3
H]-NMS in cell 

extracts was determined by liquid scintillation counting.  

2.2.15.2 . Membrane binding assay 

For protein linearity experiments, 5μg – 30μg of membranes were incubated with ~0.5 nM of 

[
3
H]-NMS in 0.4 ml Krebs / HEPES buffer for 2 hr at room temperature. Atropine at 10 μM 

was included in the assay to determine nonspecific binding. Reaction was terminated by rapid 

filtration onto 0.1% polyethylenimine (PEI) soaked GF/B plate using a TomTec harvester, 

followed by four 2 ml washes with water. Plates were dried extensively in a 60
o
C incubator 

and 50 μl of scintillation fluid was added to each well. The plates were sealed and 

radioactivity was determined using a MicroBeta scintillation counter. For saturation binding, 

membranes were incubated with ~ 0.03 nM - 5 nM [
3
H]-NMS in 1 ml Krebs/HEPES buffer 

for 2 hr at room temperature before termination of the assay by rapid filtration onto GF/B 

plate. Nonspecific binding was defined in the presence of 10 μM atropine. Plates were 

washed with 4 x 2 ml water and dried extensively in 60
o
C incubator. Scintillation fluid (50 
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μl) was added to each well and radioactivity was counted as described above. For inhibition 

binding assays, membranes were incubated with ~0.5 nM [
3
H]-NMS in 0.4 ml Krebs/HEPES 

buffer containing 200 μM GTP and increasing concentrations of the cold ligand for 2 h at 

room temperature. For allosteric interaction studies, competition of [
3
H]-NMS binding by 

ACh was performed in the presence of increasing concentration of BQCA for CHO-hM1R 

membranes and LY2033298 for CHO-hM4R membranes. For both experiments, nonspecific 

binding was defined by 10 μM atropine. The reaction was terminated by rapid filtration and 

radioactivity was counted as described previously. 

2.2.16. Receptor phosphorylation assays  

2.2.16.1. In vivo labelling and receptor purification 

Cells seeded at 250 000/well in 6-well plates were grown for 48 hrs and washed three times 

in 1 ml phosphate free Krebs/HEPES buffer (10 mM HEPES, 118 mM NaCl, 4.69 mM KCl, 

1.18 mM MgSO4.7H2O, 1.3 mM CaCl2, 25.0 mM NaHCO3, 11.7 mM glucose, pH 7.4). Cells 

were incubated with 50 μCi/ml of [
32

P]-orthophosphate for 1 h at 37
o
C. Cells were stimulated 

with an agonist for an appropriate time at 37
o
C. The reactions were terminated by rapid 

aspiration of the buffer followed by addition of 1 ml ice-cold RIPA buffer for 10 min on ice. 

Cell lysates were cleared by centrifugation (20 000g for 5 min) and receptors were 

immunoprecipitated from pre-cleared lysates using 1 µg/sample of the appropriate antibody 

for 2 hr or overnight at 4
o
C. Immunocomplexes were isolated on protein A-Sepharose beads 

and the beads were washed three times with ice-cold TEG buffer (10 mM Tris, 2 mM EDTA, 

20 mM Glycerol-2-phosphate, pH 7.4). Immunocomplexes were resuspended in 2x SDS-

PAGE sample buffer (125 mM Tris, 200 mM dithiothreitol, 4% SDS, 20% glycerol and 

0.05% bromophenol blue, pH 6.8) and placed in a 60
o
C water bath for 3-5 min. Receptor 

proteins were resolved on 8% SDS-PAGE gels and electroblotted onto nitrocellulose 

membranes using the wet transfer method and Tris-Glycine transfer buffer (25 mM Tris, 190 
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mM Glycine, 20% methanol). Receptor phosphorylation was detected by autoradiography. 

The membranes were also analysed by western blot to check for consistency in sample 

loading. 

2.2.16.2. Phosphopeptide Mapping 

Metabolic labelling of cells with [
32

P]-orthophosphate and receptor purification was carried 

out as above except cells were labelled with 100 μCi/well of [
32

P]-orthophosphate and 

receptor immunocomplexes from one entire 6-well plate were pooled and resolved on an 8% 

SDS-PAGE gel. Resolved receptor proteins were transferred to nitrocellulose membrane and 

subjected to autoradiography to detect receptor phosphorylation. The autoradiogram was 

superimposed on the nitrocellulose membrane and the band of interest was excised into small 

pieces. The membrane pieces were incubated with 200 µl of blocking solution (0.5% PVP 

containing 0.6% acetic acid) for 30 min at 37
o
C and then washed three times with distilled 

water and one time with 50 mM ammonium bicarbonate. Proteins on the membrane pieces 

were digested with 2 μg/sample trypsin diluted in 50 mM ammonium bicarbonate solution 

overnight at 37
o
C (60 μl final volume). The supernatant from the tryptic digest was recovered 

and transferred to a fresh tube. The membrane pieces were washed three times with 50-100 µl 

distilled water shaking at 1500g for 15 min, the supernatant from each wash was pooled and 

dried using a SpeedVac centrifuge at room temperature for 2-6 hrs. The pellet was dissolved 

in 25-50 µl of pH 1.9 buffer (88% formic acid: acetic acid: water, 25:78:897 (v/v/v)) and 

dried again using the speedVac centrifuge. The pellet was resuspended in 5 – 10 µl of pH 1.9 

buffer, vortex mixed intensely and applied to a cellulose thin layer chromatography plate in 

small volumes (1 μl). Samples were dried with a fan without heating and separated in two 

dimensions. The first dimension was electrophoresis in pH 1.9 buffer for 30-40 min at 2000 

V using the HTLE 7002 electrophoresis system. The second dimension was ascending thin 

layer chromatography using isobutyric acid chromatography buffer (isobutyric acid:n-
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butanol:pyridine:acetic acid:water, 1250:38:96:58:558 (v/v/v/v/v). The plates were dried 

extensively in a fume hood, wrapped in cling film and exposed to a phosphoimager. Resolved 

phosphopeptides were visualised using the STORM phosphoimager instrument. Where 

appropriate parallel radioligand binding was performed to ensure that equal number of cells 

between experimental replicates was used. 

2.2.16.3. Mass spectrometry and identification of phosphorylation sites 

Cells were grown in roller bottles until ~90% confluence and harvested using 1 mM EDTA in 

PBS (pH 7.4). Membranes were prepared as described previously and receptors in the 

membranes were solubilised in 1% NP-40 in PBS supplemented with protease and 

phosphatase inhibitors for 4 hrs at 4
o
C. The receptors were separated from other cellular 

components by centrifugation (20 000g, 20 min). The supernatants were transferred to fresh 

15 ml tubes and diluted 1:1 with PBS before 200 μl of anti HA antibody coupled to agarose 

beads was added to each tube. The samples were incubated at 4
o
C for 4 hr or overnight to 

allow immunocomplexes to form. The immunocomplexes were washed 4 x 10 ml with PBS 

and eluted with 1 volume of 2x SDS-PAGE sample buffer. Purified receptors were resolved 

on 8% SDS-PAGE gel and the gel was stained with colloidal coomassie blue to reveal 

receptor band(s). The bands were excised and cut into 1-2 mm squares. Gel squares were 

washed 3 x 15 min with 100 mM ammonium bicarbonate and then resuspended in 10 mM 

DTT (dissolved in 50 mM ammonium bicarbonate) and incubated for 30 min at 65
o
C.  The 

DTT solution was discarded and the gel pieces were incubated with 100 mM iodoacetamide 

(dissolved in 50 mM ammonium bicarbonate) for 30 min at room temperature in the dark. 

The gel pieces was washed 3 x 15 min with 50% acetonitrile in 50 mM ammonium 

bicarbonate and 1 x 15 min 100% acetonitrile. The acetonitrile was removed and the gel 

pieces dried in a speedvac centrifuge. The gel pieces were incubated with 1 μg sequencing 

grade trypsin (in 50 mM ammonium bicarbonate) overnight at 37
o
C. The supernatant was 
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transferred to fresh tubes and the gel pieces were washed twice with 0.1% trifluoroacetic acid 

(TFA) dissolved in 50% acetonitrile. The supernatants were pooled and submitted to Protein 

and Nucleic Acid Chemistry Laboratory (PNACL) for analysis in QTRAP LC MS/MS. 

2.2.16.4. Generation of phosphorylation specific antibodies 

Antibodies against putative phosphorylation sites on the receptor were raised using a three 

months programme provided by Eurogentec. The antibodies were then purified with same 

phosphopeptides used to immunise the animals before being characterised and applied in 

western blot experiments. 

2.2.16.5. Antibody characterisation using phosphatase treatment 

To characterise the phosphorylation specific antibodies, phosphatase treatment experiments 

were performed. Cells seeded at 250 000/well in 6-well plates were grown for 48hr at 37
o
C. 

Cells were washed three times in 1mL Krebs/HEPES buffer (10 mM HEPES, 118 mM NaCl, 

4.69 mM KCl, 1.18 mM MgSO4.7H2O, 1.3 mM CaCl2, 25.0 mM NaHCO3, 11.7 mM glucose, 

pH 7.4) and incubated in the same buffer for 1hr at 37
o
C. Cells were stimulated with an 

agonist and receptors were purified by immunoprecipitation as described above (Section 

2.2.16.1). The immunoprecipitated receptors were washed 3 x 150 μl with calf intestinal 

alkaline phosphatase (CIAP) buffer supplemented with protease inhibitors and 0.2% octyl 

glucoside.  The beads were resuspended in 50 μL CIAP buffer in the presence of 40 U CIAP 

and incubated overnight at 37
o
C.  Positive controls which consist of immunoprecipitated 

receptors incubated in buffer were included. The CIAP buffer was aspirated and the beads 

resuspended in SDS-PAGE sample buffer. Samples were run on 8% SDS-PAGE and 

analysed by western blot (Section 2.2.17.3) 
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2.2.17. Identification of protein kinases involved in receptor phosphorylation 

2.2.17.1. Pharmacological inhibition of protein kinases 

To determine the role of PKC in receptor phosphorylation, cells expressing the receptor of 

interest were treated with 10 μM Bisindolylmaleimide I for 10 min before stimulated with an 

agonist or PKC activator PMA for 5 min at 37
o
C. Cells were lysed using CHAPS lysis buffer 

(20 mM Tris, 150 mM NaCl, 3 mM EDTA, 1% CHAPS, 0.5% sodium deoxycholate, pH7.4) 

supplemented with protease and phosphatase inhibitors and lysates were cleared by 

centrifugation (20 000g for 5 min). The supernatant was transferred to new tubes and the 

protein concentrations in the supernatant were determined by Bradford assay (Section 

2.2.14.2). Samples were mixed with 2x SDS-PAGE sample buffer and resolved on 8% gels. 

Resolved proteins were analysed by western blot (Section 2.2.17.3). 

2.2.17.2. Depletion of protein kinase levels by siRNA knock-down. 

Due to the lack of specific inhibitors for GRK subtypes, siRNA approach was employed to 

deplete the cellular GRK levels. Cells were seeded at in 12 well plates and allowed to adhere 

overnight at 37
o
C. Transfection mixture was prepared in 100 μL final volume as follows: 3uL 

of SiPortamine transfection reagent was added to 47 μL of OPTI-MEM I media and the 

mixture was incubated at RT for 10 min. 50 nM GRK specific siRNA or control siRNA were 

prepared in OPTI-MEM I media (50 μL volume). The two mixtures were combined and 

added to cells in drop-wise. Cells were incubated for 48 hr and then harvested for western 

blot analysis (Section 2.2.17.3). 

2.2.17.3. Immunoblotting 

Receptors that have been resolved on SDS-PAGE gels were transferred to nitrocellulose 

membranes using the semi-dry or wet transfer methods. Membranes were incubated in 

blocking solution (20 mM Tris, 150 mM NaCl, 0.1% Tween-20 (TBST), 5% non-fat dried 
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milk, pH 7.5) for 1 h at room temperature or overnight at 4
o
C. Membranes were probed with 

the appropriate primary antibody (diluted in blocking solution) for 1hr at room temperature. 

Membranes were washed 3 x 15 min in TBST and then incubated with a secondary antibody 

(diluted in blocking solution) for 1h at room temperature. Following 3 x 15 min washes in 

TBST the membranes were dried by blotting the edge onto a piece of tissue paper. The 

membranes were placed on glass plates and HRP substrate was added for 5 min. 

Immunoreactivity was visualized by ECL. 

2.2.18. Cell signalling assay 

2.2.18.1. Extracellular-signal regulated protein kinase 1/2 phosphorylation assay.  

Cells were seeded into transparent 96-well plates at 35 000 cells/well and grown overnight at 

37
o
C. Cells were washed with PBS and incubated in serum-free α-MEM at 37°C for at least 4 

h to allow FBS-stimulated pERK1/2 levels to subside. For initial assay optimisation, time 

course experiments were performed in which cells were stimulated with agonist for 5 min to 

2 hr at 37
o
C. Where appropriate, a broad spectrum PKC inhibitor was included in the assay to 

assess the contribution of PKC in receptor mediated ERK1/2 phosphorylation. For functional 

allosteric interaction studies, cells were incubated with varying concentrations of agonist in 

the presence and absence of increasing concentrations of an allosteric compound. 10% FBS 

was used as a positive control, and vehicle controls were also included in the assay. The 

reaction was terminated by the removal of compounds and addition of 50 μL of SureFire lysis 

buffer. The lysates were agitated for 30 min at room temperature and 4 μL of each lysate was 

transferred into a 384-well opaque Optiplate. SureFire detection mix (7 μl/well) consisting of 

detection reagent; activation reagent; donor beads and acceptor beads (660:110:11:11 v/v) 

were added to the plate. Plates were incubated in the dark at room temperature for 2 h with 

gentle agitation before fluorescence signal was measured using a PheraStar plate reader.  
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2.2.18.2. Total [
3
H]-Inositol phosphate accumulation assay.  

Cells were seeded at 100 000 cells/well in 12-well plates and incubated with 0.5 ml of fresh 

media containing 2.5 μCi/ml [
3
H]-inositol (9.25 MBq) for 24 hr. Cells were washed twice in 

Krebs/HEPES buffer (pH7.4) and incubated with 10 mM LiCl for 20 min at 37
o
C. 

Appropriate concentrations of compounds were added for 5 min to stimulate [
3
H]-InsPx 

production. Reactions were terminated by rapid aspiration of the buffer and addition of 1 M 

ice-cold trichloroacetic acid (500 μL). Cell lysates were transferred to centrifuge tubes and 

incubated with 10 mM EDTA (50 μL) and 1,1,2-trichlorofluoroethane:tri-n-octylamine (1:1, 

v/v, 500 μl) for 15 min at RT. Samples were centrifuged at 14000 rpm for 4 min. ~ 400 μl 

aliquot from the top layer was recovered and transferred to fresh tubes. 60 mM of NaHCO3 

was added to each tube. The [H] inositol mono-, bis-, and trisphosphate ([
3
H]InsPx) was 

recovered by anion exchange chromatography. Dowex-1 (formate form) columns were 

regenerated with 10 mL of ammonium formate (2M)/formic acid (0.1M) and washed 

thoroughly with distilled water. Samples were applied to the columns and the columns 

washed with 10 ml distilled water. Columns were then washed with ammonium formate (60 

mM)/sodium tetraborate (10 mM). ([
3
H]-InsPx) fraction was eluted in 10 ml of ammonium 

formate (0.75 M)/formic acid (0.1M). A 5 ml aliquot from the eluate was mixed with 10 ml 

of SafeFluor scintillation cocktail and radioactivity was detected by liquid scintillation 

counting. 

2.2.19. Data analysis 

Quantification of immunoblots and autoradiograms was performed using ImageQuant
 
and 

AlphaEase FC softwares. Data from radioligand binding and cellular signalling assays were 

analysed using PRISM 5 software with built-in or user defined equations. For saturation 

binding experiments the total and nonspecific binding were fitted to one site saturation 
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binding equations to estimate the total receptor numbers (Bmax) and equilibrium dissociation 

constant (KA) of the radioligand (Equation 1). 

 

Where Y is the specific radioligand binding, [A] is the radioligand concentration and NS is 

the nonspecific binding. 

Competition binding experiments were fitted to one site binding equations to initially 

estimate the logarithmic inhibitory constants (logIC50) of the competing ligands (Equation 

2). The equilibrium dissociation constant (KI) of each ligand was then determined using the 

Cheng and Prusoff equation (Equation 3) 

 

Where 

 

Where Y is the specific radioligand binding, [A] is the concentration of the radioligand, 

Emax is the total binding and basal is the nonspecific binding. 

Competition binding experiments between an orthosteric radioligand and allosteric modulator 

were fitted to the simple allosteric ternary complex model as described by (Equation 4): 

Y = 

Bmax x [A]

+ NS x [A]      Equation 1

[A] + KA

Y = 

Emax - Basal

1 + 10
(Log[A] - LogIC50)

+ Basal      Equation 2

IC50=KI(1+[A]/KA)             Equation 3
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where Y is the specific radioligand binding, Bmax is the total number of receptors, [A] and [B] 

are the concentrations of radioligand and allosteric modulator respectively, KA and KB are the 

equilibrium dissociation constants of the radioligand and allosteric modulator respectively 

and α is the binding cooperativity between the allosteric modulator and the radioligand. 

Three way competition binding experiments between an orthosteric radioligand, an 

unlabelled orthosteric compound and an allosteric modulator were fitted to the extended 

allosteric ternary complex model as described by Langmead (Langmead, 2011) and 

Nawaratne et al (Nawaratne et al., 2010) and is shown in Equation 5. 

 

where Y is the specific radioligand binding, Bmax is the total number of receptors, [A], [B], 

and [I] are the concentrations of radioligand, allosteric modulator, and unlabeled orthosteric 

ligand, respectively, KA, KB, and KI are the equilibrium dissociation constants of the 

radioligand, allosteric modulator, and unlabeled orthosteric ligand, respectively, and α′ and α 

are the cooperativity factors between allosteric modulator and the radioligand or unlabeled 

orthosteric ligand, respectively 

Agonist concentration response curves were fitted to four parameter logistics equation 

(Equation 6) and the operational model of agonism (Equation 7) (Black et al., 1983): 

Y = 

Bmax x [A]

+ NS x [A]  Where       Equation 4

[A] + KAPP

KAPP = KA

1 + [B]/KB

1 + (x [B])/KB

Y = 
KAKB

' [B] + KB

Bmax[A]

[A] +            Equation 5

KI
KIKBKB

[I] [I[[B]
1+ +

[B]
+
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Where Y is the specific agonist response, Emax is the maximal possible response of the 

system (not the agonist), Basal is the basal level of response in the absence of agonist, [A] is 

the concentration of the agonist and EC50 represents the agonist concentration that elicits half-

maximal response. KA denotes the functional equilibrium dissociation constant of the agonist 

(A) and τ is an index of the coupling efficiency (or efficacy) of the agonist. In the operational 

model of agonism, it is assumed that the affinity (KA) of the agonists remains the same in the 

different assay readouts and the profile of the agonist response is in accordance of the law of 

mass action (i.e. hyperbolic or sigmoidal when agonist concentrations are expressed in 

logarithmic scale). 

Quantitative analysis of functional selectivity was performed according to the method of 

Rajagopal et al (Rajagopal et al., 2011). First, the ability of an agonist to signal to 

downstream signalling pathways was compared to a reference agonist to yield effective 

signalling (σlig; Equation 8)  

 

Then a bias factor, βlig, for test compounds was determined from the effective signalling 

factors using Equation 9: 

Y = Basal +         Equation 6

Emax - Basal

1 + 10 (LogEC50 - Log[A])n

E =            Equation 7
Emax  [A]

 [A] (A + KA )

lig =            Equation 8
lig

ref

= 
lig

ref
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Functional allosteric interaction studies such as [
3
H]-InsPx accumulation and ERK1/2 

phosphorylation were analyzed using a simplified operational model of allosterism as 

described previously (Equation 10) (Langmead, 2011; Leach et al., 2007).  

 

where Em is the maximum possible tissue response, [A] and [B] are the concentrations of 

orthosteric and allosteric ligands, respectively, KA and KB are the equilibrium dissociation 

constant of the orthosteric and allosteric ligands, respectively, τA and τB are operational 

measures of orthosteric and allosteric ligand efficacy, respectively, α is the binding 

cooperativity parameter between the orthosteric and allosteric ligand, and β denotes the 

allosteric effect of the modulator on the efficacy of the orthosteric agonist. The binding 

cooperativity α was fixed to that determined separately in radioligand binding assays. In all 

instances, α, KA and KB values were fixed to the values determined from the radioligand 

binding assays. The simplified operational model of allosterism assumes that receptor has 

minimal constitutive activity and that the orthosteric ligand used in the assay is a full agonist. 

The Hill-Langmuir binding isotherms were used for receptor phosphorylation experiments 

that require equal percentage of receptor occupancy to be achieved (Equation 11) 

% Receptor occupancy = [A] / ([A] + KA)      Equation 11 

Where [A] is the agonist concentration and KA is the affinity of the agonist.  

lig =           Equation 9
lig

path1 - lig
path2

2

Y =               Equation 10

Em (A[A](KB+[B])+(B[B]KA)n

([A]KB+KAKB+KA[B]+[A][B])n + (A[A](KB+[B])+B[B]KA)n
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All data are expressed as mean ± SEM for the indicated number of experiments with 

statistical significance determined using a one-way analysis of variance (ANOVA) followed 

by Bonferroni post hoc. 
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Chapter 3: A study into the signalling and regulation of the M3 

mAChR in search for functional selectivity 

3.1. Introduction 

The M3 mAChR is a member of the muscarinic acetylcholine receptor (mAChR) family and 

represents a prototypical family A GPCRs (Caulfield et al., 1998). The receptor was first 

discovered in 1987 and was shown to be encoded by a single intronless gene (Bonner et al., 

1987). Based on the primary sequence analysis, the receptor is predicted to form a seven 

transmembrane helical domain connected together by intracellular and extracellular loops and 

flanked by an extracellular N-terminus and an intracellular C-terminus (Hulme et al., 1990). 

