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Abstract

The anchor point for the binding of the quaternary ammonium headgroup of 

acetylcholine to muscarinic acetylcholine receptors is known, but less is known about 

the interaction of other important moieties, particularly the side-chain of 

acetylcholine. The aim of this project was to identify residues in the Mi muscarinic 

acetylcholine receptor that may contact the side-chain methyl group of acetylcholine.
1 6 8  1 QAReceptor models predict that residues in the sequence between He and Ala may 

be at a suitable distance from the aspartate residue which binds the headgroup. 

Substitution mutants were constructed of these residues. Mutation to Cys allowed 

probing with sulphydryl reagents including the alkylating acetylcholine analogue 

bromoacetylcholine and the group specific methanethiosulphonate (MTS) derivatives. 

Mutation to Ala or Gly allowed a complementary ligand side-chain / amino acid side- 

chain deletion strategy. Mutation of residues He188, Thr189, Thr1 9 2 and Ala19 6 caused 

significant decreases in acetylcholine binding. This led to a reduction in the potency of 

the functional response. There were small decreases in the binding of acetylcholine 

analogues carbachol and oxotremorine-M, but no significant effect on the affinity of 

the des-methyl analogue formylcholine. Interestingly, mutation of Phe1 9 0  to Cys 

resulted in a constitutively active receptor. The environment of this residue may 

change during receptor activation. The positively-charged MTSET reacted strongly 

with F190C, T192C and A193C, identifying these residues as accessible within the 

binding site crevice. Bromoacetylcholine interacted specifically with the T192C 

mutant receptor confirming the importance of this position. These results indicate that 

He188, Thr189, Thr1 9 2  and Ala19 6 contribute to the acetylcholine binding pocket, and that 

this section of TM V is a-helical. Ala193 is accessible in the binding pocket but not 

involved in acetylcholine binding. In addition to any involvement in a network of 

hydrogen bonds Thr192 is predicted to contact the acetylmethyl group of acetylcholine.
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Chapter 1. Introduction

Muscarinic acetylcholine receptors (mAChRs) belong to the superfamily of G- 

protein coupled receptors (GPCRs). Members of this superfamily couple to guanine 

nucleotide binding proteins (G-proteins) which are activated upon binding of a ligand, 

thereby mediating their intracellular effects. This superfamily includes several 

hundred distinct receptors for hormones, neurotransmitters, biogenic amines, peptides, 

proteins and sensory stimuli for light and odorants (Baldwin, 1994), which are 

grouped into three major families: the rhodopsin family (which includes the mAChR, 

dopamine, and adrenergic receptors), the calcitonin/ glucagon family and the 

metabotropic glutamate/ calcium sensor family. These three families share no 

sequence homology, but there is sequence homology within each family (Schwartz,

1994). These receptors can be further divided into groups which share common 

biochemical properties.

There are a small number of other proteins that are predicted from hydropathy 

analysis to have seven transmembrane segments, but appear unrelated to the GPCR 

superfamily. They do not couple to G-proteins and do not share any sequence 

similarity with any GPCR. These proteins include bacteriorhodopsin and related 

proteins from the halobacteria, a Drosophila photoreceptor-specific protein bride of 

sevenless (Hart et al., 1993), the Drosophila gene frizzled (fz) and related mammalian 

genes.

1.1 Acetylcholine receptors

Muscarinic acetylcholine receptors were first classified as distinct from 

nicotinic acetylcholine receptors by Sir Henry Dale in 1914. Muscarinic receptors 

were defined as selectively activated by muscarine and blocked by atropine, whilst 

nicotinic receptors were activated by nicotine and blocked by curare (Dale, 1914). The 

functions of the two receptor families are quite separate. Their only common property 

is that they can both be activated by acetylcholine.

1.1.1 Nicotinic acetylcholine receptors.

The nicotinic acetylcholine receptors (nAChRs) belong to the superfamily of 

receptor-gated ion channels, which also includes the y-aminobutyric acid A, glycine,
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and serotonin 5-HT3 receptors. All members of the nAChR family are multisubunit 

proteins. The nAChRs are pentameric membrane proteins, consisting of a ring of five 

similar subunits (aapyS) forming a central cation-selective ion channel (Unwin, 

1995). The nAChR is found on the muscle cell end plate of the neuromuscular 

junction in the peripheral autonomic nervous system and in the central nervous 

system. The role of the receptor is to convert the binding of ACh into an electrical 

signal for stimulation of the receptor cell.