The recently solved crystal structure of the receptor provided detailed information on the 

arrangement of the seven transmembrane domains and the ligand binding pocket (Kruse et 

al., 2012).  

The M3 mAChR is expressed in many areas of the brain including the hippocampus and 

cortex and in the peripheral tissues such as the pancreas and salivary glands where they 

mediate the metabotropic actions of the neurotransmitter, ACh (Wess, 2004). The 

development of mutant mice lacking the M3 mAChR gene has enabled the elucidation of the 

physiological roles of the receptor in vivo. It was shown that the receptor plays an important 

role in smooth muscle contraction, glandular secretion and learning and memory processes 

(Duttaroy et al., 2004; Gautam et al., 2006; Kong et al., 2010; Poulin et al., 2010). Studies 

have also indicated that the receptor is an important drug target for smooth muscle disorders 

such as chronic obstructive pulmonary disease and urinary incontinence (Eglen et al., 1999; 

Eglen et al., 2001; Wess, 2004). As such, a number of pharmacological agents have been 

developed to treat these debilitating conditions (Eglen et al., 1999). 
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The M3 mAChR predominantly couples to Gq/11 family of G protein to evoke cellular 

responses. This coupling leads to the regulation of a variety of cellular targets including 

phospholipase C-β, phospholipase A2, protein kinase (PK) C, Ca
2+

 channels, extracellular 

signal regulated protein kinase 1 and 2 (ERK1/2) and  C-jun N-terminal kinase 3 (JNK3) 

(Christopoulos, 2007; Luo et al., 2008). The M3 mAChR also couples to the ubiquitous 

multifunctional adaptor proteins, arrestins to mediate distinct but sometime overlapping 

cellular targets as those mediated by Gq/11 G proteins (Kong et al., 2010; Poulin et al., 2010).  

The regulation of the M3 mAChR functions has been the subject of intense research in recent 

years. Using a wide variety of techniques including 
32

P-labelling, mass spectrometry, 

phosphopeptide mapping and antibodies against specific residues, it has been shown that the 

receptor is regulated by phosphorylation in response to agonist stimulation (Butcher et al., 

2011; Tobin, 2002; Tobin, 2008; Tobin et al., 2008). This post translational modification 

leads to the dampening or enhancement of downstream signalling pathways such as 

phosphorylation of ERK 1/2 and JNK and activation of phospholipase enzymes (Budd et al., 

2000; Budd et al., 2001; Luo et al., 2008; Torrecilla et al., 2007; Willets et al., 2001; Willets 

et al., 2002). Phosphorylation has also been shown to cause receptor internalisation and 

down-regulation (Tsuga et al., 1998).   

The pharmacology of the M3 mAChR has also been extensively explored and there are 

numerous agonists and antagonists available as tools to study the signalling and regulation of 

the receptor. Methacholine (MCh), carbachol (CCh), oxotremorine-M (Oxo-M) and arecoline 

(Arec) are among the full agonists that cause maximal receptor activation and pilocarpine 

(Pilo) and oxotremorine (Oxo) are partial agonists that do not fully activate the receptor even 

at saturating concentrations. Interestingly, Pilo has been shown to cause ERK 

phosphorylation by a different mechanism compared to ERK phosphorylation mediated by 

CCh (Lin et al., 2008). This study indicates that different agonists have the potential to 
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activate different signalling pathways that converge to the same cellular process (i.e. ERK 

phosphorylation). 

Additionally, increasing number of agonists acting at other GPCRs has been reported to be 

able to activate a subset of signalling pathways available to the receptors. This phenomenon 

which has been referred to as functional selectivity or biased agonism has important 

implications in GPCR pharmacology and may provide an avenue for developing novel 

therapeutics with greater safety profiles (Rajagopal et al., 2010; Urban et al., 2007; Violin et 

al., 2007; Whalen et al., 2011; Zidar et al., 2009). Interestingly, some of these biased agonists 

have been reported to promote different patterns of receptor phosphorylation such that they 

produce a ‘barcode’ that encode specific signalling pathways (Cescato et al., 2010; Kao et al., 

2011; Nobles et al., 2011; Poll et al., 2010; Tobin, 2008; Tobin et al., 2008; Zidar et al., 

2009). In the case of the somatostatin subtype 2A (sst2A) receptor, activation of the receptor 

by octreotide resulted in the phosphorylation four threonine residues (Thr353, Thr354, 

Thr356 and Thr359). This phosphorylation event was shown to be mediated by GRK2/3 and 

resulted in β-arrestin recruitment and receptor internalisation (Poll et al., 2010). However, 

stimulation of the receptor by pasireotide was shown to cause phosphorylation of only two of 

these threonine residues (Thr356 and Thr359) and this resulted in only β-arrestin recruitment. 

Since evidence for functional selectivity at the M3 mAChR is very limited (Challiss et al., 

2009), the aim of this chapter is to investigate the effects of a number of agonists (MCh, Pilo 

and Arec) on the signalling and phosphorylation of the M3 mAChR to determine if these 

agonists display functional selectivity. 

Using a number of assay readouts such as total inositol phosphates accumulation, ERK1/2 

phosphorylation and M3 mAChR phosphorylation at the global, peptide and individual amino 

acid levels, we show that the rank order of agonist intrinsic efficacy was maintained across 
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the majority of these readouts. However, Pilo appeared to be more efficacious in promoting 

inositol phosphates accumulation than global M3 mAChR phosphorylation when compared to 

MCh suggesting that this compound may be biased. Additionally, a preferential 

phosphorylation of Ser412 was observed relative to Ser577 whereby Pilo, an otherwise weak 

partial agonist caused equivalent phosphorylation as MCh, a full agonist. Time course and 

siRNA knockdown experiments showed that phosphorylation of Ser412 occurred very 

rapidly and can be mediated by a number of protein kinases including GRK2 and GRK6, 

whereas phosphorylation of Ser577 appeared to be largely mediated by PKC. 
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3.2. Results 

3.2.1 Expression levels of the M3 mAChR 

CHO cells expressing human M3 mAChR were used as a model system to study the effects of 

full and partial agonists on the signalling and phosphorylation profiles of the receptor. The 

expression level of the receptor was estimated from the Bmax in 
3
H-NMS saturation binding 

experiments and determined to be 1.70 ± 0.16 pmol/mg proteins (n = 3). The binding of 
3
H-

NMS to the receptor was saturable with an equilibrium dissociation constant (KD) of 0.11 ± 

0.01 nM (n=3). No specific binding was observed in the parental CHO cells indicating that 

the M3 mAChR is not endogenously expressed in this cell line (Figure 3.2.1.1). 
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Figure 3.2.1.1: Detection of M3 mAChR expression in whole cell binding (A) and 

membrane saturation binding (B). Cells grown on 6 well plates were incubated with ~ 1 

nM 
3
H-NMS and then lysed with RIPA buffer. Non specific binding was determined using 10 

μM atropine. Non transfected cells were used as negative controls. Lysates were mixed with 

scintillation fluid and radioactivity was determined using a Beckmann scintillation counter 

(A). Membranes (15 μg/well) were incubated with ~5 pM to ~ 4 nM 
3
H-NMS in 96-well 

plate for 2 hrs at RT (final assay volume, 1 ml). Non-specific binding was determined in the 

presence of 10 μM atropine. Samples were transferred onto PEI (0.1%) pre-soaked GF/B 

plates using a TomTec harvester. Plates were dried extensively and 50 μl scintillation fluids 

were added to each well. Radioactivity was determined using a MicroBeta scintillation 

counter. Data represent the mean ± SEM of three independent experiments performed in 

duplicate. 
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3.2.2. Agonist affinity determination 

Affinity estimates for MCh, Pilo and Arec at CHO-M3R membranes were determined in 

radioligand binding assays in the presence of 200 μM GTP. This ensures that the ligands bind 

to the G protein uncoupled state of the M3 mAChR. As shown in Figure 3.2.1.2, all three 

ligands caused concentration-dependent decreases in the specific binding of 
3
H-NMS. The 

Hill slope for the three ligands did not differ significantly from unity indicating that the 

receptor exists in a single affinity state. MCh and Arec bind to the receptor with similar 

affinity whereas Pilo binds to the receptor with a slightly higher affinity (Table 3.2.1.1). 

These affinity values are comparable to the previously reported data (Sykes et al., 2009). 
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Figure 3.2.1.2: Agonist affinity estimation using membrane competition binding. 

Membranes (15 μg/well) were incubated with ~0.5 nM 
3
H-NMS in 96-well plate in the 

presence of increasing concentration of competing ligand and 200 μM GTP for 2 hours at 

room temperature (final assay volume, 400 μl). Non-specific binding was determined in the 

presence of 10 μM atropine. Reaction was terminated by rapid filtration through GF/B plates 

(pre-soaked in 0.1% PEI); washed three times with 1 mL distilled water and dried before 

addition of 50 μL scintillation fluid. Plates were sealed and radioactivity was determined 

using a MicroBeta scintillation counter. Data represent the mean ± SEM of three independent 

experiments performed in duplicate. 
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Table 3.2.1.1: Affinity estimates of agonists. Affinity (pKi) values for agonists were 

determined from competition binding with 
3
H-NMS. 

 

 

 

 

 

 

 

 

 

 

 

MCh

Pilo

Arec

4.40  0.03 0.98  0.06

pKi Hill SlopeAgonist

5.14  0.02 0.87  0.04

4.62  0.03 1.08  0.07

n

3

3

3
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3.2.3. Relative intrinsic efficacy of agonists in [
3
H]-inositol phosphates accumulation 

assay 

Stimulation of the M3 mAChR by agonists leads to the activation of phospholipase C, which 

in turns causes the breakdown of PIP2 into IP3 and DAG second messenger molecules. To 

assess the potency of the agonists in mediating this process, experiments measuring total 

[
3
H]-inositol phosphates accumulation in the presence of lithium were carried out. As shown 

in Figure 3.2.3.1 MCh stimulated inositol phosphates accumulation with a pEC50 of 6.23 ± 

0.11 (n = 5). Both Pilo and Arec stimulated inositol phosphate accumulation with lower 

potency than MCh (Table 3.2.3.1). Application of the operational model of agonism to the 

data resulted in the rank order of agonist intrinsic efficacy: MCh > Arec > Pilo. MCh and 

Arec behaved as a full agonist with a log τ value >1 (Table 3.2.3.1) whereas Pilo was a 

partial agonist with log τ < 1 and maximum response less than 50% of MCh response. 
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Figure 3.2.3.1: Agonist efficacy profiles in [
3
H]-inositol phosphates accumulation assay. 

Cells were incubated with 2.5 μCi/ml [
3
H] myo-inositol overnight at 37

o
C and then washed 

twice with 1 ml Krebs buffer. Cells were incubated in Krebs buffer containing 10 mM lithium 

for 20 min and then stimulated with agonist for 10 min at 37
o
C. Reaction was terminated by 

aspiration of buffer followed by addition of 1M trichloroacetic acid for 30 min at 4
o
C. 

Samples were extracted by separation in trichlorofluoroethane and tri-n-octylamine. Total 

inositol phosphates ([
3
H]-InsPx) were recovered by anion exchange chromatography and 

radioactivity was detected by liquid scintillation counting. Data represent the mean ± S.E.M 

of at least three independent experiments performed in duplicate. 
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Table 3.2.3.1: Relative intrinsic efficacy of agonists in [
3
H]-inositol phosphates 

accumulation assay. pEC50 denotes agonist potency and Rmax represents the maximum 

response elicited by the agonist. Log τ represents intrinsic efficacy as described by Black et 

al and value >1 indicates full agonism (Black, 1996; Black et al., 1983). 

 

 

 

 

 

 

 

 

 

 

MCh

Pilo

Arec

6.23  0.11 1.60  0.12

pEC50 Log τAgonist

5.56  0.29 0.51  0.08

5.82  0.18 1.19  0.02

n

5

3

3

Rmax

100

31.29  3.67

71.43  5.66
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3.2.4. Relative agonist intrinsic efficacy in ERK1/2 phosphorylation assay 

To further examine the relative intrinsic efficacy of MCh, Pilo and Arec in receptor mediated 

signalling pathways, phosphorylation of ERK1/2 experiments were performed. As shown in 

Figure 3.2.4.1 and Table 3.2.4.1 the potency of all the agonists for the stimulation of 

ERK1/2 phosphorylation was higher than for the total inositol phosphate accumulation. This 

indicates that there is greater signal amplification in ERK1/2 phosphorylation than in inositol 

phosphates accumulation as this pathway is more downstream of receptor activation. 

Interestingly, all of the agonists have greater intrinsic efficacy and all behaved as a full 

agonist in this assay (log τ ≥ 1). 
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Figure 3.2.4.1: Agonists efficacy profiles in ERK1/2 phosphorylation. CHO-hM3R cells 

grown in 96-well plates were serum starved for 4 hours or overnight at 37
o
C. Cells were 

stimulated with agonists for 5 min at 37
o
C. Reaction was terminated by removal of buffer 

followed by addition of 50 μl lysis buffer for 30 min at room temperature. Each lysate (4 μL) 

was transferred into 384-well plates and detection mix (7 μl) consisting of detection buffer, 

activation buffer, donor beads and acceptor beads (60;10;1;1 v/v) were added to each well. 

Plates were incubated for 2 hrs at RT with gentle agitation and fluorescence signal was 

measured using an AlphaScreen plate reader. Data represent the mean ± SEM of three 

independent experiments performed in duplicate. 
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Table 3.2.4.1: Relative intrinsic efficacy of agonists in ERK1/2 phosphorylation assay. 

pEC50 denotes agonist potency and Rmax represents the maximum response elicited by the 

agonist. Log τ represents logarithmic agonist intrinsic efficacy as described by Black et al 

and value >1 indicates full agonism ((Black, 1996; Black et al., 1983). 

 

 

 

 

 

 

 

 

 

 

MCh

Pilo

Arec

7.09  0.06 2.82  0.23

pEC50 Log τAgonist

6.20  0.12 0.85  0.31

6.80  0.08 2.14  0.78

n

3

3

3

Rmax

100

74.57  5.37

83.16  2.75
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3.2.5. Constitutive and agonist dependent phosphorylation of M3 mAChR 

In this study, MCh was used as a reference agonist because the compound behaves as a full 

agonist. To determine the effect of MCh on the phosphorylation state of the M3 mAChR, 
32

P-

labelling and immunoprecipitation experiments were performed.  As shown in Figure 

3.2.5.1A, the M3 mAChR was phosphorylated in the basal states and ran at ~100 kDa. 

Stimulation of the CHO-hM3R cells with maximally effective concentration (100 μM) of 

MCh resulted in ~ 4 fold increase in receptor phosphorylation above basal levels (Figure 

3.2.5.1C). In the WT CHO cells, this apparent ~100 kDa phosphoprotein was not detected 

indicating that the M3 mAChR is not endogenously expressed in this cell line (Figure 

3.2.5.1A and B).  
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Figure 3.2.5.1:  Basal and agonist mediated phosphorylation of M3 mAChR. CHO-hM3R 

plated at 250,000 cells per well on 6-well plate were grown for 48hrs at 37
o
C. Cells were 

incubated with 50 μCi/well of 
32

P-orthophosphate for 1 hr at 37
o
C and then stimulated with 

methacholine (MCh) for 5 min at 37
o
C. Cells were lysed and receptors were purified by 

immunoprecipitation with a polyclonal anti M3 mAChR antibody and resolved on 8% SDS-

PAGE gels.  Phosphorylation was detected by autoradiography (A) and resolved receptor 

proteins were immunoblotted with a monoclonal M3 mAChR specific antibody to detect for 

loading consistency (B). Autoradiograms were quantified using ImageQuant and AlphaEase 

FC softwares and data are presented as increase over basal phosphorylation (C). Immunoblot 

and autoradiogram is a representative of three independent experiments performed in 

singlicate. Bar graph represents the mean ± S.E.M of the phosphorylation bands.  

 



99 
 

3.2.6. Concentration dependency of M3 mAChR phosphorylation following stimulation 

with MCh, Pilo and Arec. 

Although the total inositol phosphate accumulation assay indicated that 100 μM of agonist 

was sufficient to produce maximal effects, concentration-response experiments were carried 

out to confirm that this is also the case for receptor phosphorylation. As shown in Figure 

3.2.6.1, maximum receptor phosphorylation was achieved at 3 µM concentration for all 

agonists. This level of phosphorylation was maintained up to 100 µM and then decreased 

slightly at 300 µM. The data was analysed using a three-parameter non linear regression and 

the operational model of agonism to estimate the potency and intrinsic efficacy of the 

agonists. The data showed that these agonists caused global M3 mAChR phosphorylation in 

the same rank order of potency and efficacy as the total inositol phosphates accumulation and 

ERK phosphorylation (Figure 3.2.6.1, Table 3.2.6.1). Pilo showed the weakest activity, 

consistent with this ligand being a partial agonist. 
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Figure 3.2.6.1: Concentration response curve of M3 mAChR phosphorylation following 

stimulation with MCh, Pilo and Arec. CHO-hM3R plated at 250, 000 cells per well on 6-

well plate were grown overnight at 37
o
C. Cells were incubated with 50 μCi/well of 

32
P-

orthophosphate for 1 hr at 37
o
C and then stimulated with the appropriate agonists for 5 min at 

37
o
C. Cells were lysed and receptors were purified by immunoprecipitation with a polyclonal 

anti M3 mAChR antibody and resolved on 8% SDS-PAGE gels.  Phosphorylation was 

detected by autoradiography (A, C and E). Autoradiograms were quantified using 

ImageQuant and AlphaEase FC softwares and quantitative data were analysed using Prism 5 

(B, D and F). Autoradiograms are a representative of three independent experiments 

performed in singlicate. Concentration response data represent the mean ± S.E.M of the 

phosphorylation bands.  
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Table 3.2.6.1: Relative intrinsic efficacy of agonists in promoting global receptor 

phosphorylation. pEC50 denotes agonist potency and Rmax represents the maximum 

response elicited by the agonist. Log τ represents logarithmic agonist intrinsic efficacy as 

described by Black et al and value > 1 indicates full agonism (Black, 1996; Black et al., 

1983). 

 

 

 

 

 

 

 

 

 

 

 

MCh

Pilo

Arec

6.38  0.30 2.80  0.31

pEC50 Log τAgonist

5.62  0.60 0.67  0.42

6.90  0.61 2.56  0.27

n

3

3

3

Rmax

100

45.76  3.49

88.06  3.42
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3.2.7. Use of operational model of agonism to define bias agonism. 

Although a number of analytical methods are available to quantify bias agonism, the most 

robust method has been the operational model of agonism initially developed by Black et al 

(Black et al., 1983; Rajagopal et al., 2011). This method yields tau (τ) which indicates the 

intrinsic efficacy of the agonists for the signalling pathway(s) under investigation. This value 

is influenced by the levels of receptor expression and cellular background. However it can be 

nullified by using the same cell type which expresses the same levels of receptor and by 

comparing the activity of test agonists to a reference ligand. By comparing the τ value of the 

test agonists for the different signalling pathways against a reference agonist, effective 

signalling and bias factor can be obtained (Rajagopal et al., 2011). Here we used this 

approach to determine if MCh, Pilo and Arec display bias agonism at the M3 mAChR. MCh 

was used as a reference agonist because the compound is structurally similar to the 

endogenous ligand, ACh. The data suggests that Pilo is biased toward inositol phosphates 

accumulation relative to global M3 mAChR phosphorylation (Figure 3.2.7.1). There was also 

a trend that Pilo might be bias towards ERK1/2 phosphorylation compared to global M3 

mAChR phosphorylation, however this was not statistically significant. No apparent bias was 

observed between ERK1/2 phosphorylation and inositol phosphates accumulation. 
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Figure 3.2.7.1: Identification of bias agonism at the M3 mAChR using the operational 

model of agonism. Effective signalling (σ) was calculated using τ values obtained from an 

operational model fit of combined datasets. Error bars represent S.E.M values. Bias factor 

was calculated from the effective signalling as described previously (Rajagopal et al., 2011). 

*P<0.05; as measured using a one-way ANOVA with Bonferonni’s post-hoc test. 
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3.2.8. Phosphorylation profile of the M3 mAChR following treatment with maximally 

effective concentration of MCh, Pilo and Arec. 

We wish to fully examine the effects of MCh, Pilo and Arec on the phosphorylation state of 

the M3 mAChR. Therefore we performed 
32

P-labelling and immunoprecipitation experiments 

using maximally effective (100 μM) concentration of each agonist in the first instance. As 

shown in Figure 3.2.8.1, all of the agonists caused an increase in the phosphorylation state of 

the receptor above basal levels. The extent of phosphorylation correlated well with the 

intrinsic efficacy of the agonists for the activation of downstream signalling pathways such as 

inositol phosphates accumulation and ERK 1/2 phosphorylation. 
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Figure 3.2.8.1:  Phosphorylation profile of M3 mAChR following stimulation with 

maximally effective concentration of agonist. CHO-hM3R plated at 250, 000 cells per well 

on 6-well plate were grown overnight at 37
o
C. Cells were incubated with 50 μCi/well of 

32
P-

orthophosphate for 1 hr at 37
o
C and then stimulated with the appropriate agonists for 5 min at 

37
o
C. Cells were lysed with RIPA buffer and receptors were purified by immunoprecipitation 

and resolved on 8% SDS-PAGE gels.  Phosphorylation was detected by autoradiography (A). 

Resolved receptors were immunoblotted with M3 mAChR specific antibody (B) to detect for 

loading consistency. Phosphorylation data were analysed using ImageQuant and AlphaEase 

FC softwares and presented as increase over basal (C) and relative to MCh. Autoradiograms 

are a representative of three independent experiments performed in singlicate. Bar graph 

represents the mean ± S.E.M of the phosphorylation bands. *P<0.05; as measured using a 

one-way ANOVA with Bonferonni’s post-hoc test.  
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3.2.9. Phosphopeptide mapping to detect the patterns of M3 mAChR phosphorylation. 

To further examine the phosphorylation state of the M3 mAChR following stimulation with 

MCh, Pilo and Arec, phosphopeptide mapping was performed on purified, 
32

P-labelled M3 

mAChR. As shown in Figure 3.2.9.1, the patterns of phosphorylation in these maps were 

very complex showing at least fourteen different peptides. Whilst the majority of these 

peptides were equally phosphorylated in the stimulated and non-stimulated cells at least four 

peptides were differentially phosphorylated (Figure 3.2.9.1A, labelled spots 1-4 and Figure 

3.2.9.1B). Surprisingly, one of the peptides (“spot 1”) showed a decrease in phosphorylation 

in cells stimulated with MCh and Arec but not in cells treated with Pilo. “Spots 2 and 3” were 

phosphorylated only in cells stimulated with MCh and this is consistent with the inositol 

phosphate and ERK1/2 phosphorylation data (Figure 3.2.3.1 and Figure 3.2.4.1) which 

indicate that MCh is the most potent agonist.  “Spot 4” was phosphorylated equally in cells 

treated with all agonists and this indicates that Pilo is acting as a full agonist. 



107 
 

 

Figure 3.2.9.1: Phosphopeptide maps of M3 mAChR following stimulation with full and 

partial agonists. Purified 
32

P-labelled M3 mAChR were digested with trypsin to produce 

fragments of various sizes. The fragments were spotted onto a nitrocellulose thin layer 

chromatography plate and separated according to their charge via electrophoresis and 

hydrophobicity via chromatography. After exposing the plate to a phosphoimager film, the 

resolved phospho-peptides were visualised using a STORM phosphoimager instrument. 

Phosphopeptides were analysed relative to a reference peptide (labelled asterisk) which was 

constitutively phosphorylated. Autoradiograms are a representative of three independent 

experiments performed in singlicate. Bar graph represents the mean ± S.E.M of the 

phosphorylated peptides. *P<0.05, **P<0.01; as measured using a one-way ANOVA with 

Bonferonni’s post-hoc test.  
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3.2.10. Immunoblotting with phosphosite specific antibodies to reveal differences in 

phosphorylation at specific residues.  

To determine which phosphorylation sites are regulated by the three different agonists, 

western blotting experiments using phosphosite specific antibodies were carried out. Based 

on mass spectrometry studies conducted by Dr Adrian Butcher, Ser384 and Ser412 in the 

third intracellular loop and Ser577 at the C terminal tail of the mouse M3 mAChR were 

phosphorylated upon stimulation with MCh (Butcher et al., 2011). Polyclonal antibodies 

recognising these sites (pS384, pS577 and pS412) were raised (see Figure 3.2.10.1 for 

locations of phosphorylation).  

Since the current study uses the human M3 mAChR, the phosphospecific antibodies were 

characterised to ensure that they would recognise the receptor. Sequence alignment of the 

human and mouse M3 mAChRs has shown that all of the serine residues found in the mouse 

M3 mAChR were also present in the human M3 mAChR (Figure 3.2.10.2).  So it would 

appear intuitive that the phosphosite specific antibodies raised against the mouse M3 mAChR 

would cross react with the human M3 mAChR. To confirm this, purified human M3 mAChR 

from MCh-stimulated and non stimulated CHO-hM3R cells were probed with the antibodies 

in western blot experiments. As shown in Figure 3.2.10.3, all of the phosphosite specific 

antibodies cross reacted with the human M3 mAChR (Figure 3.2.10.3A-C, - CIAP). 

Furthermore phosphatase treatment abolished the reactivity of the antibodies for the receptor 

which demonstrates that they are phosphorylation sensitive (Figure 3.2.10.3A-C, + CIAP).   

We then used these antibodies to probe for changes in M3 mAChR phosphorylation following 

treatment with MCh, Pilo and Arec. Interestingly, Ser384 was negatively regulated by all of 

the agonists and Pilo was the least effective in mediating this dephosphorylation event. 

Ser412 was positively regulated by all agonists and these agonists were equally effective at 

mediating phosphorylation at this site (Figure 3.2.10.4).  This suggests that Pilo, although 
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determined to be a weak partial agonist in inositol phosphate assay, was acting as a full 

agonist in mediating phosphorylation of Ser412. In contrast, Ser577 was positively regulated 

by MCh and Arec but not by Pilo (Figure 3.2.10.4). Thus phosphorylation at this residue 

follows the same rank order of agonist efficacy as the inositol phosphates accumulation and 

ERK1/2 phosphorylation pathways. 
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Figure 3.2.10.1: Topography of human M3 mAChR amino acid sequence. The junctions 

between the TM and loop regions as determined by protein knowledgebase sequence 

alignment (www.uniprot.org, chrm3, accession number: P20309) are represented by residues 

in green and yellow. The phospho-serines identified by Butcher et al (Butcher et al., 2011) 

are shown in blue. 
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Figure 3.2.10.2: Sequence alignment of the human and mouse M3 mAChRs showed 

conserved serine residues (highlighted in blue) that were found to be phosphorylated. 

Protein sequences were retrieved from PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) and 

aligned using the Vector NTI software provided by Invitrogen.  
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Figure 3.2.10.3: Characterization of phosphosite-specific antibodies. Antibodies raised 

against the mouse M3 mAChR were tested for reactivity against the phosphorylated (- CIAP) 

and dephosphorylated human M3 mAChR (+ CIAP). Cells grown on 6 well plates were 

incubated in Krebs buffer for 1 hr at 37
o
C and then stimulated with 100 μM MCh for 5 min at 

37
o
C. Cells were lysed with RIPA buffer and the receptor was purified by 

immunoprecipitation. Immunoprecipitated receptors were treated with CIAP or buffer before 

being resolved on 8% SDS-PAGE gels and transferred onto nitrocellulose membrane. 

Membrane was subjected to western blot analysis with the phosphospecific antibodies or 

polyclonal anti M3 mAChR antibody. Data represents single experiments performed in 

singlicate. 
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Figure 3.2.10.4: Immunoblotting with phosphosite specific antibodies revealed 

differential receptor phosphorylation at specific serine residues. CHO-hM3R cells grown 

on 6-well plate were incubated in Krebs buffer for 1 hr at 37
o
C and then stimulated with 100 

μM of agonist for 5 min at 37
o
C. Cells were lysed with RIPA buffer and receptors were 

purified by immunoprecipitation. Immunoprecipitated receptors were resolved on 8% SDS-

PAGE gels and transferred onto nitrocellulose membrane. Membrane was subjected to 

western blot analysis with the phosphospecific antibodies (A, C and E) or polyclonal anti M3 

mAChR antibody (G). Phosphorylation data were analysed using ImageQuant and AlphaEase 

FC softwares and presented as increase over basal phosphorylation (B, D and F). 

Autoradiograms are representative of three independent experiments performed in singlicate. 

Bar graph represents the mean ± S.E.M of the phosphorylation bands. *P<0.05, ***P<0.001; 

as measured using a one-way ANOVA with Bonferonni’s post-hoc test.  
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3.2.11. Kinetics of phosphorylation of M3 mAChR at Ser412 and Ser577. 

To examine if the difference in the pattern of phosphorylation at Ser412 and Ser577 in 

response to the three agonists was due to the kinetics of phosphorylation at these residues, 

time course experiments were carried out. As shown in Figure 3.2.11.1 phosphorylation at 

both serine residues was very rapid and occurred within 30 seconds of stimulation. This 

agonist mediated phosphorylation was also maintained after 10 minutes of stimulation. This 

suggests phosphorylation at Ser412 and Ser577 occurred within similar time frame. 
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Figure 3.2.11.1: Kinetics of phosphorylation of M3 mAChR at Ser412 and Ser577. Cells 

grown on 6 well plates were incubated in Krebs buffer for 1 hr at 37
o
C and then stimulated 

with 100 μM MCh for the indicated time. Cells were lysed with CHAPS lysis buffer and the 

lysates were cleared by centrifugation. Lysates were resolved on 8% SDS-PAGE gels and 

transferred onto nitrocellulose membrane. Receptor phosphorylation was identified by 

western blot analysis using pS412 and pS577 antibodies. Autoradiograms are a representative 

of three independent experiments performed in singlicate. Bar graph represents the mean ± 

S.E.M of the phosphorylation bands. **P<0.01; as measured using a one-way ANOVA with 

Bonferonni’s post-hoc test.  
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3.2.12. Ser412 and Ser577 are phosphorylated by different protein kinases. 

Given that the M3 mAChR is known to be a substrate for many different protein kinases, 

identifying which kinase(s) phosphorylate which residues are important in order to 

understand the site specificity of these kinases. This information may also explain the 

observed differences between phosphorylation of Ser412 and Ser577.  

Since the phosphorylation of Ser577 follows the same rank order of efficacy as the inositol 

phosphate pathway, suggests that phosphorylation of this residue may be dependent on 

second messenger generation. Therefore phosphorylation experiments were performed using 

PKC activator, phorbol 12-myristate 13-acetate (PMA) and a broad spectrum PKC inhibitor, 

bisindolylmaleimide I (Bis I) to identify if this protein kinase is responsible for mediating 

phosphorylation of Ser577. As shown in Figure 3.2.12.1, activation of PKC with PMA 

resulted in an increase in the phosphorylation of Ser577 compared to basal. This PKC 

mediated phosphorylation was completely abolished by treatment of cells with 10 μM Bis I 

for 10 min. Similarly, MCh mediated phosphorylation of Ser577 was also reduced to nearly 

basal level following treatment of cells with 10 μM Bis I. This indicates that PKC is largely 

responsible for mediating phosphorylation of Ser577.  

The contribution of PKC in the phosphorylation of Ser412 was also assessed in parallel 

experiments. However the data were inconclusive and so additional experiments were 

performed to determine which other protein kinases are responsible for phosphorylating this 

residue.  

Studies have indicated that GRKs are able to phosphorylate the M3 mAChR in an agonist 

dependent manner (Torrecilla et al., 2007; Willets et al., 2001; Willets et al., 2002). Since 

specific inhibitors for these kinases are currently unavailable, experiments were performed 

using siRNA approach. These double stranded RNA molecules will bind to the 
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complementary nucleotide sequence on the gene encoding the GRK and interfere with its 

expression. Initially, GRK2 and GRK6 were investigated as these kinases are the 

predominant subtypes responsible for phosphorylating GPCRs.  As shown in Figure 3.2.12.2 

application of siRNA to both protein kinases reduced the agonist dependent phosphorylation 

of Ser412 compared to mock transfected controls. Immunoblotting experiments with an 

antibody specific for GRK2 or GRK6 also showed a reduction in the expression levels of 

these protein kinases. These data suggests that both GRK2 and GRK6 are able to 

phosphorylate Ser412 in an agonist dependent manner. 
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Figure 3.2.12.1: Phosphorylation of M3 mAChR at Ser577 is mediated by protein kinase 

C (PKC). Cells grown on 6 well plates were incubated in Krebs buffer for 1 hr at 37
o
C and 

then stimulated with 100 μM MCh for 1 min at 37
o
C. Cells were lysed with CHAPS lysis 

buffer and the lysates were cleared by centrifugation. Lysates were resolved on 8% SDS-

PAGE gels and transferred onto nitrocellulose membrane. Receptor phosphorylation was 

identified by western blot analysis using pS577 antibody (A). Immunoblots were quantified 

using ImageQuant and AlphaEase FC softwares and data are presented relative to basal 

phosphorylation (B). Autoradiogram is a representative of three independent experiments 

performed in singlicate. Bar graph represents the mean ± S.E.M of the phosphorylation 

bands. *P<0.05, **P<0.01; as measured using a one-way ANOVA with Bonferonni’s post-

hoc test.  
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Figure 3.2.12.2: Phosphorylation of M3 mAChR at serine 412 is mediated by GRK2 and 

GRK6. Cells grown on 6 well plates were incubated in Krebs buffer for 1 hr at 37
o
C and then 

stimulated with 100 μM MCh for 1 min at 37
o
C. Cells were lysed with CHAPS lysis buffer 

and the lysates were cleared by centrifugation. Lysates were resolved on 8% SDS-PAGE gels 

and transferred onto nitrocellulose membrane. Receptor phosphorylation was identified by 

western blot analysis using pS412 antibody. Immunoblots were quantified using ImageQuant 

and AlphaEase FC softwares and data are presented relative to basal phosphorylation (B). 

Reduction in GRK proteins was determined by western blotting with GRK subtype specific 

antibody. Autoradiogram is a representative of three independent experiments performed in 

singlicate. Bar graph represents the mean ± S.E.M of the phosphorylation bands. *P<0.05; as 

measured using a one-way ANOVA with Bonferonni’s post-hoc test.  
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3.3. Discussion 

The M3 mAChR represents a prototypical family A GPCR and an attractive therapeutic target 

for disorders associated with smooth muscle dysfunctions such urinary incontinence and 

overactive bladder. The receptor couples predominantly to Gq/11 family of G protein to 

activate PLA2 and PLC-β. Activation of PLA2 leads to the breakdown of phospholipids to 

release arachidonic acid and lysophospholipid whereas activation of PLC-β results in inositol 

phosphates and DAG accumulation from membrane bound PIP2 (Nahorski et al., 1997). 

Studies over the past twenty years have established that the M3 mAChR is highly regulated. 

For instance, in response to a continuous or repeated stimulation by an agonist the receptor 

becomes rapidly phosphorylated (Tobin et al., 1993). This process can lead to the dampening 

of the receptor’s coupling to G protein, a phenomenon also known as desensitisation (Tobin 

et al., 1992; Tsuga et al., 1998).   

The pharmacology of the M3 mAChR has also been extensively explored and there are 

various agonists and antagonists known to interact with the receptor (Sykes et al., 2009). 

MCh, Arec and Oxo-M are among full agonists that are able to elicit receptor response 

similar to the endogenous ligand, ACh whereas Pilo and oxotremorine are partial agonists. 

However, it is widely appreciated that ligands acting at GPCRs can have non linear efficacy 

which results in the activation of different subsets of signalling pathways available to the 

receptor (Galandrin et al., 2007; Luttrell et al., 2011). This phenomenon has been referred to 

as bias agonism or functional selectivity. The clearest example of bias agonism is the reversal 

in agonist potency for one receptor mediated pathway (i.e. G protein dependent signalling) 

relative to another (i.e. arrestin dependent signalling) (May et al., 2010). This has been 

demonstrated for a number of GPCRs including the serotonin (5-HT2C) and β2 adrenergic 

receptors (Azzi et al., 2003; Baker et al., 2003; Berg et al., 1998). However such an 
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“absolute” bias is rare and in many cases ligands display only weakly bias for one pathway 

over another and a thorough data analysis is required to reveal this behaviour.   

In a recent study, methods used to quantify biased agonism were presented and evaluated. It 

was shown that the operational model of agonism was the best approach for quantifying 

ligand bias (Rajagopal et al., 2011). In this study we adopted this approach to determine if 

MCh, Pilo and Arec display biased agonism in mediating global receptor phosphorylation, 

inositol phosphates accumulation and ERK1/2 phosphorylation at the M3 mAChR. Using 

MCh as the reference agonist, our data suggest that Pilo appeared to be more efficient in 

promoting inositol phosphates accumulation than global M3 mAChR phosphorylation. 

Interestingly, when the data was analysed in a “standalone” fashion, the rank order of potency 

of these agonists correlated well across these two receptor functions. This indicates that 

ranking agonists according to their potency may not be sufficient to uncover potentially weak 

biased agonists and that the use of the operational model of agonism and data comparison 

with a reference agonist is required to do so.   

Other studies have shown that Pilo caused ERK activation through M3 mAChR endogenously 

expressed in human salivary (HSY) cells via a different mechanism as CCh (Lin et al., 2008). 

Similarly, in vitro studies employing GTPγS and immunoprecipitation approach have shown 

that pilocarpine was more efficacious in promoting Gαi activation than Gαq suggesting that 

Pilo has distinct pharmacology (Akam et al., 2001). Furthermore in vivo studies have also 

shown that Pilo, despite being a weak partial agonist was able to cause seizure indicating that 

Pilo has distinct pharmacological properties in physiological setting as well (Wess et al., 

2003b). This may be due to the fact that Pilo is a non selective mAChR agonist and that this 

seizure is caused by the compound acting at the M1 mAChR (Wess, 2004). The fact that the 

levels of expression of the M1 mAChR in the brain is very high (i.e. 1 pmol/mg in the 
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hippocampus and 0.8 pmol\mg in the striatum) it is also possible that Pilo might act as a full 

agonist in vivo (Wall et al., 1991). 

One caveat in this study is that only a limited number of agonists were tested and that the 

endogenous ligand ACh was not used as the reference agonist. However, a recent review 

indicates that besides AC-42 and 77-LH-28-1 (M1 mAChR allosteric agonists) and Pilo there 

is very little evidence implicating that the currently known muscarinic agonists display bias 

agonism (Challiss et al., 2009; Thomas et al., 2008). Therefore this study was not extended to 

testing a wider range of agonists.  

MCh is structurally similar to ACh and as such it was deemed acceptable to use this ligand as 

the reference agonist. However, given the (emerging) importance of probe dependency in 

GPCR pharmacology, ACh will be used in subsequent chapters for agonist comparator. 

The regulation of GPCRs by phosphorylation is highly dynamic and can occur at multiple 

sites throughout the intracellular loops of the receptor (Tobin, 2008; Tobin et al., 2008). 

Therefore we extended our study into investigating the effects of MCh, Pilo and Arec on the 

phosphorylation state of the M3 mAChR at the peptide and individual amino acid levels to 

provide a more comprehensive view of the regulatory process that operate at this receptor 

subtype. Our data showed that both at the peptide and individual amino acid levels, the 

overall patterns of phosphorylation correlated well with the intrinsic efficacy of the agonists 

for the stimulation of inositol phosphates and ERK1/2 phosphorylation pathways.  However, 

there was a preferential phosphorylation of “spot 4” in the phosphopeptide maps and Ser412 

in western blots whereby Pilo, a weak partial agonist was equally efficacious as MCh, a full 

agonist at mediating phosphorylation of these sites. These results suggest that despite the 

global receptor phosphorylation being in the same rank order of potency as the downstream 



123 
 

receptor signalling pathways, phosphorylation at specific sites is more flexible and can 

unmask a deviation from this rank order of potency. 

These observations can be rationalised by the notion that different ligands acting at the M3 

mAChR are able to stabilise different receptor conformations which then regulates the 

accessibility of phosphorylation sites to protein kinases. In line with this concept, the 

conformation stabilised by MCh and Arec would unmask “spot 4”, Ser412 and Ser577, 

whereas the conformation stabilised by Pilo would unmask “spot 4” and Ser412 only. Such a 

mechanism of agonist mediated “revealing” of phosphorylation sites has been proposed to be 

in operation for GRK-mediated receptor phosphorylation (Lefkowitz, 2004; Lefkowitz, 2000; 

Pitcher et al., 1998). Indeed our data from siRNA knock down experiments suggests that both 

GRK2 and GRK6 were able to phosphorylate Ser412.  

Alternatively, the break in the relative agonist potency for the phosphorylation of Ser412 and 

“spot 4” could be due to these sites being more sensitive and even a weak partial agonist such 

as Pilo could efficiently promote phosphorylation of these sites.   

It is also plausible that Pilo, purely by having higher affinity for the M3 mAChR compared 

MCh and Arec, would occupy a greater proportion of the receptor. This would shift the 

dynamic equilibrium of the receptor toward an active state, resulting in a greater proportion 

of Ser412 being phosphorylated. 

It is also interesting to note that despite kinetically similar to Ser412, phosphorylation of 

Ser577 was mediated by a distinct protein kinase (PKC). The pattern of phosphorylation of 

Ser577 was the same as the agonist efficacy profiles for the inositol phosphates pathway. 

These data suggest that different protein kinases may have the same kinetics or mechanism of 

activation but are able to phosphorylate distinct residues on receptors.  
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This study also revealed certain sites (i.e. “spot 1” and Ser384) undergoing 

dephosphorylation upon agonist stimulation. Since dephosphorylation is associated with a 

mechanism that enables internalised receptors to be recycled back to the cell surface after the 

removal of agonists, our finding that the M3 mAChR become dephosphorylated upon agonist 

stimulation is unique and to our knowledge has only been reported for the β2 adrenergic 

receptor (Nobles et al., 2011). Moreover, this dephosphorylation event was not observed in 

the M3 mAChR expressed in the hippocampus suggesting that this is a cell type specific 

phenomenon (Poulin et al., 2010).  

The pattern of phosphorylation of spot 1 and spot 4 in the phosphopeptide maps is very 

similar to Ser384 and Ser412 respectively. It is therefore possible that they may represent the 

same phosphorylation sites. To confirm this, it would be necessary to perform site directed 

mutagenesis on Ser384 and Ser412 and then compare the phosphopeptide maps of the mutant 

receptors to the WT receptor. Alternatively, the spots could be extracted and the 

phosphopeptides sequenced to reveal the sites of phosphorylation. Although found to be 

feasible (Torrecilla et al., 2007), the latter approach is technically challenging and requires a 

protein/peptide sequencing equipment dedicated for radioactive materials.   