1.1.2 Muscarinic acetylcholine receptors.

Activation of the mAChRs mediates effects of ACh both in the nervous system 

and the periphery. In the periphery mAChRs mediate the actions of ACh at 

parasympathetically innervated effector tissues, such as smooth muscle contraction, 

glandular secretion and modulation of cardiac rate and force. Central mAChRs are 

involved in vegetative, sensory and motor functions. They are important in emotional 

responses, stress modulation, attention, rapid eye movement (REM) and higher 

cognitive processes such as memory and learning. mAChRs are involved in the 

aetiology of diseases such as Parkinsons disease, Alzheimers, asthma, and disorders of 

cardiac and bladder function, therefore mAChRs are potential targets for therapy of 

these diseases (Hulme et a l, 1990; Caulfield, 1993).

1.2 Muscarinic acetylcholine receptor subtypes.

The first evidence for the existence of subtypes of mAChRs came from 

pharmacological and binding studies. A major contribution to the distinction of 

mAChR subtypes was provided by the use of the antagonist pirenzepine (Hammer et 

al, 1980; Brown et al., 1980). Pirenzepine had 100-fold lower affinity for cardiac 

mAChRs than for mAChRs in certain brain regions (Hammer et al., 1980). Further 

pharmacological characterisation of mAChRs defined five subtypes which were 

referred to as M1-M5 . Eventually, five molecularly distinct mammalian muscarinic 

receptor genes were identified by molecular cloning studies. These molecularly 

distinct subtypes were termed ml-m5. Further characterisation has now merged the 

pharmacological and molecular characterisations, and mAChRs are now termed Mi- 

M5 (Caulfield and Birdsall, 1998).
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The Mi, M3 , and M5 subtypes couple to pertussis toxin-insensitive G-proteins 

of the Gq/n class (Peralta et al., 1987; Peralta et al, 1988; Bonner et a l, 1987; Wess 

et al., 1989), which leads to phosphoinositide breakdown and calcium mobilisation. 

The Mi subtype can also inhibit the inwardly rectifying potassium channel (IRK1), 

and is clearly somewhat promiscuous (Jones, 1996). The M2  and M4  subtypes couple 

preferentially to pertussis toxin-sensitive G-proteins of the Gj and G0 subclass (Peralta 

et al, 1988), mediating the inhibition of adenylyl cyclase, inhibition of voltage-gated 

sensitive calcium currents and activation of inwardly rectifying potassium channels 

(Szabo and Otero, 1990; Kubo et al., 1993), and the M2 subtype can also stimulate 

PLB~p2 (Katz et al., 1992). Both Mi and M2 receptors are capable of activating the 

mitogen-activated protein kinase (MAPK) pathway, in part through the actions of the 

py subunit of the G-protein.

The chromosomal locations of the human subtypes of the M1-M5 mAChRs are 

11, 7q35-36, lq43-44, 1 lp 12-11.2 and 15q26 respectively and the mAChRs have 460, 

466, 590, 479 and 536 amino acids respectively (Alexander and Peters, 1997). For the 

sequence alignment of the M1-M5 mAChRs see appendix 1.

1.3 Localisation o f muscarinic receptors.

Distribution of specific mAChR subtypes has been difficult to determine by 

the use of tritiated ligands as the majority of mAChR ligands are not adequately 

subtype specific or selective. Therefore the distribution of specific mAChR subtypes 

has been examined mainly by Northern blot analysis and in situ hybridisation.

The different subtypes have different distributions in the brain. Mi receptor 

mRNA and receptor immunoreactivity have been detected predominantly in the 

cerebral cortex, hippocampus, thalamus, striatum, and in smaller amounts in the brain 

stem and cerebellum. M2 receptor mRNA is expressed in smaller amounts in the 

hippocampus, cerebral cortex, striatum and thalamus, but is the predominant subtype 

in the brain stem and cerebellum. M3 mRNA is predominantly found in the forebrain, 

and is also found in thalamic and brain stem nuclei. M4 mRNA expression has been 

identified in the cortex, thalamus, striatum and hippocampus. The localisation of M4  

receptor subtype in the brain was difficult to determine due to the lack of direct 

labelling techniques. However, more recently a novel strategy of combining kinetic
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and equilibrium binding data have allowed the selective labelling of M4 mAChR in 

transfected cell lines and in the brain (Ferrari-Dileo et al, 1994).