Many reports have indicated that different phosphorylation events can lead to the regulation 

of different signalling pathways. The patterns of phosphorylation have been proposed to 

generate a barcode that resembles a code which cells or agonists can dial to regulate cellular 

signalling (Tobin et al., 2008; Zidar et al., 2009). In the case of the somatostatin (sst) 2A 

receptor, phosphorylation at Thr353, Thr354, Thr356 and Thr359 was shown to cause β-

arrestin recruitment and receptor internalisation whereas phosphorylation of Thr356 and 

Thr359 was shown to cause β-arrestin recruitment only (Poll et al., 2010). 
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To determine if the phosphorylation patterns observed in this study would affect the 

signalling profiles of the receptor it would be necessary to fully define which phosphorylation 

sites are differentially phosphorylated and then individually mutated. Given that there are 15 

residues within the ICL3 and C-tail of the M3 mAChR known to be phosphorylated (Butcher 

et al., 2011), mutating these residues and raising antibodies for each mutant receptor would 

be very costly and impractical. Another complication would be the difficulty in interpreting 

the data as agonists possess intrinsic efficacy and different phosphorylation events can lead to 

different functional outcomes. We therefore, did not pursue with generating mutant M3 

mAChR that have different phosphorylation sites mutated. 

In summary, this chapter provided evidence that Pilo may be bias for the stimulation of 

inositol phosphates pathway compared to receptor phosphorylation at the M3 mAChR. The 

ligand also appeared to preferentially cause phosphorylation of spot 4 and Ser412 as it 

behaves as a full agonist in mediating phosphorylation of these sites. Phosphorylation of 

Ser412 was kinetically similar to Ser577 though mediated by different protein kinases. These 

differences may explain the preferential phosphorylation seen with Pilo. 
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Chapter 4: Phosphorylation of mutant M3 mAChR solely 

activated by synthetic ligand (M3-RASSL) 

4.1. Introduction 

The development of a chemical genetic approach to produce receptors that do not respond to 

their endogenous ligands but can be fully activated by synthetic ligands has provided a 

powerful tool for studying GPCR functions in vivo (Conklin et al., 2008; Dong et al., 2010a; 

Nichols et al., 2009). Such mutant receptors, also called receptors activated solely by 

synthetic ligands (RASSLs) or designer receptors exclusively activated by designer drugs 

(DREADDs) have been shown to be functionally silent when expressed in tissues and cells 

and can be selectively activated upon the application of the exogenous ligands (Pei et al., 

2008; Scearce-Levie et al., 2001; Scearce-Levie et al., 2002). As a consequence, the effects 

of the loss of receptor function and specific activation of the receptor on animal physiology 

and behaviour can be studied simultaneously. 

The first RASSL receptor to be created was the β2-adrenergic receptor (Strader et al., 1991). 

By mutating a conserved aspartate residue in the third transmembrane domain to a serine 

(Asp113Ser), the β2-adrenergic receptor was shown to be unresponsive to adrenaline but can 

be activated by catechol esters and ketones (Strader et al., 1991). However, due to poor 

physicochemical properties and low binding affinity of these compounds, the β2-RASSL 

receptor was not used for in vivo studies. To overcome this issue, Coward et al developed a 

second RASSL receptor based on the κ-opioid receptor (KOR) (Coward et al., 1998). The 

KOR is known to possess two binding sites that are spatially distinct; one at the extracellular 

surface which binds to the endogenous peptide (e.g. dynorphin) and the other within the 

transmembrane region which is recognised by synthetic ligands. By substituting the second 

extracellular loop of the KOR with that of the δ-opioid receptor, Coward et al. showed that 
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the receptor had significantly reduced affinity for dynorphin but retained its ability to bind to 

the exogenous agonist, spiradoline (Coward et al., 1998). The mutant receptor, also called 

Ro1 was subsequently expressed in a number of tissues including the heart and taste buds 

where it was shown to control heart rate and mediate taste sensation, respectively (Redfern et 

al., 1999; Zhao et al., 2003). 

A number of other RASSL receptors have also been developed which include the histamine 

H1 receptor, serotonin (5-HT) 4 receptor, melanocortin (MC) 4 receptor and M1-M5 mAChRs 

(Armbruster et al., 2007; Bruysters et al., 2005; Chang et al., 2007; Pei et al., 2008; 

Srinivasan et al., 2007; Srinivasan et al., 2003). In the case of the mAChRs, a yeast 

mutagenesis approach was used to identify mutations that would abrogate ACh binding but 

create binding to clozapine-N-oxide (CNO) (Armbruster et al., 2007). CNO was chosen 

because the compound has good bioavailability and is biologically inert, making it ideal for 

in vivo studies ((Armbruster et al., 2007; Bender et al., 1994; Conklin, 2007).  

In all of the 5 mAChR subtypes, two residues within transmembrane domains (Y106C and 

A196G in the M1 mAChR, Y149C and A239G in the M3 mAChR and Y113C and A203G in 

the M4 mAChR) were found to be important for this switch in receptor pharmacology 

(Abdul-Ridha et al., 2013; Armbruster et al., 2007; Nawaratne et al., 2008).  Figure 4.1.1 

shows the locations of the RASSL mutations at the human M3 mAChR. In vitro 

characterisation of this mutant M3 RASSL receptor has shown that the receptor couples to the 

PLC and ERK 1/2 phosphorylation pathways in response to stimulation by CNO (Armbruster 

et al., 2007). Subsequent expression of the mutant receptor in the hippocampus and 

pancreatic β cells has shown that the receptor caused neuronal cell firing and insulin 

secretion, respectively following CNO administration. It therefore appears that the RASSL 

M3 receptor is able to replicate the signalling activity of the WT M3 receptor in native tissue 

(Armbruster et al., 2007; Guettier et al., 2009). 
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Figure 4.1.1: Topography of human M3 mAChR amino acid sequence containing the 

RASSL mutations. The junctions between the TM and loop regions as determined by protein 

knowledgebase sequence alignment (www.uniprot.org, chrm3, accession number: P20309) 

are represented by residues in green and yellow. The amino acid substitutions that resulted in 

the creation of the RASSL receptor are highlighted in purple. 
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The M4 RASSL receptor has also been shown to function in a similar manner as the WT 

receptor when stimulated with CNO. For instance, the receptor caused neuronal silencing 

when transiently expressed in hippocampal neurons and activated GIRK when co-transfected 

in HEK cells with the K
+
 channels (Armbruster et al., 2007). The receptor was also shown to 

cause c-fos expression in striatal neurons indicating modulation of neuronal activity in whole 

animals (Ferguson et al., 2011). Interestingly, the signalling efficacy of ACh at the M4 

RASSL was rescued by the allosteric modulator LY2033298, highlighting that the allosteric 

site is unaffected by the RASSL mutations (Nawaratne et al., 2008).  

It is widely recognised that ligands acting at the same GPCR can differentially modulate the 

signalling properties of the receptor (Urban et al., 2007). Such receptor behaviour has been 

named variously as trafficking of receptor signals, bias agonism or functional selectivity 

(Kenakin, 2011). Given that RASSL receptors were evolved to accommodate unnatural 

ligands, these receptors may be regulated or signal differently in respond to the exogenous 

compounds. As such, the aim of this chapter is to investigate the phosphorylation states of the 

M3 RASSL receptor in response to CNO stimulation. This is a collaboration effort involving 

the group of Prof Graeme Milligan who is interested in establishing the pharmacology of the 

M3 RASSL receptor. Using a combination of 
32

P-labelling, phosphopeptide mapping and 

immunoblotting with phosphorylation specific antibodies, we show here that the 

phosphorylation profiles of the CNO-bound M3 RASSL receptor were similar to those of the 

ACh-bound WT mAChR. Hence results obtained from in vivo studies employing the M3 

RASSL receptor would represent the physiological effects of the WT M3 mAChR responding 

to ACh.  
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4.2. Results 

4.2.1. Induction of receptor expression 

A tetracycline inducible system was used to generate a stable cell line expressing the VSV-G-

SNAP tagged WT M3 and M3 RASSL receptors (Alvarez-Curto et al., 2010). Induction of 

receptor expression was achieved with 2 ng/ml of doxycycline (DOX), a potent analogue of 

tetracycline as shown by the presence of 125 kDa band on SDS-PAGE gels which was not 

detected in non induced cells (Figure 4.2.1.1). 
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Figure 4.2.1.1: Induction of receptor expression. HEK-293 cells expressing the M3 RASSL 

and the WT M3 mAChR in a doxycycline inducible fashion were plated at 250000 cells per 

well in 6-well plates and allowed to adhere for 24 hrs at 37
o
C. Cells were treated with 2 to 6 

ng/ml of doxycycline for 18 hrs at 37
o
C. Lysates derived from these cells were then probed 

with M3 mAChR specific antibody in western blot experiment to detect receptor expression. 

Immunoblots represent three independent experiments performed in singlicate. 
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4.2.2. In vivo labelling and immunoprecipitation 

Initial phosphorylation experiments were performed using 
32

P-labelling and 

immunoprecipitation methods. To allow direct comparison, the experiments were designed 

such that the concentration of the ligands used would occupy similar receptor populations. It 

has been shown that CNO has an affinity of 0.91 μM at the M3 RASSL receptor and ACh has 

an affinity of 4.91 μM at the WT M3 mAChR (Guettier et al., 2009).  Therefore stimulation 

of the M3 RASSL receptor with 100 μM CNO and the WT M3 mAChR with 500 μM ACh 

would produce approximately ~99% receptor occupancy for both receptor types. In this 

assay, both the WT and M3 RASSL receptors appeared to be phosphorylated under basal 

conditions (Figure 4.2.2.1). The phosphorylation level of the RASSL receptor was increased 

to ~ 4 fold above basal upon stimulation with 100 μM CNO but remained unchanged when 

stimulated with ACh. These data are consistent with the M3 RASSL being insensitive to ACh 

but highly responsive to CNO. In contrast, the WT M3 mAChR was phosphorylated only with 

ACh and not CNO treatment.  
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Figure 4.2.2.1: 
32

P-labelling and intact cell phosphorylation. HEK-293 cells expressing 

the M3 RASSL and the WT M3 mAChR in a doxycycline inducible fashion were plated at 

250000 cells per well in 6-well plates and allowed to adhere for 24 hrs at 37
o
C. Following 

induction with 2 ng of doxycycline, cells were labelled with 50 μCi/ml 
32

P-orthophosphate 

for 1 hr at 37
o
C and then stimulated with agonist for 5 min. Receptors were 

immunoprecipitated with M3 mAChR specific antibody and then resolved on 8% SDS-PAGE 

gel. Receptor phosphorylation was visualised by autoradiography. Immunoblots represent 

three independent experiments performed in singlicate and bar graphs represent the mean ± 

S.E.M of the immunoblots quantified using ImageQuant
 
and AlphaEase FC softwares. 

*P<0.05, **P<0.01; as measured using a one-way ANOVA with Bonferonni’s post-hoc test.  
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4.2.3. Phosphopeptide mapping 

A more detailed analysis of the phosphorylation status of the M3 RASSL was performed 

using phosphopeptide mapping. This method utilises electrophoresis and chromatography to 

separate phosphopeptides derived from enzymatic digestion of receptors in two dimensions. 

In these experiments the CNO mediated phosphorylation profile of the M3 RASSL receptor 

were compared with that of the WT receptor stimulated with the endogenous ligand, ACh. As 

shown in Figure 4.2.3.1 the pattern of phosphorylation of the M3 RASSL in response to CNO 

stimulation was similar to that of the WT M3 mAChR responding to ACh, with both receptors 

exhibiting twelve phosphorylated peptides.  
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Figure 4.2.3.1: Phosphopeptide mapping. Receptors which had been resolved on 8% SDS-

PAGE gel were digested with trypsin overnight at 37
o
C. Peptide fragments were spotted onto 

TLC plates and separated in two dimensions. The first dimension was electrophoresis to 

separate the fragments according to charge and the second dimension was chromatography to 

separate the peptides according to hydrophobicity. Resolved phosphopeptides were detected 

by phosphoimager. Maps are a representative of three independent experiments performed in 

singlicate. 
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4.2.4. Western blotting using phosphoserine specific antibodies 

The use of phosphospecific antibodies to investigate phosphorylation has been described for a 

number of GPCRs (Busillo et al., 2010; Liu et al., 2008; Liu et al., 2009; Oppermann et al., 

1999; Tran et al., 2004). In the case of the M3 mAChR, we recently developed three 

phosphorylation sensitive antibodies targeting Ser384 and Ser412 at the ICL3 and Ser577 at 

the C-tail of the receptor (Butcher et al., 2011). To further investigate the phosphorylation 

state of the M3 RASSL, we used these antibodies to probe for changes in phosphorylation at 

specific residues. Our results show that the M3 RASSL was phosphorylated at Ser412 and 

Ser577 only in response to CNO stimulation and not to ACh. Similarly the WT M3 mAChR 

was phosphorylated at these residues only in response to its cognate ligand, ACh (Figure 

4.2.4.1). Hence at individual sites, the phosphorylation state of the M3 RASSL is similar to 

that of the WT receptor. 

 

 

 

 

 

 

 

 

 



137 
 

 

Figure 4.2.4.1: Western Blotting. HEK-293 cells expressing the M3 RASSL and the WT M3 

mAChR in a doxycycline inducible fashion were plated at 250,000 cells per well in 6-well 

plates and allowed to adhere for 24 hrs at 37
o
C. Following induction with 2 ng/well of 

doxycycline, cells were incubated in an assay buffer for 1 hr at 37
o
C and then stimulated with 

agonist for 5 min. Cells were lysed and receptor proteins were resolved on 8% SDS-PAGE 

gels and subjected to western blotting using a phospho-specific antibody recognising 

phosphorylated serine 412 and serine 577. Immunoblots are a representative of three 

independent experiments performed in singlicate and graphs represent the mean ± S.E.M of 

the experimental replicates. *P<0.05, **P<0.01; as measured using a one-way ANOVA with 

Bonferonni’s post-hoc test. 
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4.3. Discussion 

The mAChRs represent a prototypical family A GPCRs and a therapeutically important target 

for multiple central nervous systems disorders (Eglen et al., 2001; Felder et al., 2000; 

Langmead et al., 2008b). Due to lack of subtype selective ligands for mAChRs, much of the 

knowledge of the physiological roles of these receptors has been gained through the 

generation of knockout animals lacking each of the five subtypes of the mAChR family 

(Wess, 2004; Wess et al., 2003b; Wess et al., 2007). Hence the M3 mAChR has been shown 

to play a role in insulin secretion and glucose homeostasis, learning and memory processes 

and smooth muscle contractility (Duttaroy et al., 2004; Gautam et al., 2007; Gautam et al., 

2006; Kong et al., 2010; Kong et al., 2011; Poulin et al., 2010; Wess, 2004). Recently, an 

alternative method for studying receptor functions in vivo has been proposed. This method 

employs chemical genetics to create receptors that no longer able to respond to the 

endogenous ligands but can be activated by otherwise pharmacologically inert compounds 

(Armbruster et al., 2007; Dong et al., 2010a; Scearce-Levie et al., 2002). Originally 

developed for the β2-adrenergic receptor (Strader et al., 1991), this approach has now been 

used for a variety of GPCRs including the κ-opioid receptor, melanocortin 4 (MC4) receptor 

and the M1-M5 mAChRs (Pei et al., 2008). These mutant receptors would remain 

physiologically silent when expressed in vivo and then become activated by the application 

of the exogenous ligand. Hence this method allows investigators to study the effects of the 

loss of receptor functions and specific activation of the receptor simultaneously. 

In the case of the M3 mAChR, two mutations at the orthosteric binding pocket (Y149C and 

A239G) were found to significantly reduce ACh binding but confer binding to clozapine N-

oxide (Armbruster et al., 2007). Initial in vitro characterisation has shown that the receptor 

couples to the activation of phospholipase C and ERK 1/2 phosphorylation in response to 

CNO stimulation (Armbruster et al., 2007). However the regulation of the M3 RASSL 
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receptor is currently unknown. Given that the M3 RASSL receptor has been expressed in a 

number of tissues, understanding the regulation of this mutant receptor is important. 

Therefore the aim of this chapter is to investigate the phosphorylation profile of the M3 

RASSL receptor since phosphorylation is considered as a key regulatory process that controls 

the signalling of many GPCRs. Using intact cell phosphorylation as an initial approach, we 

found that the M3 RASSL was robustly phosphorylated following stimulation with CNO. In 

contrast, ACh had negligible effect on the phosphorylation state of the M3 RASSL receptor 

but was able to cause a dramatic increase in the phosphorylation state of the WT M3 receptor. 

These initial experiments provided early evidence that the M3 RASSL receptor is selectively 

phosphorylated in response to CNO stimulation and not to ACh. 

 As phosphorylation can occur at multiple sites throughout the intracellular regions of GPCRs 

(Tobin, 2008), mapping the phosphorylation sites or peptides containing the phosphorylated 

residues would provide valuable information on the phosphorylation signatures of the 

receptor. Here, the phosphorylation signatures of the M3 RASSL receptor at the peptide level 

using 2D mapping and individual sites using phosphorylation specific antibodies were 

investigated and compared with the phosphorylation profiles of the WT M3 receptor. Our data 

showed that the agonist dependent phosphorylation signatures of the M3 RASSL receptor 

were similar to those of the WT M3 receptor responding to ACh. However, a caveat to this 

conclusion is that the 2D maps of the M3 RASSL receptor and the WT control under basal 

conditions were not investigated. This was due to the technical difficulty in performing the 

experiments and the potential difficulty in data interpretation (i.e. comparing background 

phosphorylation with another background phosphorylation).     

Studies have indicated that ligands acting at GPCRs can differentially modulate the signalling 

pathways available to the receptors, a phenomenon referred to as biased agonism or 

functional selectivity. To determine if the RASSL mutations would alter the pharmacology of 



140 
 

the receptor, our collaborators have further investigated the signalling properties of the M3 

RASSL receptor in response to CNO stimulation. The data showed that the receptor signals 

in a similar manner as the WT receptor and that it did not display functional selectivity 

(Alvarez-Curto et al., 2011). However, studies using another RASSL receptor (M4 RASSL) 

have shown that this mutant receptor was able to respond to ACh in the presence of an 

allosteric modulator.  These data suggest that the binding site of ACh is still intact and the 

introduction of the RASSL mutations might affect the conformation of the receptor such that 

the receptor is no longer able to respond to ACh. To completely eliminate ACh binding, one 

would need to introduce further mutations on the RASSL receptor. However, given that there 

are currently no endogenous allosteric modulators known to act at the mAChRs, the present 

mutations may be sufficient to allow specific activation of the M3 RASSL receptor by CNO. 

In light of this, several in vivo studies have shown that activation of the M3 RASSL by CNO 

resulted in a number of physiological responses such as insulin secretion and neuronal firing 

in pancreatic islets and hippocampal neurons respectively (Alexander et al., 2009; Guettier et 

al., 2009).  

To summarise our data together with those of others have indicated the M3 RASSL receptor 

is fully functional and able to replicate the WT receptor characteristics. The M3 RASSL 

receptor was also regulated by phosphorylation in response to CNO stimulation and that it did 

not display functional selectivity. These data will provide confidence that observations made 

from in vivo studies using the M3 RASSL receptor will reflect the actions of the WT M3 

receptor responding to ACh. 
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Chapter 5: Pharmacological characterisation of novel allosteric 

ligands at the M1 mAChR and their effects on receptor 

phosphorylation 

 

5.1. Introduction 

The M1 mAChR represents an important drug target for the treatment of cognitive deficits 

associated with Alzheimer’s disease (AD) and schizophrenia (Felder et al., 2000; Langmead 

et al., 2008b; Wess et al., 2007). Originally cloned in 1986 the receptor is now known to be 

expressed in many areas of the brain including the hippocampus and cerebral cortex where it 

mediates key central nervous system (CNS) functions such as learning and memory 

(Anagnostaras et al., 2003; Kubo et al., 1986; Wess et al., 2007). Studies also indicate that 

activation of the M1 mAChR causes the breakdown of amyloid precursor proteins (APPs) in 

favour of the formation of non toxic soluble metabolites (APPsα), and inhibition of 

neurotoxic Aβ-peptides (Davis et al., 2010). This suggests that M1 mAChR plays a key role 

in the pathology of AD and may provide an avenue for developing drugs with disease 

modifying properties. 

Efforts to discover selective M1 mAChR agonists have been challenging and have largely 

failed. This is partly due to conventional drug discovery efforts which have been directed 

toward discovering ligands that act at the same binding site as ACh, namely the orthosteric 

site (Conn et al., 2009a). Since the orthosteric site is highly conserved across the five 

mAChR subtypes, these efforts led to the discovery of compounds that are non-selective and 

produce unwanted side effects mediated by other mAChR subtypes.  
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An alternative approach to overcoming this selectivity issue has been to discover ligands that 

interact with the receptor at a topographically distinct site, termed the allosteric site. This site, 

which is located at the extracellular domains of family A GPCRs (Soudijn et al., 2004), is 

less evolutionarily conserved and ligands which modulate receptor activity via this site are 

predicted to be more selective.  

In agreement with this concept several compounds have been discovered to interact 

allosterically at the M1 mAChR and display superior selectivity for this receptor subtype 

compared to the other mAChR subtypes. Such allosteric modulators include AC-42, 77-LH-

28-1, BQCA and VU0357017 (Conn et al., 2009b; Langmead et al., 2008a; Lebon et al., 

2009; Ma et al., 2009; Spalding et al., 2002). These compounds have diverse pharmacology 

and affect the receptor behaviour in many different ways. AC-42 and 77-LH-28-1 were 

initially classed as allosteric agonists and these compounds were able to elicit receptor 

activation in the absence of ACh (Langmead et al., 2008a; Langmead et al., 2006b; Spalding 

et al., 2002). Furthermore the signalling profiles of the receptor in response to these 

compounds were distinct from those elicited by orthosteric agonists such as MCh or Pilo, 

suggesting that allosteric ligands may possess functional selectivity (Thomas et al., 2009; 

Thomas et al., 2008). However, further examinations suggest that AC-42 and 77-LH-28-1 

were more likely to be bitopic ligands since they inhibited the specific binding of the 

orthosteric antagonist NMS down to non-specific levels and their effects on receptor 

signalling were blockable by scopolamine (Avlani et al., 2010).  

In vitro studies indicate that VU0357017 is an allosteric agonist and the compound is able to 

activate the M1 mAChR in its own right (Digby et al., 2012; Lebois et al., 2010). VU0357017 

has also been shown to be able modulate the M1 mAChR activity in vivo, suggesting that the 
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compound has good bioavailability (Digby et al., 2012; Lebois et al., 2010; Thomsen et al., 

2012). 

In contrast, BQCA was reported to be a positive allosteric modulator and the compound 

enhances the affinity and signalling efficacy of ACh at the M1 mAChR (Canals et al., 2012; 

Ma et al., 2009; Shirey et al., 2009). Additionally, BQCA has intrinsic efficacy on its own 

when tested in functional ERK1/2 phosphorylation assay (Canals et al., 2012). BQCA has 

also been shown to be able to penetrate the blood brain barrier and activate the M1 mAChR in 

the hippocampus, making the compound an ideal tool to study the M1 mAChR functions in 

vivo (Ma et al., 2009; Shirey et al., 2009).  

In addition to coupling to various downstream signalling pathways, the M1 mAChR also 

undergoes rapid phosphorylation in response to agonist stimulation (Waugh et al., 1999). It 

has been suggested that for a number of GPCRs the patterns of phosphorylation is important 

for the signalling profiles of the receptor (Butcher et al., 2011; Nobles et al., 2011; Tobin, 

2008; Tobin et al., 2008; Zidar et al., 2009). Since less is known about the effects of 

allosteric modulators on receptor phosphorylation, the study here is focussed on investigating 

the effects of allosteric modulators (in particular BQCA and VU0357017) on the 

phosphorylation state of the M1 mAChR stably expressed in CHO cells.  

Additionally, increasing number of allosteric modulators has been discovered to display 

functional selectivity which has a significant impact on drug discovery and in vivo 

physiological studies (Leach et al., 2007; Wang et al., 2009). Hence this study is also 

focussed on further characterising the pharmacology of BQCA
 
and VU0357017 to determine 

if these compounds possess bias agonism. 

Our data suggest that BQCA is a PAM with an agonist property in its own right. The 

compound is probe dependent as a PAM, but appeared to preferentially promote 
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phosphorylation of serine 228 as an agonist. VU0357017 appeared to behave as a partial 

agonist. The compound has a weak activity in phospho-ERK 1/2 assay and decreases the 

potency of ACh in this assay.  
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5.2. Results 

5.2.1. Generation of stable cell line expressing human M1 mAChR 

A stable CHO cell line expressing the human M1 mAChR was generated by transfecting the 

WT CHO cells with c-Myc tagged M1 mAChR cDNA using Fugene HD Transfection 

reagent. Successful transfectants were selected with 500 μg/ml of geneticin and cells that 

survived the selection were plated at high dilutions to allow single colonies to form. Single 

colonies were picked and screened using ~1 nM tritiated antagonist, N-methylscopolamine 

(
3
H-NMS) in a whole cell radioligand binding assay. From this screening, clone 66 which 

gave high 
3
H-NMS binding was isolated and used throughout the project.  

5.2.2. Characterisation of M1 mAChR expressing CHO cell line 

To determine the expression levels of the M1 mAChR in clone 66, membrane saturation 

binding assays were performed. Initially the optimum membrane concentration that would 

produce sufficient levels of specific binding and acceptable levels of radioligand depletion 

was determined. As shown in Figure 5.2.2.1, 10 μg per reaction of membrane gave high 

levels of radioactivity counts but less than 10% ligand depletion. Therefore 10 μg of 

membrane proteins were used in the saturation binding experiments. The saturation binding 

studies showed that 
3
H-NMS binds to the M1 mAChR with an apparent dissociation constant 

of 0.22 ± 0.03 nM (Figure 5.2.2.1, n=3). The expression level of the M1 mAChR (Bmax) was 

found to be 4.3 ± 0.26 pmol/mg protein. 
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Figure 5.2.2.1: Characterisation of M1 mAChR expressing CHO cell line. For membrane 

optimisation (A and B) 5 μg to 30 μg/well membranes derived from CHO-hM1R cells were 

incubated with ~0.5 nM tritiated NMS (
3
H-NMS) in 96-well plate for 2 hours at room 

temperature (final assay volume, 400 μl). For saturation binding 10 μg/well membrane was 

incubated with ~5 pM to ~5 nM 
3
H-NMS in 96-well plate for 2 hours at room temperature 

(final assay volume, 1 ml). 10 μM of atropine was included in both assays to determine non-

specific binding. Samples were transferred onto polyethyleneimine (PEI, 0.1%) pre-soaked 

GF/B plates using the TomTec 96-well harvester. Plates were dried extensively and 50 μl of 

scintillation fluids were added to each well. Plates were sealed and radioactivity was 

determined using a MicroBeta scintillation counter. Data represent a single experiment (A 

and B) and a representative of three independent experiments performed in duplicate (C).  
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5.2.3. BQCA increases the affinity of ACh at human M1 mAChR whilst having 

minimal effects on the binding of antagonist, N-methylscopolamine 

BQCA has previously been reported to be a selective positive allosteric modulator at the M1 

mAChR as the compound enhances the affinity of the endogenous ligand, ACh at the 

receptor (Ma et al., 2009; Shirey et al., 2009). To confirm this effect in this system 

radioligand binding assays were carried out using membranes prepared from CHO-hM1R 

cells. Initially the effect of increasing concentration of BQCA on the binding of 
3
H-NMS was 

assessed under equilibrium conditions (Jacobson et al., 2010). As shown in Figure 5.2.3.1, 

BQCA does not significantly inhibit the binding of 
3
H-NMS to the M1 mAChR highlighting 

that BQCA acts allosterically. Application of the simple allosteric ternary complex model to 

the data showed that BQCA binds to the M1 mAChR with an affinity (pKB) of 5.25 ± 0.63 (n 

= 3) and the modulator has a weak negative binding cooperativity with 
3
H-NMS binding (α = 

0.44 ± 0.30; n = 3) (Figure 5.2.3.1; Table 5.2.3.1). Subsequent radioligand binding studies 

with ACh showed that BQCA has a high positive binding cooperativity with ACh as 

demonstrated by an increase in the affinity of ACh to inhibit specific 
3
H-NMS binding 

(Figure 5.2.3.1). Analysis of the data using the extended ternary complex model of 

allosterism resulted in α’ value (i.e. the binding cooperativity between BQCA and ACh) of 

~128.  This suggests that the affinity of ACh is increased by > 100 fold when both the 

orthosteric and allosteric sites are occupied (Table 5.2.3.1) and is in agreement with the 

published literature (Canals et al., 2012; Ma et al., 2009; Shirey et al., 2009). 
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Figure 5.2.3.1: Effects of BQCA on the binding of NMS and ACh. Membranes (10 

μg/well) were incubated with ~0.5 nM tritiated NMS (
3
H-NMS) in 96-well plate in the 

presence of increasing concentration of BQCA for 2 hours at room temperature (final assay 

volume, 400 μl). For potentiation studies, ACh concentration response curves were prepared 

and the assay was carried out in the presence of 200 μM GTP and increasing concentrations 

of BQCA. Non-specific binding was determined by the addition of 10 μM atropine. Samples 

were transferred onto PEI (0.1%) pre-soaked GF/B plates using a TomTec filtration system. 

Plates were dried extensively and 50 μl scintillation fluids were added to each well. Plates 

were sealed and radioactivity was determined using a MicroBeta scintillation counter. Data 

are expressed as a percentage of the specific binding 
3
H-NMS. Data points represent the 

mean ± S.E.M of three independent experiments performed in triplicate. 
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Table 5.2.3.1: Effects of BQCA on the binding of antagonist and agonist at the M1 

mAChR. pKB is the equilibrium dissociation constant of BQCA estimated from the ATCM, 

α is the binding cooperativity between BQCA and 
3
H-NMS. pKI denotes the equilibrium 

dissociation constant of ACh and α’ is a measure of the binding cooperativity between BQCA 

and ACh. 

 

 

 

 

 

 

 

 

 

 

 

 

BQCA

Modulator

5.25  0.63 0.44  0.30

pKB α n

3

pKI α'

128  1.354.24  0.06
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5.2.4. BQCA displays probe dependency. 

Many allosteric modulators display probe dependence; the degree of binding cooperativity 

between the modulator with one orthosteric ligand is not the same as with another orthosteric 

ligand. To test whether BQCA displays probe dependence, radioligand binding assays were 

performed using other known orthosteric agonist probes such as MCh (MCh), oxotremorine-

M (OXO-M) and pilocarpine (Pilo). As shown in Figure 5.2.4.1, BQCA has a positive 

binding cooperativity with all three orthosteric ligands tested. However, the extent of the 

affinity modulation was not the same for all of the agonists (Table 5.2.4.1), which suggests 

that the allosteric effect of BQCA at the M1 mAChR is probe dependent. 
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Figure 5.2.4.1: Probe dependency of BQCA at the M1 mAChR. Membranes (10 μg/well) 

were incubated with ~0.5 nM tritiated NMS (
3
H-NMS) in 96-well plate in the presence of 

orthosteric agonist and increasing concentration of BQCA for 2 hours at room temperature 

(final assay volume, 400 μl). 200 μM GTP was included in the assay to ensure the receptor 

was at a low affinity state. Non-specific binding was determined in the presence of 10 μM 

atropine. Samples were transferred onto PEI (0.1%) pre-soaked GF/B plates using a TomTec 

filtration system. Plates were dried extensively and 50 μl scintillation fluids were added to 

each well. Plates were sealed and radioactivity was determined using a MicroBeta 

scintillation counter. Data are expressed as a percentage of the specific binding 
3
H-NMS. 

Data points represent the mean ± S.E.M of three independent experiments performed in 

triplicate. 
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Table 5.2.4.1: Effects of BQCA on the affinity of known mAChR orthosteric agonists. 

pKI is the equilibrium dissociation constant of the agonists and α’ is the binding cooperativity 

between BQCA and the orthosteric agonists. 

 

 

 

 

 

 

 

 

 

 

 

ACh

MCh

Agonist

4.24  0.06 128.82  1.35

pKI α'

4.13  0.05 131.22 ± 1.35

n

3

3

Oxo-M 4.55  0.03 118.45 ± 1.18 3

Pilo 4.44  0.05 11.48 ± 1.18 3
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5.2.5. BQCA potentiates the effect of ACh in mediating [
3
H]-InsPx accumulation 

through the M1 mAChR. 

The M1 mAChR signals predominantly through the Gq/11 family of G protein and activate 

phospholipase C. This results in the production of inositol trisphosphate second messenger 

molecules. To determine the effects of BQCA on the signalling properties of the M1 mAChR, 

a functional assay measuring total inositol phosphates accumulation (
3
H-InsPx) was 

performed in the presence of lithium. As shown in Figure 5.2.5.1 and Table 5.2.6.1, BQCA 

has a partial agonist activity when applied alone. However upon co-administration with ACh, 

BQCA behaved as a positive allosteric modulator causing a concentration-dependent increase 

in the potency of ACh. There was no increase in the maximal response which could be due to 

maximum system response being reached. Analysis of the data using the operational model of 

allosterism and agonism yielded a maximal degree of positive cooperativity between BQCA 

and ACh (αβ) of 83.4   1.68 (Table 5.2.6.1). As previously determined in the radioligand 

binding assay, the affinity cooperativity (α’) between ACh and BQCA at their respective 

binding sites was ~128, which indicates that the increase in the potency of ACh in mediating 

3
H-InsPx accumulation is due to the increase in ACh affinity for the receptor.  
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Figure 5.2.5.1: BQCA agonism and potentiation of ACh potency in total 
3
H-InsPx 

accumulation assay. Activation of Gq/11 G protein through the M1 mAChR was assessed by 

measuring total inositol phosphates accumulation in CHO-hM1R cells. Cells pre-incubated 

with 2.5 μCi/ml [
3
H] myo-inositol were treated with lithium and then stimulated with BQCA 

or ACh for 5 min at 37
o
C (A). For allosteric interaction studies, cells were pre-treated with 

BQCA for 1.5 min at 37°C then varying concentrations of ACh was added (B). Reaction was 

terminated by aspiration of buffer followed by addition of 1 M trichloroacetic acid for 30 min 

at 4
o
C. Samples were extracted by separation in trichlorofluoroethane and tri-n-octylamine. 

The total inositol phosphate ([
3
H]-InsPx) was recovered by anion exchange chromatography 

and radioactivity was detected by liquid scintillation counting. Data are expressed as a 

percentage of the maximum response achieved by 100 μM ACh. Data points represent the 

mean ± S.E.M of three independent experiments performed in triplicate. 
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5.2.6. BQCA displays allosteric agonism and enhances the potency of ACh in 

mediating phosphorylation of ERK 1/2. 

In addition to activating phospholipase C, the M1 mAChR has also been reported to activate 

extracellular signal regulated protein kinase 1 and 2 (ERK 1/2) in an agonist dependent 

manner (Berkeley et al., 2001a). As a complementary method to further examine the 

pharmacological properties of BQCA, functional assay employing receptor mediated ERK1/2 

phosphorylation was performed. As can be seen from Figure 5.2.6.1, BQCA alone caused a 

robust phosphorylation of ERK1/2 with a pEC50 of 5.57 ± 0.12 (Table 5.2.6.1). The effects of 

BQCA on ERK 1/2 phosphorylation reached the same maximal level (Emax) as ACh at 10 

μM which indicate that the compound acts as a full agonist. In contrast to BQCA, ACh 

activates ERK 1/2 more potently with a pEC50 of 7.78 ± 0.11. Due to agonist activity, BQCA 

causes an increase in the basal response at low ACh concentrations (Figure 5.2.6.1) as well 

as a progressive increase in the potency of concentration-response curves of ACh. These data 

suggest that BQCA behaves as an ago-allosteric agonist, a compound which enhances the 

effect of the endogenous ligand but also acts as an agonist in its own right. Analysis of the 

data using the operational model of allosterism and agonism showed that BQCA has an 

intrinsic efficacy (τB) of ~15.8; τ value >10 indicates full agonism (Black, 1996). 

Interestingly also, our analysis showed that the maximal degree of positive cooperativity 

between BQCA and ACh (αβ) was 5011 (Table 5.2.6.2). Since the allosteric enhancement of 

ACh binding affinity (α’) was 128, the additional positive cooperativity must be a result of 

allosteric enhancement of ACh signalling efficacy or the agonist property of BQCA.  
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Figure 5.2.6.1: BQCA agonism and potentiation of ACh potency in ERK 1/2 

phosphorylation assay. CHO-hM1R cells were seeded at 35 000 cells/well in 96-well plate 

and serum starved for 4 hours or overnight at 37
o
C. For agonist studies, cells were stimulated 

with BQCA or ACh for 5 min at 37
o
C. For allosteric potentiation studies, cells were 

incubated for 5 min at 37°C with varying concentrations of ACh in the absence and presence 

of increasing concentrations of BQCA. Reaction was terminated by removal of buffer 

followed by addition of 50 μl lysis buffer for 30 min at room temperature. Each lysate (4 μL) 

was transferred into 384-well plates and detection mix (7 μl) consisting of detection buffer, 

activation buffer, donor beads and acceptor beads (60;10;1;1 v/v) were added to each well. 

Plates were incubated for 2 hrs at RT with gentle agitation and fluorescence signal was 

measured using AlphaScreen plate reader. Data are expressed as a percentage of the 

maximum response achieved by 1 μM ACh. Data points represent the mean ± S.E.M of three 

independent experiments performed in triplicate. 
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Table 5.2.6.1: Intrinsic activity of ACh and BQCA in 
3
H-InsPx accumulation and ERK 

1/2 phosphorylation assays. pEC50 represents agonist potency and Rmax denotes maximum 

response elicited by the agonists. 
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Table 5.2.6.2: Potentiation of ACh mediated 
3
H-InsPx accumulation and ERK 1/2 

phosphorylation by BQCA. αβ is the maximal degree of cooperativity between BQCA and 

ACh and it describes the effects of BQCA on both the affinity and signalling efficacy of 

ACh. τB denotes the agonist property of BQCA at the two signalling pathways. 
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3BQCA 5011  1.23 15.08  1.12

αβ τB n
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5.2.7. M1 mediated phosphorylation of ERK 1/2 occurs mainly through G protein 

pathway and is sensitive to PKC inhibition. 

Receptor mediated phosphorylation of ERK 1/2 can occur via two distinct mechanisms; 

arrestin-dependent and G protein-dependent. Whereas G protein-dependent ERK 1/2 

phosphorylation is rapid and transient, arrestin-dependent ERK 1/2 phosphorylation is slow 

in onset and is more sustained (Luttrell et al., 2010). To assess the contributions of these two 

distinct pathways, time course experiments were performed using BQCA and ACh at a 

concentration that gives maximum ERK 1/2 phosphorylation.  Additionally as a measure of G 

protein-dependent mechanism, broad spectrum protein kinase C (PKC) inhibitor, 

bisindolylmaleimide I (Bis I) was included in the assay. In the absence of the PKC inhibitor, 

both ACh and BQCA caused a rapid increase in ERK 1/2 phosphorylation that peaked after 5 

minutes of stimulation (Figure 5.2.7.1). Very little activation was detected at later time 

points which suggest that phosphorylation of ERK 1/2 through M1 mAChR is primarily 

mediated by G protein. The application of 10 μM Bis I for 10 min dramatically reduced the 

early phase ERK 1/2 phosphorylation by both ligands, which confirms that G protein-

dependent pathway is the predominant mechanism that mediates ERK 1/2 phosphorylation.  
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Figure 5.2.7.1: Kinetics and PKC dependency of M1 mAChR mediated ERK1/2 

phosphorylation. CHO-hM1R cells seeded at 35 000 cells/well in 96-well plate were serum 

starved for 4 hours or overnight at 37
o
C and then stimulated with BQCA or ACh for the 

indicated times. For inhibition studies, cells were pre-incubated with 10 μM Bis I for 10 min 

prior to addition of ACh or BQCA. Reaction was terminated by removal of buffer followed 

by addition of 50 μl lysis buffer for 30 min at room temperature. Each lysate (4 μL) was 

transferred into 384-well plates and detection mix (7 μl) consisting of detection buffer, 

activation buffer, donor beads and acceptor beads (60;10;1;1 v/v) were added to each well. 

Plates were incubated for 2 hrs at RT with gentle agitation and fluorescence signal was 

measured using AlphaScreen plate reader. Data are expressed as a percentage of the 

maximum response achieved by 100 nM ACh or 10 μM BQCA. Data points represent the 

mean ± S.E.M of three independent experiments performed in triplicate. 
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5.2.8. BQCA partially enhances ACh-mediated global phosphorylation of M1 mAChR 

Many GPCRs, including the M1 mAChR undergo rapid phosphorylation following agonist 

stimulation and this process is important for desensitisation and directing receptor signalling 

to arrestin-dependent pathways (Claing et al., 2002; Pierce et al., 2001; Waugh et al., 1999). 

To determine whether BQCA could modulate the phosphorylation state of the M1 mAChR, 

phosphorylation assays using intact cells were performed. Initially the experiment was carried 

out in the absence and presence of a high concentration of ACh. As shown in Figure 5.2.8.1, 

the M1 mAChR is phosphorylated under basal conditions and ACh at 100 μM caused a robust 

increase in the phosphorylation state of the receptor. In interaction studies BQCA at 3 μM, 

did not cause phosphorylation on its own (Figure 5.2.8.2). However in the presence of a low 

concentration of ACh (i.e.1 μM), BQCA enhanced the phosphorylation state of the M1 

mAChR. However the level of phosphorylation is less than that mediated by 100 μM ACh, an 

agonist concentration which occupies equivalent receptor populations. This suggests that 

BQCA only partially increased the levels of M1 mAChR phosphorylation in response to sub 

maximal concentration of ACh. 
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Figure 5.2.8.1. Global phosphorylation of M1 mAChR under basal conditions and in 

response to ACh stimulation. CHO-hM1R cells grown on 6-well plates were incubated with 

50 μCi/well 
32

P-orthophosphate for 1 hr 37
o
C and then stimulated with buffer or 100 μM 

ACh for 5 min. Cells were lysed with RIPA buffer and receptors were  purified by 

immunoprecipitation. Purified receptors were resolved on 8% SDS-PAGE gels and 

transferred onto nitrocellulose membrane. Phosphorylated receptors were visualised by 

autoradiography (A) and resolved receptor proteins were immunoblotted with a polyclonal 

M1 mAChR specific antibody to detect for loading consistency (B). Quantified data are 

presented as increase over basal phosphorylation (C). Immunoblot and autoradiogram 

represents three independent experiments performed in singlicate. Bar graph represents the 

mean ± S.E.M of the phosphorylation bands.  
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Figure 5.2.8.2: Effects of BQCA on ACh mediated global phosphorylation of M1 

mAChR. CHO-hM1R cells grown on 6-well plates were incubated in 50 μCi/well 
32

P-

orthophosphate for 1 hr at 37
o
C and then stimulated with buffer, BQCA and ACh alone or in 

combination for 5 min at 37
o
C. Cells were lysed with RIPA buffer and receptors were 

purified by immunoprecipitation. Purified receptors were resolved on 8% SDS-PAGE gels 

and then transferred onto nitrocellulose membrane. Receptor phosphorylation was detected 

by autoradiography (A) and resolved receptor proteins were immunoblotted with a polyclonal 

M1 mAChR specific antibody to detect for loading consistency (B). Quantified data are 

presented as increase over basal phosphorylation (C). Immunoblot and autoradiogram 

represents three independent experiments performed in singlicate. Bar graph represents the 

mean ± S.E.M of the phosphorylation bands. *P<0.05, **P<0.01; as measured using a one-

way ANOVA with Bonferonni’s post-hoc test.  
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5.2.9. BQCA caused similar phosphorylation patterns of the M1 mAChR as ACh when 

tested as a positive allosteric modulator. 