The localisation of the M5 receptor has been very difficult due to the lack of 

M5 specific ligands or antibodies. In an initial study M5 mRNA was not observed in 

the brain or selected peripheral tissues, leading to questions of its abundance or if it 

had a quite different distribution pattern to the other M1-M4 subtypes (Bonner et al., 

1988). The development of an Ms-selective labelling strategy allowed the 

visualisation of the anatomical distribution of M5 receptor protein. The M5 receptor 

was found to have a distinct pattern of expression; the outer layers of the cortex, 

specific regions of the hippocampus, caudate putamen, olfactory tubercle and the 

nucleus accumbens (Reever et a l , 1997).

In the periphery, Mi and M3 proteins have been found in the exocrine glands, 

and the Mi subtype is the predominant form in the vas deferens. M2 receptor protein 

has been identified as the predominant subtype in the heart. These mAChRs are 

responsible for the ACh-induced slowing of heart rate and reduction in cardiac 

contractility. M2 and M3 receptor mRNAs have been demonstrated in the smooth 

muscle of the large and small intestine, trachea, and the urinary bladder (Maeda et al, 

1988; Dorje et a l, 1991).

1.4 Conserved features characteristic ofGPCRs.

Members of the GPCR superfamily share certain general structural features. 

The majority of GPCRs have between 400- 500 amino acids. They are predicted to 

have seven membrane spanning domains, intracellular and extracellular loops, a 

conserved disulphide bond and mediate their effects by coupling to G-proteins. These 

conserved features are depicted in Figure 1, which is a schematic diagram of the rat 

Mi mAChR.

1.4.1 Transmembrane domains

Primary structure alignment and hydropathicity analysis of GPCRs have 

defined seven highly conserved hydrophobic sequences which are believed to 

correspond to transmembrane (TM) regions. These putative TM regions consist of 

about 20-25 hydrophobic amino acids. The techniques of hydropathicity and sequence
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Figure 1

The rat Mi mAChR,

The family of GPCRs have certain conserved features, these are depicted here in a 

model of the rat Mi mAChR. The mAChR consists of seven transmembrane (TM) 

regions, which are linked by alternating intracellular and extracellular loops. It has a 

conserved disulphide bond which links the top of TM IE with the second extracellular 

loop, an extracellular amino-terminal domain and a cytoplasmic carboxy terminus. 

The conserved Asp residue in TM El which anchors the acetylcholine head-group is 

indicated in blue. The residues in TM V which have been studied in this project are 

indicated in red.
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alignment have been relied on to provide information about GPCR structure because 

purification and crystallisation of GPCRs is very difficult as they are integral 

membrane proteins, and present at very low levels. The Mi mAChR in rat cortex 

membranes accounts for only ~ 0.005 % of membrane protein.

The early low-resolution 3D structure of bovine rhodopsin (Unger and 

Schertler, 1995) and the projection structures of bovine and frog rhodopsin (Schertler 

et al., 1993; Schertler and Hargrave, 1995), confirmed the positions of three of the 

helices and were consistent with the hypothesis that the protein fold of GPCR is a 7 

transmembrane helical bundle, but the resolution was too low to resolve all of the 

helices. A more recent 3D structure of frog rhodopsin has resolved all of the helices, 

and possibly part of the carboxy terminus, and allowed calculations of the tilt angles 

of the helices (Unger et al, 1997). The map confirmed the positions of the three 

previously identified helices, and also resolved the more tilted helices I, n, HI and IV. 

The least tilted helix was TM IV, and the most tilted TM HI. The overall arrangement 

indicated that the helices were closely packed towards the intracellular side, and that 

helices II and HI separated helices VI and VII from helix IV (Unger et al., 1997).

The hydrophobic transmembrane regions which are thought to be a-helical are 

termed TM I-VII, and are connected by alternating intracellular (il-i3) and 

extracellular loops which have a more hydrophilic character. The topography of the P- 

adrenergic receptor (p-AR) was defined by preparing antibodies against 11 peptides 

corresponding to each of the hydrophilic sequences of the receptor which were then 

visualised by indirect immunofluorescence, establishing seven membrane spanning 

regions (Wang et al., 1989). The topography of the TM regions and the 

interconnecting loops of rhodopsin was confirmed by insertional mutagenesis of a c- 

myc-derived epitope tag into predicted loop regions of the receptor whose intracellular 

or extracellular localisation was validated by immunocytochemistry (Borjigin and 

Nathans, 1994).