It has been reported that the patterns of phosphorylation for many GPCRs are important for 

determining the signalling properties of the receptor (Nobles et al., 2011; Rajagopal et al., 

2011; Tobin, 2008; Tobin et al., 2008; Zidar et al., 2009). To determine whether BQCA 

could differentially modulate the phosphorylation state of the M1 mAChR, two dimensional 

phosphopeptide mapping experiments were performed. As shown in Figure 5.2.9.1, the 

phosphorylation patterns of the M1 mAChR in response to a low concentration of ACh in the 

presence of BQCA is qualitatively similar to that mediated by ACh alone at equivalent 

receptor occupancy; this suggests that BQCA increases ACh-mediated receptor 

phosphorylation solely by increasing the ACh affinity for the receptor and not by 

engendering a novel receptor conformation. Due to the difficulty in obtaining phosphopeptide 

maps for low levels of basal phosphorylation, the experiments were performed in absence of 

basal controls. 
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Figure 5.2.9.1: Two dimensional analysis of the phosphorylation state of the M1 mAChR 

in response to ACh in the presence and absence of BQCA. Purified receptor proteins were 

digested with trypsin and phosphopeptides were separated on thin layer chromatography plate 

by electrophoresis in one dimension and chromatography in the other. Plates were exposed to 

phosphoimager film and resolved phosphopeptides were revealed by STORM 

phosphoimager. Data represents four independent experiments performed in singlicate. 
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5.2.10. BQCA partially enhances ACh-mediated phosphorylation of M1 mAChR at 

serine 228. 

Mass spectrometric studies performed by Dr Adrian Butcher have shown that the M1 mAChR 

is phosphorylated at 12 residues within the third intracellular loop of the receptor. Antibodies 

against some of these residues were raised and one of them was pS228 which recognises 

phosphorylation at serine 228. This antibody was then used in western blotting experiments 

to determine if BQCA could modulate phosphorylation of the M1 mAChR specifically at 

serine 228. The antibody was initially characterised using receptors that had been treated with 

phosphatase enzyme. As shown in Figure 5.2.10.1 the antibody recognised only the agonist 

stimulated receptors and that phosphatase treatment abolished the immunoreactivity. This 

confirms that pS228 is phosphorylation sensitive. In interaction studies, BQCA at 3 μM did 

not cause phosphorylation of serine 228 (Figure 5.2.10.2). When co-applied with a low ACh 

concentration, BQCA caused an enhancement of phosphorylation of serine 228 compared to 

ACh alone. However, the level of enhanced phosphorylation is less than that mediated by a 

high concentration of ACh predicted to occupy similar receptor populations. This suggests 

that BQCA only partially potentiates phosphorylation of serine 228.  

 

 

 



167 
 

 

Figure 5.2.10.1: Characterisation of pS228 antibody using phosphatase treatment. CHO-

hM1R cells grown on 6-well plate were stimulated with ACh for 5 min at 37
o
C. Cells were 

lysed with RIPA buffer and receptors were purified by immunoprecipitation. Purified 

receptors were treated with calf intestinal alkaline phosphatase (CIAP) or buffer before being 

resolved on 8% SDS-PAGE gels. Resolved receptor proteins were immunobloted with pS228 

antibody (A) or anti M1 mAChR antibody (B). Data represents two experiments performed in 

singlicate. 
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Figure 5.2.10.2: Effects of BQCA on ACh mediated phosphorylation of M1 mAChR at 

Ser228. CHO-hM1R cells grown on 6-well plate were stimulated with ACh in the presence 

and absence of BQCA for 5 min at 37
o
C and the receptors were purified by 

immunoprecipitation. Purified receptors were resolved on 8% SDS-PAGE gels and 

immunoblotted with pS228 antibody (A) or anti M1 mAChR antibody (B). Immunoblots 

represent three independent experiments performed in singlicate. Bar graph represents the 

mean ± S.E.M of the phosphorylation bands.*P<0.05; as measured using a one-way ANOVA 

with Bonferonni’s post-hoc test.  
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5.1.11. BQCA as an agonist preferentially promotes phosphorylation of serine 228. 

As previously determined in signalling assays (Figure 5.2.5.1 and Figure 5.2.6.1), BQCA 

has intrinsic efficacy in its own right and this can be revealed in highly coupled system or if 

sufficiently high concentrations of the modulator is used. To test whether BQCA could drive 

phosphorylation of the M1 mAChR in the absence of ACh, western blot experiments were 

performed using pS228 antibody. Consistent with previous data, BQCA at 3 μM did not 

cause phosphorylation of serine 228 (Figure 5.2.11.1). Surprisingly at 100 μM BQCA caused 

a greater phosphorylation of serine 228 compared to ACh at similar receptor occupancy. This 

could be interpreted as BQCA, as being biased towards phosphorylation of this residue 

compared to ACh or that the compound is less able to cause desensitisation. 
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Figure 5.2.11.1: Comparison of the phosphorylation level of M1 mAChR at serine 228 

following stimulation by BQCA and ACh. CHO-hM1R cells grown on 6-well plate were 

stimulated with ACh or BQCA for 5 min at 37
o
C and the M1 mAChRs were purified by 

immunoprecipitation. Purified receptors were resolved on 8% SDS-PAGE gels and 

immunobloted with pS228 antibody (A) or M1 mAChR antibody (B). Immunoblots represent 

three independent experiments performed in singlicate. Bar graph represents the mean ± 

S.E.M of the phosphorylation bands. *P<0.05; as measured using a one-way ANOVA with 

Bonferonni’s post-hoc test.  
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5.2.12. VU0357017 displays a weak affinity at the M1 mAChR but does not potentiate 

the affinity of ACh 

In addition to investigating the effects of positive allosteric modulator on the behaviour of the 

M1 mAChR, we are also interested in investigating other allosteric ligands such as allosteric 

agonist/bitopic ligands. Recently a novel compound named VU0357017 was reported to be 

an allosteric agonist at the M1 mAChR based on in vitro calcium signalling assays (Lebois et 

al., 2010). To test whether this ligand affects the affinity of ACh at the M1 mAChR, 

radioligand binding assays were performed under equilibrium conditions in the presence of 

200 μM GTP. Similar to BQCA, VU0357017 has a weak affinity at the M1 mAChR and a 

weak negative cooperativity with 
3
H-NMS binding (α = 0.37   0.17) (Figure 5.2.12.1A). 

However, VU0357017 did not alter the affinity of ACh at the M1 mAChR, suggesting that the 

compound does not act as a positive allosteric modulator of ACh binding (Figure 5.2.12.1B).   
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Figure 5.2.12.1.: Effects of VU0357017 on the binding of 
3
H-NMS and ACh. CHO-hM1R 

membranes (10 μg/well) were incubated with ~0.5 nM 
3
H-NMS in 96-well plate in the 

presence of increasing concentration of VU0357017 for 2 hours at room temperature (final 

assay volume, 400 μl). Interaction studies between ACh and VU0357017 were performed in 

the presence of 200 μM GTP. Non-specific binding was determined in the presence of 10 μM 

atropine. Samples were transferred onto PEI (0.1%) pre-soaked GF/B plates using a TomTec 

harvester. Plates were dried extensively and 50 μl scintillation fluids were added to each well. 

Plates were sealed and radioactivity was determined using a MicroBeta scintillation counter. 

Data are expressed as a percentage of the specific binding 
3
H-NMS. Data points represent the 

mean ± S.E.M of three independent experiments performed in triplicate. 
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5.2.13. VU0357017 does not cause InsPx accumulation but negatively affect the potency 

of ACh 

The ability of VU0357017 to modulate the signalling of M1 mAChR was tested on InsPx 

accumulation assay. As shown in Figure 5.2.13.1, VU0357017 does not cause InsPx 

accumulation on its own up to 10 μM, suggesting that this compound has no intrinsic efficacy 

in this system. Interestingly, when co-administered with ACh, VU0357017 caused a slight 

decrease in potency (although not statistically significant; P>0.05 as measured by one way 

ANOVA) in the concentration response curve of ACh, indicating that the compound could 

behave as a weak negative allosteric modulator. However due to insolubility, VU0357017 

could not be tested beyond 30 μM which limits the extent of ACh potency modulation that 

can be achieved by this compound. 
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Figure 5.2.13.1: VU0357017 agonism and potentiation of ACh potency in total 
3
H-InsPx 

accumulation assay. CHO-hM1R cells were incubated in 2.5 μCi/ml [
3
H]-inositol for 24 hr 

at 37
o
C and then stimulated with VU0357017 or ACh for 5 min at 37

o
C (A). For interaction 

studies, cells were pre-incubated with VU0357017 for 1.5 min at 37°C prior to the addition of 

ACh. Reaction was terminated by aspiration of buffer followed by addition of 1 M 

trichloroacetic acid for 30 min at 4
o
C. Samples were extracted by separation in 

trichlorofluoroethane and tri-n-octylamine. The total inositol phosphate ([
3
H]-InsPx) was 

recovered by anion exchange chromatography and radioactivity was detected by liquid 

scintillation counting. Data are expressed as a percentage of the maximum response achieved 

by 100 μM ACh. Data points represent the mean ± S.E.M of three independent experiments 

performed in triplicate. 
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5.2.14. VU0357017 behaved as a partial agonist in promoting ERK1/2 phosphorylation 

but negatively affected the potency of ACh 

To further investigate the effects of VU0357017 on the signalling of the M1 mAChR, a 

second assay employing ERK1/2 phosphorylation was performed. Here VU0357017 acts a 

weak partial agonist when tested alone and elicited a maximum response 38 ± 12 % of ACh 

response (Figure 5.2.14.1).  VU0357017 also has a significantly lower potency compared to 

ACh (pEC50 7.63 ± 0.10 vs. 6.23 ± 0.20). When investigated in interaction studies, 

VU0357017 caused a progressive rightward shift in the concentration response curve of ACh 

and a concentration dependent increase in the basal response highlighting negative 

cooperativity and partial agonism, respectively. However the data did not fit with the 

operational model of allosterism and agonism suggesting that the compound does not behave 

allosterically.  
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Figure 5.2.14.1: M1 mAChR mediated activation of ERK 1/2 proteins. CHO-hM1R cells 

were serum starved for 4 hours or overnight at 37
o
C and then stimulated with VU0357017 or 

ACh for 5 min at 37
o
C. For allosteric potentiation studies, cells were incubated for 5 min at 

37°C with varying concentrations of ACh in the absence and presence of increasing 

concentrations of VU0357017. Reaction was terminated by removal of buffer followed by 

addition of 50 μl lysis buffer for 30 min at room temperature. Each lysate (4 μL) was 

transferred into 384-well plates and detection mix (7 μl) consisting of detection buffer, 

activation buffer, donor beads and acceptor beads (60;10;1;1 v/v) were added to each well. 

Plates were incubated for 2 hrs at RT with gentle agitation and fluorescence signal was 

measured using AlphaScreen plate reader. Data are expressed as a percentage of the 

maximum response achieved by 1 μM ACh. Data points represent the mean ± S.E.M of three 

independent experiments performed in triplicate. 
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5.2.15. VU0357017 causes minimal M1 mAChR phosphorylation 

To determine if VU0357017 could promote phosphorylation of the M1 mAChR, experiments 

were performed using 
32

P-labelling and western blotting using phosphorylation specific 

antibody (pS228). As shown in Figure 5.2.15.1 and Figure 5.2.15.2, VU0357017 caused a 

very weak phosphorylation of the M1 mAChR globally and at Ser228. These data are 

consistent with the ERK 1/2 phosphorylation data indicating that VU0357017 is a very weak 

partial agonist. 
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Figure 5.2.15.1: VU0357017 caused weak phosphorylation of M1 mAChR globally. 

CHO-hM1R cells grown on 6-well plates were incubated with 50 μCi/well of 
32

P-

orthophosphate for 1 hr at 37
o
C and then stimulated with ACh or VU0357017 for 5 min at 

37
o
C. Receptors were purified by immunoprecipitation and resolved on 8% SDS-PAGE gels.  

Phosphorylation was detected by autoradiography (A) and the receptor was immunoblotted 

with anti M1 mAChR antibody (B) to detect for loading consistency. Immunoblot and 

autoradiogram represents three independent experiments performed in singlicate. Bar graph 

represents the mean ± S.E.M of the phosphorylation bands. *P<0.05; as measured using a 

one-way ANOVA with Bonferonni’s post-hoc test. 
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Figure 5.2.15.2: VU0357017 caused a weak phosphorylation of M1 mAChR at serine 

228. CHO-hM1R cells grown on 6-well plates were stimulated with ACh or VU0357017 for 5 

min at 37
o
C and the receptors were purified by immunoprecipitation. Purified receptors were 

resolved on 8% SDS-PAGE gels and immunoblotted with pS228 antibody (A) or M1 mAChR 

antibody (B). Data represent three independent experiments performed in singlicate. Bar 

graph represents the mean ± S.E.M of the phosphorylation bands. 
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5.3. Discussion 

The M1 mAChR has long been considered as an important drug target for the treatment of 

cognitive deficits associated with Alzheimer’s disease and schizophrenia (Felder et al., 2000; 

Langmead et al., 2008b; Wess et al., 2007). Traditionally it has been difficult to develop 

drugs that selectively target the M1 mAChR because the ligand binding site used by ACh is 

highly conserved among the five mAChR subtypes. However, the realisation that the M1 

mAChR also has an alternative binding site, termed the allosteric site, that is less 

evolutionarily conserved has resulted in the discovery of ligands that display superior 

selectivity for the M1 mAChR compared to the other mAChR subtypes. These compounds 

provide important leads in drug discovery programs and valuable research tools to validate 

the physiological roles of the M1 mAChR in vivo. 

Ligands that interact with receptors allosterically often have complex pharmacology and can 

alter the receptor behaviour in many ways. As such it is necessary to profile these compounds 

in a wide range of assays to understand their mode of action. This study therefore focuses on 

the investigation of the pharmacology of two recently discovered allosteric ligands, BQCA 

and VU0357017 (Canals et al., 2012; Digby et al., 2012; Lebois et al., 2010; Shirey et al., 

2008) at the M1 mAChR heterologously expressed in CHO cells. Our data showed that 

BQCA has a positive binding cooperativity with ACh, increasing the affinity of ACh at the 

receptor. However, BQCA has a negative binding cooperativity with the antagonist NMS, 

which suggests that BQCA preferentially stabilises the active receptor conformation. This 

probe dependency was further evident in experiments performed with other known 

orthosteric agonists such as Pilo, MCh and Oxo-M. Whereas the binding cooperativity 

between BQCA and the partial agonist Pilo was weakly positive, the binding cooperativity 

between the modulator and the full agonists, MCh and Oxo-M was strongly positive. Studies 

by others also confirmed the probe dependency of BQCA and highlighted the importance of 
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choosing the right orthosteric agonist in characterising allosteric modulators (Canals et al., 

2012).  

Another important property of allosteric modulators is saturability such that the degree of 

modulation is limited to certain level (at which no further potentiation can be achieved even 

with increasing concentrations of the modulator). BQCA also possesses this property as 

evident in competition binding with Pilo (Figure 5.2.4.1). 

It would be interesting to define the mechanism(s) of affinity modulation by performing 

binding kinetics experiments to see if BQCA altered the association and dissociation rates of 

the agonists from the receptor. However the lack of radiolabelled agonists and the difficulty 

in performing binding kinetics experiments with a high affinity antagonist and low affinity 

allosteric modulator/orthosteric agonists has prevented us from performing these 

experiments.    

In addition to modulating the binding affinity, allosteric modulators can also modulate the 

potency of the orthosteric ligand(s) in promoting receptor activation (Conn, 2009). To 

determine the effects of BQCA on the potency of ACh, total inositol phosphates 

accumulation and ERK 1/2 phosphorylation assays were performed. The data showed that 

BQCA also acts as a positive allosteric modulator and the compound increases the potency of 

ACh in activating these two signalling pathways. The degree of potentiation in inositol 

phosphates accumulation assay was consistent with, or can be rationalised by, the increase in 

ACh affinity for the receptor. However, the increase in ACh potency in promoting ERK 1/2 

phosphorylation was greater than the ACh affinity modulation. This could be due to the 

amplification of receptor signal or that BQCA increases the signalling efficacy of ACh. Since 

BQCA alone caused ERK 1/2 phosphorylation it is difficult to discern which other factors 

(beside an increase in ACh affinity) contribute to the increase in ACh potency.  
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Interestingly, the agonist property of BQCA was not detected in inositol phosphates 

accumulation. This could be due to differences in receptor reserve between the two systems. 

It is also noteworthy that these two signalling pathways emanate from the same transducer 

protein (i.e. heterotrimeric G proteins) since PKC inhibition by bisindolylmaleimide I 

abrogates ERK 1/2 phosphorylation. 

In response to agonist stimulation the M1 mAChR undergoes rapid phosphorylation and this 

process has been linked to receptor desensitisation. To determine if BQCA could modulate 

this regulatory process, phosphorylation experiments were performed using metabolic 

labelling of cells with 
32

P-orthophosphate and western blotting with phosphorylation specific 

antibody (pS228).  In both experiments, BQCA potentiated the phosphorylation state of the 

receptor to a level that is less than that mediated by ACh alone at equivalent receptor 

occupancy. This could be that the receptor adopts a slightly less active conformation in the 

combined presence of low levels of ACh and BQCA compared to a high concentration of 

ACh. Overall the patterns of phosphorylation revealed by two dimensional phosphopeptide 

mapping were similar, suggesting that BQCA as a positive allosteric modulator is non-biased.  

However when tested as an agonist, BQCA appears to be more efficacious at causing 

phosphorylation of serine 228 than ACh at equivalent receptor occupancy. It could be that 

BQCA is behaving as a bias agonist in promoting phosphorylation of the M1 mAChR at 

Ser228 or that the compound has a lesser tendency to cause desensitisation of 

phosphorylation of this residue. To dissect this out, it would be necessary to perform 

concentration response experiments using ACh and BQCA. 

VU0357017 was reported to be an allosteric agonist and the compound selectively activates 

the M1 mAChR when tested against a panel of GPCRs (Digby et al., 2012; Lebois et al., 

2010). Moreover the agonist property of the ligand was dependent upon the expression levels 
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or the sensitivity of the assay being used. Consistent with these observations, our study 

showed that VU0357017 displayed no agonist activity in inositol phosphates accumulation 

assay but a weak partial agonist activity in ERK 1/2 phosphorylation assay. Interestingly, 

when co-added with ACh, VU0357017 decreases the potency of ACh in the ERK 1/2 

phosphorylation assay, suggesting that the compound may be acting as a negative allosteric 

modulator (NAM). However, the data did not fit with the allosteric ternary complex model of 

allosterism which suggests that VU0357017 might be acting orthosterically. 

Consistent with the weak activity of VU0357017, the compound did not significantly 

promote phosphorylation of the M1 mAChR globally and specifically at Ser228. As a result, 

phosphopeptide mapping to test the effects of the compound on the phosphorylation 

signatures of the M1 mAChR were not performed. 

At the level of receptor-ligand interactions, VU0357017 did not significantly displace 
3
H-

NMS binding or alter the affinity of ACh, suggesting that the compound has a very weak 

affinity and does not act as a positive allosteric modulator of ACh at the M1 mAChR. 

However when tested in vivo, VU0357017 was able to enhance hippocampal dependent 

cognitive functions, suggesting that the compound is able to activate the M1 mAChR in the 

hippocampus. Interestingly, the compound had negligible effects on striatal and cortical 

functions (Digby et al., 2012). Given that the M1 mAChR is expressed at similar levels in 

these brain regions (Wall et al., 1991), the tissue selectivity of VU0357017 may be related to 

its pharmacokinetics properties. 

In summary, this study showed that BQCA is a PAM with an agonist property in its own 

right. The compound is probe dependent and non-biased as a PAM, but appears to 

preferentially promote phosphorylation of Ser228 as an agonist compared to ACh. 
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VU0357017 behaved as a weak affinity partial agonist and the compound does not appear to 

interact with the receptor allosterically. 
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Chapter 6: Phosphorylation and allosteric modulation of the M4 

mAChR 

6.2. Introduction 

The M4 mAChR plays an important role in the central nervous system functions such as 

regulation of locomotion and analgesia (Bymaster et al., 2003; Wess, 2004). The receptor is 

expressed in many areas of the brain including the striatum and cerebral cortex where it 

resides predominantly at the pre-synaptic terminals. In certain striatal neurons, the M4 

mAChR is co-expressed with the D1 dopamine receptor and regulates dopaminergic 

neurotransmission in a balanced fashion (Jeon et al., 2010; Tzavara et al., 2004). Disruption 

of this balance either by pharmacological agents or genetically “knocking” out the M4 

mAChR, results in enhanced dopaminergic neurotransmission and behavioural abnormalities 

consistent with the psychotic symptoms of patients suffering from schizophrenia (Tzavara et 

al., 2003; Woolley et al., 2009). As such the M4 mAChR represents an important target for 

the treatment of schizophrenia. 

Historically, drug discovery efforts at the M4 mAChR have focused on finding agonists that 

interact with the same binding site as the endogenous ligand ACh. This is due to radioligand 

binding assay being the primary method of choice for drug discovery programs. However, 

such approach resulted in the discovery of orthosteric agonists that display poor subtype 

selectivity which caused unwanted side effects when tested in animal models (Conn et al., 

2009a). Recently, there has been a significant increase in the discovery of ligands that interact 

with a topographically distinct site as the binding site used by ACh, partly driven by the 

increase use of functional assays in drug discovery programs (Langmead et al., 2006a). Such 

allosteric ligands, as exemplified by LY2033298 and VU0152100 display superior subtype 



186 
 

selectivity compared to orthosteric agonists and are valuable research tools for in vivo studies 

(Brady et al., 2008; Chan et al., 2008). 