It is believed that the primary arrangement of the transmembrane helices is 

very similar in all GPCRs of the rhodopsin family. The helices are arranged in a 

clockwise manner when viewed from the intracellular side. TM helices n, IV, V, VI 

and VII are predicted to be arranged around TM IE whilst TM I is more exposed 

(Baldwin, 1993). A more detailed model involving the analysis of nearly 500
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Figure 2

The predicted arrangement of the TM regions.

The predicted arrangement of the TM regions. TM HI is predicted to be surrounded by 

TMs IV,V,VI and VII. The residues in TM V that have been investigated in this study 

are identified.
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sequences of GPCRs indicates that helices m, V and VI protrude more into the 

aqueous phase on the intracellular side of the membrane than the other TM 

regions(Baldwin et al, 1997). Construction of a series of M2/M5 mAChR hybrids 

strongly suggested that interactions between TM I and TM VII are required for proper 

protein folding and that the helices are located in close proximity (Pittel and Wess, 

1994; Liu et al, 1995). Investigation of the arrangement of the helices in the 

adrenergic receptors indicated that TM I, n, HI, and VI surrounded TM VII, in the 

same orientation as in bacteriorhodopsin (Mizobe et al, 1996).

Model construction suggests that the seven TM helices are packed closely 

together and define a central narrow binding cleft (Trump-Kallmeyer et al, 1992; 

Baldwin, 1993). The binding site for small ligands such as acetylcholine and 

adrenaline (an endogenous agonist of the P-AR) is in the membrane embedded part of 

the protein, whilst the binding site for larger ligands such as neurokinin peptide 

agonists involves residues within the extracellular regions as well as the 

transmembrane regions, as peptide agonists range from 3- 40 aa residues (Fong and 

Strader, 1994). However, non-peptide antagonists that bind to peptide receptors bind 

mainly within the transmembrane region (Strader et al, 1995).

1.4.2 Intracellular loops.

The intracellular loops display little sequence homology. The length of the 

loops varies between receptor subtypes. The mAChRs have a characteristically large 

i3 loop, between 157-240 aa depending upon the subtype (Wess, 1993). Nuclear 

magnetic resonance and circular dichroism studies with peptides derived from the 

specific regions of the p-AR have provided evidence that the extreme Ci3 domain and 

the membrane proximal region of the Ci4 domain are probably a-helically arranged, 

and the N terminal region was found to be highly flexible (Jung et a l, 1995; Jung et 

al, 1996). The biophysical approach of site-directed spin labelling (SDSL) suggested 

that the i3 loop of bovine rhodopsin is mainly a-helical, forming regular extensions of 

TM V and TM VI by 1.5 and 3 turns respectively (Altenbach et a l, 1996).

1.4.3 Disulphide bond.

Two conserved extracellular cysteine residues exist, which form a disulphide 

bond linking the top of TM HI with the second extracellular loop in rhodopsin (Kamik
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and Khorana, 1990), the (32-AR (Dixon et al, 1987) and the mAChR (Curtis et al, 

1989; Kurtenbach et a l, 1990; Hulme et al, 1993). This bond appears to be important 

for stable folding of the receptor, and for maintenance of the ligand binding pocket 

(Dixon et a l, 1987; Kurtenbach et a l, 1990; Hulme et a l, 1993). In rhodopsin the 

conserved disulphide bond is important in maintaining the stability of the active 

photointermediate metarhodopsin II and its coupling to transducin activation 

(Davidson et al, 1994).

1.4.4 Glycosylation sites.

The receptors have an extracellular amino-terminal domain which usually has 

one or more glycosylation sites, although the role of this glycosylation is not always 

clear. These glycosylation sites do not seem to be essential for receptor expression or 

ligand binding in the Mi mAChR (Shapiro and Nathanson, 1989) and in the M2 

mAChR (van Koppen and Nathanson, 1990). Bovine rhodopsin is N-glycosylated at 

Asn2 and Asn15. Glycosylation of rhodopsin is not required for folding, assembly or 

transport of the opsin, but Asn15 is necessary for full activation in signal transduction. 

Thus, glycosylation is not required for the correct ground state, but is required for the 

active state (Kaushal eta l, 1994).

The GPCRs have a carboxy terminus (Wess, 1993a), which has been 

confirmed to be intracellular in the Mi mAChR, by visualisation of an antibody 

directed at C-terminus sequences in permeabilised COS-7 cells (Lu et a l, 1997).

1.4.5 The Asp, Arg, Tyr triad.

The rhodopsin-like GPCRs have a conserved triplet of amino acids (Asp, Arg 

and Tyr) at the cytoplasmic interface of TM IE and the i2 loop. The TM IE and i2 loop 

interface including the triad of residues, has been indicated to be a-helically arranged 

by SDSL studies of rhodopsin (Farabakhsh et al, 1995). The Arg residue which is 

fully conserved is essential for PI signalling in the Mi mAChR, but not important for 

receptor expression (Jones et al, 1995). The Asp and Tyr which are highly conserved 

do not appear to directly affect receptor signalling, but they make intramolecular 

contacts which are involved in efficient receptor folding (Jones et a l, 1995; Lu et al, 

1997).
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1.4.6 G-protein coupling domains.

G-proteins bind to the intracellular surface of GPCRs. As many GPCRs exist, 

and there are many closely related G-protein forms within the cell, the structural 

elements which regulate G-protein selectivity are essential for accurate signal 

transduction. Early identification of G-protein coupling domains involved 

construction of chimeras of Mi and M2 mAChR. In the study of Kubo et a l, 1988 

different Mi and M2  mAChR chimeras were produced and expressed in Xenopus 

oocytes. A cytoplasmic region between predicted TMs V and VI was determined to be 

important for selective coupling, but disruption of it did not significantly affect the 

antagonist binding properties of the receptors (Kubo et a l, 1988). Construction of 

other chimeras and analysis of effects on the selectivity and specificity of the 

functional response have also demonstrated the involvement of the i3 loop (Wess et 

al, 1989; Lechleiter et a l, 1990).

These G-protein coupling regions have also been investigated with short 

synthetic peptides directed at specific sequences. Construction of synthetic peptides 

directed at different regions of the rhodopsin sequence and determining the ability of a 

specific peptide to compete with metarhodopsin II binding to the G-protein Gt 

identified the second and third cytoplasmic loops and a putative fourth cytoplasmic 

loop as sites for interaction of rhodopsin and its G-protein (Konig et a l, 1989). A 

similar study using synthetic peptides specifically directed at the p-AR identified the 

same regions, (i2, i3 and i4 loops) as contact sites for coupling of the P-AR and the Gs 

G-protein (Munch etal., 1991).

Mi mAChRs and Pi-AR receptors couple to Gq and Gs respectively. 

Construction of chimeras of these receptors replacing the i3 loop resulted in receptors 

that could not distinguish between the targets of the parent receptors, but substitution 

of the i2 loop on its own had little effect. However, additional replacement of the Mi 

mAChR i3 loop and the i2 loop with those of the pi-AR resulted in specific activation 

of Gs (Wong et a l, 1990). In further studies, the receptor chimera of Mi sequence 

with the Pi-AR i3 loop was able to activate Gi, G0, Gz, Gq and Gs G-proteins with 

similar efficiencies, however this promiscuity could be suppressed by replacement of 

the i2 loop (Wong and Ross, 1994). Construction of a chimeric p2/a-AR also
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demonstrated that the i3 loop was an important domain for receptor-G-protein 

coupling (Cotecchia et al., 1990).

The termini of the i3 loop, (Ni3 and Ci3, adjacent to TM V and TM VI 

respectively) are the regions that are most influential in defining subtype specificity 

for distinct G-proteins, and most of the central part of this loop can be deleted without 

affecting the coupling of G-proteins to the mAChRs (Shapiro and Nathanson, 1989; 

Maeda et al., 1990; Lameh et al., 1992) and to the p2-AR (O’Dowd et al., 1988; 

Strader et al., 1989). The residues in the termini of the i3 loop of the M3 and the M5 

mAChRs appear to form amphiphathic a-helices extending from the transmembrane 

domain, and functionally critical residues of Ni3 and Ci3 are in close proximity 

defining a G-protein coupling domain (Bliiml et al., 1994c; Burstein et al., 1995; Hill- 

Eubank et al., 1996).