 LY2033298 has been shown to increase the potency and signalling efficacy of ACh at the M4 

mAChR (Chan et al., 2008). The compound also possesses intrinsic efficacy in its own right, 

suggesting that it acts as an ago-allosteric modulator (Nawaratne et al., 2008). Interestingly, 

LY2033298 appears to enhance receptor internalisation to a much greater extent than receptor 

mediated signalling such as phosphorylation of ERK 1/2 suggesting that LY2033298 is bias 

toward receptor internalisation (Leach et al., 2010). Another important property of 

LY2033298 is that the compound is probe and species dependent, such that the magnitude of 

its allosteric effect is dependent on the orthosteric ligand and the species from which the 

receptor is derived.  In the case species dependency, LY2033298 was shown to be more 

potent as a positive allosteric modulator at the human M4 mAChR compared to the mouse M4 

mAChR (Suratman et al., 2011).  

In vivo studies using a rodent model have shown that LY2033298 was active in conditioned 

avoidance test and prepulse inhibition of startle reflex, indicating that the compound is brain 

penetrant and able to engage the M4 mAChR in the CNS (Chan et al., 2008). 

VU0152100 appeared to act solely as a positive allosteric modulator and the compound 

enhances the affinity and potency of ACh at the receptor (Brady et al., 2008). VU0152100 

was also centrally active and able to reverse amphetamine-induced hyperlocomotion, 

validating the role of the M4 mAChR in the regulation of dopaminergic neurotransmission. 

An important aspect of GPCR functions is that they are highly regulated. Post-translational 

modification by phosphorylation has been established as key regulatory process that controls 

the signalling properties of many GPCRs. This process leads to desensitisation and 

internalisation as well as activation of alternative G protein independent signalling pathways. 
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While this mechanism has been widely reported for the M1-M3 mAChRs, very little is known 

about the regulatory process that operates at the M4 mAChR. Some studies indicate that the 

M4 mAChR undergoes rapid internalisation in response to agonist stimulation. The rate and 

extent of this internalisation were enhanced by over-expression of GRK2 implying that 

GRK2 is important for phosphorylation and subsequent internalisation of the receptor 

(Holroyd et al., 1999; Tsuga et al., 1998). However, direct evidence that the M4 mAChR is 

phosphorylated by GRK2 is lacking. Furthermore, site directed mutagenesis studies have 

indicated that Thr399 and Thr145 may be important for controlling receptor internalisation 

(Van Koppen et al., 1995), yet only T145 was confirmed to be phosphorylated (Guo et al., 

2010).  

To better understand the phosphorylation profile of the M4 mAChR we conducted intact cell 

phosphorylation assays, mass spectrometric analysis and western blotting using 

phosphorylation specific antibodies. We then extended our study by investigating if allosteric 

modulators such as LY2033298 could potentiate this early regulatory event.  

We show here that the M4 mAChR was weakly phosphorylated under basal conditions and 

this phosphorylation level was enhanced by stimulation of the receptor with ACh. 

Application of mass spectrometric approach to purified M4 mAChR showed that three serine 

residues (Ser247, Ser379 and Ser412) within the third intracellular loop of the receptor were 

phosphorylated following agonist stimulation. Interestingly one of these residues (Ser379) 

was phosphorylated in an agonist dependent manner in CHO-hM4R membrane preparations 

but basally phosphorylated in whole cell lysates. Moreover, phosphorylation of Ser379 was 

not significantly enhanced by LY2033298 suggesting that LY203398 does not promote a 

receptor conformation that increases the exposure of Ser379 to protein kinases. 
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6.3. Results 

6.3.1. Molecular cloning of the M4 mAChR 

 The M4 mAChR cDNA used in this study was purchased from cDNA resource centre, 

University of Missouri-Rolla (www.cdna.org). This cDNA construct contains the sequence 

that codes for 3x-haemagglutinin (HA) tag at the N-terminus of the receptor. To avoid the 

possibility that this N-terminal tag might interfere with expression, the tag sequence was 

removed and replaced to the C-terminus of the receptor using PCR. The PCR also 

incorporates only 2xHA tag at the C-terminal tail of the receptor and Bam HI and XbaI 

restriction sites (Figure 6.3.1.1A). Analysis of the PCR products on agarose gels showed the 

presence of ~1500 bp fragment which correlated with the correct molecular weight of the M4 

receptor gene (Figure 1B). Restriction digest of transformed construct with Bam HI and XbaI 

restriction enzymes also showed insert of the correct size (Figure 6.3.1.1C). This was also 

confirmed by sequencing data provided by PNACL (data not shown). 
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Figure 6.3.1.1: Molecular cloning of the M4 mAChR. Construct obtained from cDNA 

resource centre was subjected to PCR to liberate the sequence coding for the M4 mAChR. 

The PCR products were purified on 1 % agarose gel, extracted and digested with BamH1 and 

XbaI restriction enzymes. The M4 cDNA was then ligated into linearised pCDNA3.1 vector 

and transformed into competent cells. Cells that survived ampicillin selection were picked 

and DNA miniprep was obtained. The presence M4 mAChR sequence was detected using 

Bam HI and XbaI restriction analysis and confirmed by DNA sequencing. (A) Vector map 

indicating the location of the M4 mAChR, (B) products of PCR reactions (lane 1 plasmid 

control and lane 2 PCR products) and (C) restriction digest products of the receptor construct 

with Bam HI and XbaI restriction enzymes. 
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6.3.2. Generation and characterisation of M4 mAChR expressing CHO-cell line 

The M4 mAChR cDNA was transfected in CHO cells using the Fugene HD transfection 

reagent.  Successful transfectants were selected using geneticin. Single colonies that survived 

the selection process were tested in whole cell binding assay to detect for receptor expression. 

From this experiment clone C2/24 which was found to have high levels of 
3
H-NMS binding 

was isolated. To fully characterise the M4 mAChR expression in clone C2/24, 

immunocytochemistry and membrane binding assays were performed. The 

immunocytochemistry showed that the receptors were expressed at the plasma membrane but 

were also present in the cytoplasm. This cytoplasmic localization may represent newly 

synthesized receptors that are being trafficked to the plasma membrane or internalised 

receptors. Membrane saturation binding assay using 
3
H-NMS indicated that the receptor is 

expressed at 592 fmol/mg protein and the ligand binds to the receptor with a KD of 0.42 nM.  
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Figure 6.3.2.1: Determination of receptor expression by membrane saturation binding 

and immunocytochemistry. For saturation binding (A) 25 μg/well membranes were 

incubated with ~0.05 nM to ~ 5 nM
 3

H-NMS in 96-well plate for 2 hours at room temperature 

(final assay volume, 1 ml). 10 μM of atropine was included in the assay to determine non-

specific binding. Samples were transferred onto polyethyleneimine (PEI, 0.1%) pre-soaked 

GF/B plates using the TomTec 96-well harvester. Plates were dried extensively and 50 μl of 

scintillation fluids were added to each well. Plates were sealed and radioactivity was 

determined using a MicroBeta scintillation counter. For immunocytochemistry (B), cells were 

fixed to coverslips and permeabilised with 0.5% Triton X-100 for 30 min at RT. Cells were 

washed with PBS and blocked with 3% BSA for 30 min at RT. Cells were incubated with anti 

HA antibody for 1 hr at RT. After three quick washes with PBS, cells were incubated with 

goat anti mouse antibody conjugated with alexa-488 fluor. Cells were washed 3 x 5 min with 

PBS and the coverslips were processed for immunofluorescence. Data represents three 

independent experiments performed in duplicate. 
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6.3.3. 
32

P-labelling and intact cells phosphorylation 

To initially determine whether the M4 mAChR was phosphorylated in an agonist dependent 

manner, phosphorylation experiments were carried out using 
32

P-labelling followed by 

immunoprecipitation of radiolabelled receptors with anti-HA antibody.  As shown in Figure 

6.3.3.1, the receptor was modestly phosphorylated in the basal states and runs at ~75 kDa. 

This molecular mass is different to the nominal molecular mass of 53 kDa which suggests 

that the receptor may also post-translationally modified by glycosylation or palmitoylation. 

Application of a high concentration (100 μM) of ACh to the cells resulted in ~2 fold increase 

in the level of receptor phosphorylation (Figure 6.3.3.1). No basal or agonist mediated 

phosphorylation was detected in the WT CHO-K1 cells consistent with the M4 mAChR not 

being endogenously expressed in this cell line. 
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Figure 6.3.3.1: Intact cell phosphorylation of the M4 mAChR expressed in CHO cells. 

CHO-hM4R cells grown on 6-well plates were incubated in 50 μCi/well 
32

P-orthophosphate 

for 1 hr at 37
o
C and then stimulated with buffer control or 100 μM ACh for 5 min at 37

o
C. 

Cells were lysed with RIPA buffer and receptors were purified by immunoprecipitation using 

anti HA antibody. Purified receptors were resolved on 8% SDS-PAGE gels and transferred 

onto nitrocellulose membrane. Phosphorylation was detected by autoradiography (A). 

Phosphorylation intensity was quantified using ImageQuant and AlphaEase FC softwares and 

presented as increase over basal phosphorylation (B). Autoradiogram is a representative of 

three independent experiments performed in singlicate. Bar graph represents the mean ± 

S.E.M of the phosphorylation bands.  
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6.3.4. Mass spectrometric analysis and identification of phosphorylation sites 

We recently used a mass spectrometric approach to identify the sites of phosphorylation on 

the M1 and M3 mAChRs (Chapter 3 and Chapter 5). This method revealed several putative 

phosphorylation sites within the third intracellular loop and C-terminal tail of the receptors 

which we then confirmed in western blot using phosphorylation specific antibodies. Here we 

applied this approach on the M4 mAChR to establish which residues are phosphorylated 

following stimulation with an agonist. Initial purification of the receptor from solubilised 

membranes showed an intense band running 75 kDa on 8% SDS-PAGE gels (Figure 6.3.4.1) 

which correlated well with the intact cells phosphorylation data (Figure 6.3.3.1). This band 

was extracted and subjected for LC/MS/MS study via PNACL. The band was initially treated 

with trypsin to allow the peptides to escape prior to injection into the mass spectrometer. The 

peptides were ionised via collision induced dissociation (CID) and this yielded 20% recovery 

of all the peptides predicted to be recovered following trypsin digestion (Figure 6.3.4.1). 

Most of these peptides were found at the loop regions of the receptor. Furthermore two 

peptides were consistently phosphorylated at a single residue (Ser247 and Ser379 

respectively, Figure 6.3.4.2 and Figure 6.3.4.3A and C). Another peptide was also 

phosphorylated but the location of the phosphorylation could not be ascertained due to the 

poor quality of the spectrum.  We then reanalysed this peptide using electron transfer 

dissociation (ETD) as the method for ionising the peptide. This approach has a distinct 

advantage that it enables large peptides which contain multiple phosphorylation sites to be 

resolved and the phosphorylation sites determined.  From this analysis, the residue being 

phosphorylated appears to be Ser314 located within the third intracellular loop of the receptor 

(Figure 6.3.4.2B and Figure 6.3.4.3B).  
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Figure 6.3.4.1: Purification and detection of M4 mAChR. Receptors solubilised from 

membranes were purified by immunoprecipitation using polyclonal anti HA antibody 

conjugated with agarose beads. Receptors were resolved on 8% gels and stained with 

colloidal blue (A) and transferred onto nitrocellulose membrane for western blotting with a 

monoclonal anti HA antibody (B). Data represents three independent experiments performed 

in singlicate. 
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Figure 6.3.4.2: Peptide coverage of M4 mAChR and identification of phosphopeptides 

by MS/MS. SDS-PAGE gel containing the receptor band was excised and incubated with 

DTT to denature the receptor proteins. Gel pieces were incubated with iodoacetamide and 

then digested with trypsin for 4 hrs at 37
o
C. The supernatant was transferred to fresh tubes 

and the gel pieces were washed twice with 0.1% trifluoroacetic acid (TFA). The supernatants 

were pooled and subjected to LC MS/MS analysis. (A) Overview of amino acid sequence of 

M4 mAChR; sequences highlighted in yellow were detected by MS/MS. (B) summary of 

phosphopeptides identified by MS/MS. *Phosphopeptide determined by ETD ionisation 

method. 
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Figure 6.3.4.3: Summary of phosphorylation sites determined by mass spectrometry 

using collision induced dissociation (CID) and electron transfer dissociation (ETD) 

methods to ionise the peptides. The mass spectra of peptides listed in Figure 6.3.4.2B are 

shown in A, B and C. Location of phosphorylation within the third intracellular loop of the 

receptor is indicated in D. *Denotes phosphopeptide determined by ETD ionisation method. 
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 6.3.5. Generation and characterisation of phosphorylation specific antibodies 

The entire amino acid sequence of the M4 mAChR with the phosphorylation sites indicated 

above was submitted to Eurogentec for immunogenicity ranking. From this analysis 

phosphopeptides listed in Table 6.3.5.1 appeared to be immunogenic and was subsequently 

used to generate phosphospecific antibodies. These peptides were also analysed using 

BLAST software which showed that these peptides are unique to the M4 mAChR in the 

mouse and rat proteome, indicating that antibodies directed against these peptides would be 

very specific to the M4 mAChR. Thus antibodies that recognise these residues would be 

useful for studying the phosphorylation state of the M4 mAChR in native tissues.  

The antibodies were generated in rats using a three months immunisation program provided 

by Eurogentec. 

In order to characterise these antibodies, the M4 mAChR which has been immunoprecipitated 

with anti HA antibody was treated with CIAP and tested in western blot experiments. As 

shown in Figure 6.3.5.1, pS379 showed promising results as the antibody was highly 

phospho-specific as it completely loses the ability to recognise CIAP-treated receptors. This 

antibody was then taken forward for further studies. However, Ser379 was highly 

phosphorylated in the basal states of M4 mAChR immunoprecipitated from whole cell 

lysates.  This would be problematic given that we would like to test the effect of LY2033298 

on the phosphorylation state of this site. To overcome this issue we sourced a different cell 

line, termed “HepM4” (CHO cells stably expressing M4 mAChR kindly provided by Heptares 

Therapeutics) and used cell membranes instead of whole cell lysates for phosphorylation 

experiments.  
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Table 6.3.5.1: Peptide sequences used to generate phosphospecific antibodies. Amino 

acid residues determined to be phosphorylated are highlighted in red and addition of a 

cysteine residue to facilitate coupling to carrier protein is shown in blue. 

 

 

 

 

 

 

 

 

 

 

 

Peptide sequenceAntibody

pS247

pS314

pS379

H2N - CERPPTELS(PO3H2)TTEAA - CONH2

H2N - ARKFAS(PO3H2)IARNQVC - CONH2

H2N - CLAFLKS(PO3H2)PLMKPS - CONH2
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Figure 6.3.5.1: Characterisation of pS379 antibody using phosphatase treatment. Cells 

grown on 6-well plate were stimulated with buffer or ACh for 5 min at 37
o
C. Cells were 

lysed with RIPA buffer and receptors were purified by immunoprecipitation. Purified 

receptors were treated with calf intestinal alkaline phosphatase (CIAP) or buffer before being 

resolved on 8% SDS-PAGE gels. Resolved receptor proteins were immunoblotted with 

pS379 antibody. Data represents two experiments performed in singlicate. 
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6.3.6. Characterisation of HepM4 cell line 

Prior to performing phosphorylation experiments we characterised the receptor expressed in 

HepM4 cell line and confirmed the pharmacology of LY2033298.  Membrane saturation 

binding experiments showed that the binding of 
3
H-NMS was saturable with a Kd of 0.17 ± 

0.02 nM. The radioligand labels the receptor with a Bmax of 4.87 ± 0.25 pmol/mg proteins 

(Figure 6.3.6.1A). 

LY2033298 has been reported to be a potent positive allosteric modulator and the compound 

enhances the binding affinity of ACh for the M4 mAChR. This positive binding cooperativity 

was confirmed in this study which showed that the LY2033298 enhanced the affinity of ACh 

by >100 fold (Figure 6.3.6.1C and Table 6.3.6.1). On its own LY2033298 partially inhibited 

the binding of 
3
H-NMS indicating that LY2033298 has a high negative cooperativity with 

3
H-NMS binding or an overlapping binding site as NMS (Figure 6.3.6.1B and Table 

6.3.6.1). This is surprising given that previous data have shown that LY2033298 is neutral 

with respect to NMS binding (Chan et al., 2008). This discrepancy may be due to different 

batches of the compound. 

 

 

 

 

 



202 
 

 

Figure 6.3.6.1: Characterisation of HepM4 cell line and the pharmacology of LY2033298 

in radioligand binding assay. Saturation binding experiments were performed with 5 

μg/well membranes in the presence  of ~5 pM - 5 nM
 3

H-NMS in 96-well plate for 2 hours at 

room temperature (final assay volume, 1 ml). 10 μM of atropine was included in the assay to 

determine non-specific binding (A). In the competition binding experiments, 5 μg/well 

membranes were incubated with ~0.5 nM 
3
H-NMS in the presence of increasing 

concentration of LY2033298 alone (B) or a combination of LY2033298 and ACh (C) in 96-

well plate for 2 hours at room temperature (400 μl final assay volume). GTP was included in 

the assay to ensure the receptor was in a single affinity state. Non-specific binding was 

determined with 10 μM atropine. Plates were filtered onto polyethyleneimine (PEI, 0.1%) 

pre-soaked GF/B plates using a TomTec 96-well harvester. Plates were dried extensively and 

50 μl of scintillation fluids were added to each well. Plates were sealed and radioactivity was 

determined using a MicroBeta scintillation counter. Data represents three independent 

experiments performed in duplicates. 
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Table 6.3.6.1: Effects of LY2033298 on the binding of antagonist and agonist at the M4 

mAChR. pKB is the equilibrium dissociation constant of LY2033298 estimated from the 

ATCM, α is the binding cooperativity between LY2033298 and 
3
H-NMS. pKI denotes the 

equilibrium dissociation constant of ACh and α’ is a measure of the binding cooperativity 

between LY2033298 and ACh. 

 

 

 

 

 

 

 

 

 

 

 

 

 

LY2033298

Modulator

4.89  0.11 0.10  0.08

pKB α n

3

pKI α'

120.06  1.234.81  0.06
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6.3.7. Ser379 is entirely phosphorylated in an agonist dependent manner for 

membrane bound M4 mAChR. 

To determine the suitability of the new cell line for phosphorylation studies, western blot 

experiments were run using membranes prepared from these cells. As can be seen in Figure 

6.3.7.1, a low level of basal phosphorylation was detected with pS379 antibody and this 

phosphorylation level was increased to ~2.5 folds upon stimulation with a high concentration 

(100 μM) of ACh. This suggests that the new cell line is ideal to use for in vitro membrane 

phosphorylation experiments. 
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Figure 6.3.7.1: Agonist dependency of phosphorylation of membrane bound M4 mAChR 

at Ser379. Cells grown in flasks were stimulated with buffer control or 100 uM ACh for 10 

min at 37
o
C. Cells were dissociated and membranes were prepared using homogeniser as 

described in materials and methods. Membrane pellets were resuspended in TE buffer and 

protein concentrations in the membrane were determined by Bradford reagent. Membranes 

were mixed with 2x SDS-PAGE loading buffer and resolved on 8% gels. Resolved proteins 

were transferred onto nitrocellulose membrane and subjected to western blot analysis using 

pS379 antibody (A). Phosphorylation intensity was quantified using ImageQuant and 

AlphaEase FC softwares and presented as increase over basal phosphorylation (B). 

Autoradiogram is a representative of three independent experiments performed in singlicate. 

Bar graph represents the mean ± S.E.M of the phosphorylation bands.  
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6.3.8. Phosphorylation of Ser379 is modestly enhanced by the ago-allosteric modulator 

LY2033298. 

To determine if LY2033298 could modulate the phosphorylation profile of the M4 mAChR at 

Ser379, membrane phosphorylation experiments were performed. As shown in Figure 

6.3.8.1, stimulation of cells with a low concentration of ACh (3 μM), resulted in a modest 

phosphorylation of Ser379. The presence of LY2033298 at concentration that did not cause 

phosphorylation alone (3 μM) did not significantly enhance the phosphorylation of this 

residue, suggesting that LY203398 did not promote a receptor conformation that increases 

the accessibility of Ser379 to protein kinases. 
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Figure 6.3.8.1: Agonist dependency of phosphorylation of membrane bound M4 mAChR 

at Ser379. Cells grown in flasks were stimulated with buffer control, a low concentration of 

ACh (3 μM) in the presence or absence of LY2033298 for 10 min at 37
o
C. Positive control 

was determined by stimulating cells with 100 μM of ACh. Cells were dissociated and 

membranes were prepared using homogeniser as described in materials and methods. 

Membrane pellets were resuspended in TE buffer and protein concentrations in the membrane 

were determined by Bradford reagent. Membranes were mixed with 2x SDS-PAGE loading 

buffer and resolved on 8% gels. Resolved proteins were transferred onto nitrocellulose 

membrane and subjected to western blot analysis using pS379 antibody (A). Phosphorylation 

intensity was quantified using ImageQuant and AlphaEase FC softwares and presented as 

increase over basal phosphorylation (B). Data represent three independent experiments 

performed in singlicate. Bar graph represents the mean ± S.E.M of the phosphorylation 

bands. **P<0.01; as measured using a one-way ANOVA with Bonferonni’s post-hoc test.  
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6.4. Discussion 

The M4 mAChR is abundantly expressed in the central nervous system and has been 

implicated in a number of disorders including schizophrenia and neuropathic pain (Martino et 

al., 2011; Tzavara et al., 2004). Studies using knockout animals have shown that the receptor 

plays an important role in regulating pain sensation and dopaminergic neurotransmission, 

with the latter process being clinically relevant for the pathophysiology of schizophrenia 

(Tzavara et al., 2003; Wess, 2004; Wess et al., 2003a; Wess et al., 2003b). 