The Ni3 terminal is rich in basic and acidic residues. Mutation of the basic 

residues did not significantly impair Gs mediated P2-AR activity, however mutation of 

specific non-charged residues at the beginning of the i3 loop in the Mi (Moro et al., 

1993; Hogger et al., 1995) and the M3 receptor (Bliiml et al., 1994a; Bliiml et al., 

1994b) severely affected the functional response.

Further characterisation of this region in the M3 mAChR identified a quartet of 

amino acids (Arg252, He253, Tyr2 5 4  and Lys255) at the beginning of the Ni3 domain 

which are important for PI hydrolysis (see Figure 3) (Bliiml et al., 1994a). 

Replacement of Tyr2 5 4  with Ala abolished PI coupling, but replacement by another 

aromatic residue (Phe or Trp) resulted in PI coupling similar to WT (Bliiml et al., 

1994b). Insertion of a Tyr residue into the homologous position in the Gi coupled M2 

receptor did not result in PI hydrolysis, and it was concluded that regions other than 

the i3 loop were also critical for mAChR/G-protein coupling (Bliiml et al., 1994b). 

The i2 loop had previously been suggested to be involved in G-protein coupling in the 

P2 -AR (O’Dowd et al., 1992.) and in the Mi mAChR (Moro et al., 1993).

Construction of M3/M2 chimeras identified 4 aa in the i2 loop (Ser168, Arg171, 

Arg176, Arg183) which are conserved in Mi, M3 and M5 receptors and 4 aa in the i3 

loop (Ala488, Ala489, Leu492, Ser493) which are essential for efficient Gq activation. It 

was concluded that these regions form a critical G-protein recognition region that 

discriminates between G-proteins (Blin et al., 1995).
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Figure 3

Critical regions for mAChR/G-protein coupling.

a) The quartet of amino acids at the Ni3 domain of the i3 loop that are important for 

M3 coupling and PI hydrolysis, are shown in green. These four residues are 

conserved in the Mi, M3 and M5 mAChRs. Residues shown in red are found in all 

of the mAChR subtypes (M1-M5 ).

b) The four amino acids that are found in the M2 and M4  receptors that are important 

in G-protein coupling are shown in blue.

c) Residues that are important in the i2 loop for G-protein coupling are identified, and 

the residues in the i3 loop are shown in green.
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The majority of investigations of G-protein coupling domains have centred on 

receptors of the rhodopsin/p-adrenergic family. The parathyroid hormone (PTH)/PTH- 

related peptide is member of the PTH/secretin family of GPCR, and does not share 

any sequence homology with the intracellular loop regions of the 

rhodopsin/adrenergic receptors. However, tandem alanine-scanning mutagenesis has 

identified that the Ni3 terminus is essential for its coupling to adenylyl cyclase and 

phospholipase-C activation (Huang etal., 1996).

Thus, the regions that have been identified as being important for G-protein 

interactions include the intracellular end of TM IE, and the N and C terminal 

sequences of the i3 loop, and the i2 loop, but proper selectivity is dependent on the 

correct combination of domains.

1.5 G-proteins

Heterotrimeric G-proteins are members of a larger family of proteins which 

bind and hydrolyse GTP, and are capable of alternating between on and off states, 

dependent on the binding and subsequent hydrolysis of GTP. Other members of this 

family include the elongation factor Ef-Tu, which is involved in protein synthesis and 

small monomeric GTPases such as ras and rho which are involved in signalling via 

receptor tyrosine kinases, and larger cytoskeleton-associated proteins such as 

dynamin. For the rest of this text the term G-protein refers to heterotrimeric-G 

proteins.

The G-protein heterotrimer is composed of an a, p and y subunit, which are 

associated with the plasma membrane. To date 20 different Ga subunits, 6  Gp and 12 

GY subunits have been identified (Hamm, 1998).