The signalling pathways linked to the M4 mAChR have been extensively studied and it has 

been established that the receptor preferentially couple to Gi family of G proteins to inhibit 

adenylate cyclase and regulate ion channels (GIRK and Ca
2+

) opening (Caulfield et al., 1998; 

Clapham et al., 1997).  The receptor has also been shown to activate ERK1/2 in heterologous 

expression systems (Leach et al., 2010).  

An important feature of GPCR functions is that they are highly regulated. At the receptor 

level, this regulation has been primarily mediated by post-translational modification 

involving phosphorylation (Moore et al., 2007; Pitcher et al., 1998; Premont et al., 2007; 

Tobin, 2008; Tobin et al., 2008). This process leads to desensitisation, primes receptor for 

internalisation and promotes alternative signalling pathways (DeWire et al., 2007; McDonald 

et al., 2001; Pierce et al., 2001). While this mechanism has been established for the M1-M3 

mAChRs, the role of phosphorylation in the regulation of M4 mAChR functions is less well 

known (van Koppen et al., 2003). A recent study using site directed mutagenesis and 

phosphorylation specific antibody has indicated that Thr145 was phosphorylated in a Ca
2+

 

and calmodullin-dependent manner by CaM kinase II (Guo et al., 2010).  This 

phosphorylation event was shown to increase the coupling efficiency of the receptor to the 
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inhibition of cAMP formation, thus providing a feedback mechanism for the signalling of the 

receptor to Gi G proteins. 

In addition to mutagenesis, mass spectrometry has emerged as a valuable analytical tool for 

studying protein phosphorylation as the method allows the identification of the exact 

locations of phosphorylation. Because phosphorylation adds ~80 daltons (Da) to the 

molecular mass of a peptide, peptides with changes of 80 Da (or multiple of it) from the 

theoretical mass can be identified. These peptides would then be trapped and fragmented by 

mass analysers to reveal the amino acid sequence and the sites of phosphorylation. A number 

of phosphorylation sites for some family A GPCRs, including the M1 and M3 mAChRs, 

chemokine CXCR4, β2-adrenergic and μ-opioid receptors (Busillo et al., 2010; Butcher et al., 

2011; Chen et al., 2013; Lau et al., 2011; Nobles et al., 2011) has been determined via this 

method and confirmed by phosphorylation specific antibodies. Furthermore the patterns of 

phosphorylation for some of these receptors appear to be distinct depending on the ligands 

that are used to stimulate the receptor (Butcher et al., 2011; Nobles et al., 2011). Hence the 

use of mass spectrometry and phosphorylation specific antibodies may provide a viable 

approach to dissect the pharmacology of biased ligands. 

In this study we further investigated the phosphorylation profile of the M4 mAChR expressed 

in CHO cells by employing 
32

P-labelling, tandem mass spectrometry and phosphorylation 

specific antibodies. We chose CHO cells because they do not express M4 mAChR 

endogenously. 

Initial 
32

P-labelling experiments have shown that the M4 mAChR is phosphorylated under 

basal conditions and in response to agonist stimulation. Purification and subsequent mass 

spectrometric analysis of tryptic digested M4 mAChR resulted in ~ 20% recovery of amino 

acid sequence. This low coverage appeared to be due to the transmembrane regions not being 
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resolved and the M4 mAChR having unfavourable amino acid sequence. Very few arginines 

and lysines at which trypsin cuts were found which led to the generation of large peptides that 

are difficult to ionise and detect by mass spectrometry. Other methods of digestion to 

improve peptide coverage have been sought including the use of chymotrypsin and Lys-C. 

However, this did not improve peptides generation as predicted from in silico digest. 

The nominal molecular mass of the M4 mAChR is 53 kDa and in this study, the receptor runs 

at ~75 kDa on 8% SDS-PAGE gels. This indicates that in addition to phosphorylation, the 

receptor may also be modified by other mechanisms such as glycosylation or palmitoylation. 

The application of collision induced dissociation to fragment the tryptic peptides resulted in 

the identification of two phosphopeptides with Ser247 and Ser379 being phosphorylated on 

each peptide. This approach also identified a phosphopeptide but the location of 

phosphorylation could not be determined confidently due to poor quality of spectra. To 

resolve the site(s) of phosphorylation we reanalysed the peptide using electron transfer 

dissociation and showed that Ser314 was the site of agonist-promoted phosphorylation (see 

Figure 6.4.1 for summary of phosphorylation sites). We could not detect phosphorylation of 

T145 which was previously shown to be phosphorylated by CaMKII (Guo et al., 2010) 

because the peptide containing this residue was not resolved. However, we consistently 

detected CaMKII in our mass spectrometry results indicating this protein interacted and co-

purified with the M4 mAChR. 
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Figure 6.4.1: Topography of M4 mAChR amino acid sequence indicating the putative 

phosphorylation sites. The junctions between the TM and loop regions as determined by 

protein knowledgebase sequence alignment (www.uniprot.org, chrm4, accession number: 

P08173) are shown by residues in green and yellow. The phospho-serines identified in this 

study are highlighted in blue and phospho-threonine identified by Guo et al. is shown in red.    
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To confirm that Ser247, Ser314 and Ser379 are indeed phosphorylated, phosphospecific 

antibody against these residues was raised. While Ser379 was confirmed to be 

phosphorylated Ser247 and Ser314 could not be confirmed due to the antibodies not showing 

positive reactivity. These negative results could be due to the low antibody titre or the 

phosphopeptides used to generate the antibodies were insufficiently immunogenic.  

The antibody directed against Ser379 was tested in CHO-hM4R membrane preparations and 

whole cell lysates. Interestingly, Ser379 was phosphorylated in an agonist dependent manner 

in membrane preparations but basally phosphorylated in whole cell lysates. These results 

suggest that intracellular M4 mAChR may exist in a phosphorylated state (at least at Ser379). 

Drug discovery efforts at GPCRs have increasingly been focused on targeting allosteric sites 

on the receptor (Burford et al., 2011). Ligands that target these sites are presumed to be more 

selective because these sites are less evolutionarily conserved (Conn et al., 2009a; Kenakin, 

2010; Keov et al., 2011; Melancon et al., 2012; Wang et al., 2009). At the M4 mAChR 

LY2033298 was shown to be a selective allosteric modulator and the compound enhances the 

affinity and efficacy of ACh at the receptor. The compound also has an intrinsic efficacy in 

its own right suggesting ago-allosteric properties (Leach et al., 2010; Nawaratne et al., 2010; 

Nawaratne et al., 2008). Interestingly, in this study LY2033298 did not significantly enhance 

phosphorylation of Ser379 following stimulation with a sub-maximal concentration of ACh. 

This suggests that the compound does not promote a receptor conformation that increases the 

accessibility of Ser379 to protein kinases.  

In summary, this study revealed that the M4 mAChR is regulated by phosphorylation and 

three serine residues (Ser247, Ser314 and Ser379) were reported to be phosphorylated in 

response to agonist stimulation. Ser379 was confirmed by phosphospecific antibody.  
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Additionally the antibody revealed that LY2033298 a positive allosteric modulator at the M4 

mAChR did not enhance phosphorylation of Ser379. 
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Chapter 7: General discussion 

GPCR represents one of the largest families of cell surface proteins in mammals (Kristiansen, 

2004). These receptors mediate the action of diverse kinds of natural ligand, ranging from 

photons of light to ions, neurotransmitters, biogenic amines, peptides and large glycoproteins 

(Bockaert et al., 1999; Gether, 2000; Lefkowitz, 2007a; Lefkowitz, 2007b; Pierce et al., 

2002). Recent breakthroughs in protein engineering and crystallographic methods have 

enabled the elucidation of the structures of the majority of family A GPCRs (Katritch et al., 

2013; Lebon et al., 2012; Zhao et al., 2012). These studies, together with pharmacological 

and biophysical data have revealed that GPCRs are structurally dynamic and able to adopt 

multiple conformations (Kobilka et al., 2007).  This conformational heterogeneity allows 

agonists to select or stabilise distinct receptor states that leads to the activation of a subset of 

signalling pathways available to the receptor (Caramellini et al., 1998; Violin et al., 2007). 

Such biased agonism offers an opportunity for developing novel therapeutics with greater 

safety profiles, by virtue of activating therapeutically beneficial signalling pathway(s) while 

negating the pathways that give rise adverse effects (Boerrigter et al., 2011; Boerrigter et al., 

2012). Indeed, many compounds have been shown to display biased agonism in many 

different GPCRs (Rajagopal et al., 2010; Reiter et al., 2012). However, compelling evidence 

that ligands at the mAChRs behave in a similar manner is limited (Challiss et al., 2009). 

Hence one of the aims of this study was to search for biased agonism at the mAChRs. 

There are five subtypes of mAChR that have been cloned which represent a prototypical 

family A GPCRs (Hulme et al., 1990). Among these subtypes, the M1, M3 and M4 mAChRs 

are considered important targets for the pharmaceutical industry for disease indications such 

as Alzheimer’s disease, COPD and schizophrenia (Eglen et al., 1999; Felder et al., 2000; 

Langmead et al., 2008b; Zhang et al., 2007). These receptors signal via heterotrimeric G 
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proteins and other signalling proteins to various downstream effector molecules including 

phospholipase enzymes, adenylate cyclase and ion channels. The clearest indication that 

ligands may differentially modulate mAChR-mediated signalling pathways was reported by 

Akam et al (Akam et al., 2001) who demonstrated that Pilo was more effective in activating 

Gαi than Gαq when compared to MCh at the M3 mAChR. 

We extended this study in the first results chapter by investigating the effects of Pilo on 

various M3 mAChR mediated processes such as receptor phosphorylation, inositol 

phosphates accumulation and ERK1/2 activation. Using the operational model of agonism as 

a method of data analysis and MCh as a reference agonist, our data indicated that Pilo was 

more effective in promoting inositol phosphates accumulation than global receptor 

phosphorylation. Furthermore, the compound was able to fully drive phosphorylation of 

Ser412 (a potential GRK2/GRK6 site) and partially promote phosphorylation of Ser577 (a 

PKC site). These results also indicated that the compound was also showing preferential 

phosphorylation for one site (Ser412) compared to another (Ser577).  The results also 

highlighted the need to investigate phosphorylation at individual sites when studying biased 

agonism (i.e. most studies focus mainly on signalling and global receptor phosphorylation).  

Other studies have shown that Pilo activated ERK via a different mechanism in endogenously 

expressed M3 mAChR (Lin et al., 2008) and that the compound also causes seizure when 

administered in rodents (Wess et al., 2003a; Wess et al., 2003b). These data indicate that Pilo 

also has unique pharmacological properties in native or physiological settings.  

We would have liked to compare agonists to the endogenous ligand of the mAChRs (ACh) as 

biased factors may change depending on reference agonist. Therefore in the subsequent 

chapters we used ACh as the agonist comparator.  It would also be interesting to extend this 

study to include a larger set of compounds to see if these “other” ligands display biased 
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agonism.  However, there is a paucity of novel selective agonists acting at the M3 mAChR 

and as such this idea was not pursued.  

A great deal of knowledge into the physiological roles of the mAChRs has been gained 

through the study on genetically modified animals lacking each of the mAChR subtypes. In 

the case of the M3 mAChR, it was shown that the receptor plays an important role in 

regulating smooth muscle contraction, learning and memory and insulin secretion and 

glucose homeostasis (Duttaroy et al., 2004; Gautam et al., 2007; Gautam et al., 2006; Kong 

et al., 2010; Poulin et al., 2010; Wess, 2004). An emerging method to study the physiological 

roles of the mAChRs has been the use of a chemical genetic approach to create mutant 

receptors that are insensitive to the endogenous ligand but can be activated by an otherwise 

inert compound (Alexander et al., 2009; Armbruster et al., 2007; Dong et al., 2010a; Guettier 

et al., 2009). At the M3 mAChR, two mutations at the orthosteric binding pocket was shown 

to significantly reduce the affinity and potency of ACh and confer activity to clozapine-N-

oxide (CNO). While these in vitro studies are interesting, we would like extend the use of the 

technology to in vivo. Given that ligands acting at the same receptor can promote differential 

receptor signalling and gives rise to biased agonism (Galandrin et al., 2007; Kenakin, 2011; 

Urban et al., 2007), it has been necessary to thoroughly profile the signalling and regulation 

of such mutant receptor in response to CNO prior to in vivo studies. In the second results 

chapter of this thesis, we investigated the phosphorylation profiles of the M3 RASSL receptor 

in response to CNO and compared the profiles to the WT M3 mAChR responding to ACh 

stimulation. This study showed that the M3 RASSL receptor was phosphorylated in response 

to CNO stimulation in a similar as the M3 WT receptor responding to ACh. As such CNO is 

less likely to promote biased signalling at the M3 RASSL receptor. Indeed, our collaborators 

have shown that the receptor signals in a similar manner as the WT receptor, hence 

replicating the WT receptor functionality (Alvarez-Curto et al., 2011). Since then the M3 
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RASSL has been expressed in a number cells/tissues including the pancreatic β-cells and 

hippocampus where it was shown to modulate insulin secretion and neuronal firing, 

respectively, processes that are known to be mediated by the WT M3 mAChR (Alexander et 

al., 2009; Guettier et al., 2009). Recently a β-arrestin biased M3 RASSL has also been 

developed which provided powerful tool for studying the physiological role of arrestin 

dependent signalling in vivo (Nakajima et al., 2012).  Other RASSLs have also been created 

based on different GPCRs (including MC4, 5HT4, and M1 and M4 mAChRs) which provide 

valuable tools for the pharmaceutical industry to validate these receptors as drug targets.  

A potential caveat in the use of the RASSL technology is that in vivo, the mutant receptor 

might not fully replicate the pattern of the endogenous receptor activation. In the case of the 

mAChRs, ACh is released from the presynaptic neurons and then rapidly degraded following 

interaction with the postsynaptic mAChRs (Sarter et al., 2005; Teles-Grilo Ruivo et al., 

2013). This cycle of release and degradation results in pulsatile neurotransmission.  In 

contrast, CNO is metabolically stable and is less likely to be degraded in the synaptic cleft. 

As such the compound may produce sustained receptor activation and continuous 

neurotransmission.  

Among the five mAChR subtypes, the M1 mAChR has been considered an attractive drug 

target for the treatment of cognitive deficits associated with Alzheimer’s disease and 

schizophrenia (Eglen et al., 2001; Felder et al., 2000; Langmead et al., 2008b). Many of the 

drugs that act at the M1 mAChR interact with the same binding site as the endogenous ligand, 

ACh. Because this site is highly conserved among the five mAChRs, these ligands often 

produced unwanted side effects due to activation of other mAChR subtypes. As such these 

compounds have failed in late stage clinical studies. 
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In addition to the binding site used by ACh, the mAChRs have also been recognised to 

contain a secondary allosteric binding site that is unique for each receptor subtype 

(Christopoulos, 2002; Gregory et al., 2007; Keov et al., 2011). Ligands that act at this site 

often display superior subtype selectivity and may provide important lead compounds for 

clinical development. Such allosterically acting ligands include BQCA and VU0357017 

(Lebois et al., 2010; Ma et al., 2009). BQCA was shown to be a positive allosteric modulator 

and the compound increases the affinity and potency of ACh at the M1 mAChR. VU0357017 

behaved as an allosteric agonist and the compound was shown to activate the M1 mAChR in 

the absence of ACh. In the third chapter of this thesis, the pharmacology of these compounds 

was further investigated using a number of assay readouts. Our data showed BQCA acts as an 

ago-allosteric modulator. The compound increases the affinity and potency of ACh at the 

receptor and it has intrinsic efficacy in its own right when tested in a highly coupled system 

(i.e. ERK1/2 phosphorylation). Interestingly the degree of modulation by BQCA was probe 

dependent such that the affinity of partial agonist Pilo was increased to a lesser extent than 

the affinity of full agonists, MCh and ACh. BQCA also did not differentially modulate the 

signalling and phosphorylation of the M1 mAChR in response to ACh suggesting that the 

compound is non-biased. This is consistent with the previously reported data (Canals et al., 

2012). Interestingly BQCA only partially potentiates phosphorylation of Ser228, but as an 

agonist, the compound caused greater phosphorylation than ACh at equivalent receptor 

occupancy. The former may reflect the difficulty in quantitatively measuring the change in 

phosphorylation because this site is only weakly phosphorylated and the latter may indicate 

that BQCA is biased toward phosphorylation of Ser228 or that the compound has lesser 

tendency to cause desensitisation. The difficulty in performing agonist concentration series 

for phosphorylation of Ser228 has hampered the dissection of whether BQCA is biased or 

less able to cause desensitisation. Biased agonists at the M1 mAChRs may be useful for 
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developing pro-cognitive drugs, particularly ones that produce prolonged receptor stimulation 

without causing desensitisation. 

In radioligand binding experiments, VU0357017 appeared to bind allosterically at the M1 

mAChR and the compound does not significantly inhibit the binding of 
3
H-NMS. However, 

in ERK1/2 phosphorylation assays, the compound behaved in a manner consistent with a 

partial orthosteric agonist. Further investigation is needed to uncover the mode of action of 

VU0357017, in particular elucidating where the compound is binding by using site directed 

mutagenesis of allosteric/orthosteric residues. Interestingly, VU0357017 modulated the M1 

functions selectively in the cortex whereas BQCA modulated M1 mAChR activity in the 

hippocampus (Digby et al., 2012). These data may indicate differences in pharmacokinetic 

properties of these two allosteric ligands as the M1 mAChR is expressed at similar levels in 

the cortex and hippocampus (Wall et al., 1991).  

The M4 mAChR plays an important role in maintaining a proper balance between cholinergic 

and dopaminergic neurotransmissions in the striatum (Atzori et al., 2007; Barch, 2010; 

Dencker et al., 2012; Fink-Jensen et al., 2011; Gomeza et al., 1999). Studies have implicated 

that the receptor may be regulated by phosphorylation and that GRKs and CaMKII mediates 

this process (Guo et al., 2010; Holroyd et al., 1999; Tsuga et al., 1998). However, very little 

information is available on the locations of this post-translational modification. In the results 

chapter four, we employed mass spectrometry to identify the sites of phosphorylation of the 

M4 mAChR and generated antibodies to these sites. We identified three potential 

phosphorylation sites, one of which (pS379) was confirmed by the antibody. Interestingly, 

LY2033298, a positive allosteric modulator, did not potentiate the phosphorylation of this site 

when co administered with a low concentration of ACh. These results suggest that 

LY2033298 do not promote a receptor conformation that increases the accessibility of Ser379 

to protein kinases.  
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Overall, this thesis provides further evidence that Pilo displays unique pharmacological 

properties at the M3 mAChR and that the mutant M3 mAChR (M3 RASSL) is behaving in a 

similar manner as the WT receptor. This mutant receptor provides a valuable research tool to 

study the in vivo functions of M3 mAChR. 

Furthermore, we confirmed that BQCA is a positive allosteric modulator at the M1 mAChR 

and the compound also has intrinsic efficacy in its own right when tested in a well coupled 

system (such as phosphorylation of ERK 1/2). The degree of allosteric potentiation by BQCA 

is probe dependent and that BQCA is non-biased as a positive allosteric modulator. We also 

confirmed that VU0357017 is a partial agonist, but the mode of action of this ligand is 

unclear. 

We also provided novel evidence that the M4 mAChR is phosphorylated at Ser379 which was 

confirmed by phosphorylation specific antibody. 
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Chapter 8: Critical evaluation and future directions 

Although we have shown that Pilo preferentially activate the inositol phosphates pathway 

compared to global M3 mAChR phosphorylation, this comparison was made against MCh. 

Given the importance of probe dependency in GPCR pharmacology, it might also be 

interesting to test whether Pilo still displays preferential receptor activation when compared 

to ACh, the endogenous ligand of mAChRs. We have also shown that the M3 mAChR 

became dephosphorylated at Ser384 upon stimulation by an agonist. It is possible that this 

may be due to phosphorylation of an adjacent site which causes the antibody not being able to 

recognise Ser384. To test this, site directed mutagenesis can be used to replace Ser385 to 

alanine and determine if ser384 is still dephosphorylated upon agonist application.  

Allosteric modulators have been considered an attractive chemotype for developing novel 

therapeutics targeting GPCRs due to their superior subtype selectivity and saturable effects. 

Although VU0357017 was originally reported to be an allosteric agonist at the M1 mAChR, 

data obtained from this study suggests that the compound may also act orthosterically. In 

order to establish the mode of interaction of this compound, site directed mutagenesis studies 

could be applied to generate mutations at the known allosteric residues (such as W101) and 

residues making up the orthosteric binding pocket (Asp
3.32

) to see the effects of these 

mutations on the affinity and signalling efficacy of the compound. It may also be interesting 

to determine if BQCA and VU0357017 share a common binding site using this approach. 

Phosphorylation has been established as a key regulatory process that controls the signalling 

properties of GPCRs. Using a mass spectrometric approach we found that the M4 mAChR 

was phosphorylated at three sites upon agonist stimulation. However we did not detect 

phosphorylation at T145 which was previously determined by (Guo et al., 2010a) et al. 

Therefore a more comprehensive analysis of M4 mAChR phosphorylation is required. In so 
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doing, a different cell line expressing higher levels of receptor and phosphopeptide 

enrichment method (such as IMAC) could be used to improve phosphopeptide coverage and 

subsequent identification of phosphorylation sites. 
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