1.5.1 The Ga Subunit.

The Ga subunits have molecular masses of 39-49 kDa and display 45-80 % 

amino acid similarity (Hepler and Gilman, 1992). Different Ga subunits undergo 

different postranslational modifications. Most Ga subunits are palmitoylated, God and 

Gao are myristoylated. These modifications are thought to stabilise their interaction 

with the Gpy subunit and appear to aid in their attachment to the membrane (Wall et 

al, 1995).
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The interaction of the G-protein and receptors involves the COOH terminus of 

the G-protein G« subunit (Conklin et al, 1993; Conklin and Bourne, 1993; Neer,

1995). The last seven amino acids of the Ga subunit appear to be the most critical 

(Martin et al, 1996). A 4 aa epitope on the M2 mAChR specifically recognises the C- 

terminal 5 aa of the Ga subunit of G-proteins of the Gi/ 0  family (Liu et a l, 1995).

The Gat protein consists of two domains, a ras p21 like domain, which is 

termed the GTPase domain, and an additional a-helical domain (Noel et al, 1993, 

Lambright et al., 1994; Sondek et al, 1996). The GTPase domain consists of five a- 

helices surrounding a six-stranded P sheet. Contained in this region is the GTP 

binding consensus sequence, a phosphate binding loop, a Mg binding region, and the 

guanine ring binding residues.

The Ga subunits of heterotrimeric G-proteins have four additional inserts of 

sequence when compared to ras p21. The first and largest of these inserts (~ 120 aa) 

forms an independent helical domain attached to the GTPase domain by two flexible 

linker loops (LI and L2). These two domains surround a deep cleft in which the 

guanine nucleotide is firmly bound. The 2nd insert (15 aa) participates in the GTP- 

dependent switch and the 4th insert ( 8  aa) is involved in effector activation. The role of 

the 3rd insert is unknown (Noel et al, 1993; Lambright et a l, 1994).

1.5.2 Ga effectors.

The Ga subunits are divided into four major subfamilies according to amino 

acid sequence relationships. The Gs, family which includes Gs and G0if mediate the 

stimulation of adenylyl cyclase and the closing of Ca2+ channels. The Gj family 

includes Gj, Gt, G0 and Ggust. G* is generally involved in the inhibition of adenylyl 

cyclase and the opening of K+ channels. The Gq family includes the G-proteins Gq, 

Gn, G14 G15 and Gi6 , which predominantly couple to PI turnover via PLC-p. The 

physiological functions of the Gi2 subfamily (Gi2 and Gn) identified by Strathman 

and Simon, (Strathman and Simon, 1991) are not fully understood, however they are 

insensitive to pertussis toxin. Gaz and Gai2 are phosphorylated by protein kinase C 

(PKC), but Gai3 is not, and it is thought that PKC regulates G«i2 and Gaz signalling 

pathways by preventing their association with GpY (Kozasa and Gilman, 1996).
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1.5.3 The Gpy complex.

The Gp and GY subunits have molecular masses of 37 kDa and 6-9 kDa 

respectively (Hepler and Gilman, 1992). The Gp subunits are members of the Trp-Asp 

(WD) repeat protein family. These WD repeat proteins are made up of highly 

conserved repeating units, characterised by a conserved core of amino acids usually 

bounded by Gly-His (GH) and Trp-Asp (WD) (Neer et al, 1994; Neer and Smith,

1996). The repeating units form a circular propeller like structure with seven blades, 

each consisting of four (3 strands (Wall et al., 1995; Sondek et al., 1996; Lambright et 

a l , 1996).

The Gy subunits are about 75 amino acids long, and much more heterogenous 

than Gp subunits (Clapham and Neer, 1993). The Gy subunits all undergo 

posttranslational modifications. They can be myristoylated and prenylated, and also 

methylated at the COOH terminus. Many Gy subunits are isoprenylated at a COOH 

terminal Cys residue. This isoprenylation can be famesylation or geranylgeranylation 

depending on the residues next to the Cys (Neer, 1995).

The Gp and GY subunits are noncovalently but tightly associated as a dimer, 

and only dissociate under denaturing conditions. The GY subunit interacts with the Gp 

subunit through a N-terminal coiled coil. There is selectivity in GpY interactions as 

certain Gp subunits will only interact with certain GY subunits, for example the Gy2 

subunit can form dimers with Gpi and Gp2 , but Gyi only forms dimers with Gp2 

(Spring and Neer, 1994).

The GpY subunits appear to interact with the amino terminus of the Ga subunit 

(Neer, 1995). A direct association has been demonstrated between the Gao subunit and 

the Gy subunit in its prenylated form (Rahmatullah and Robishaw, 1994) and the N- 

terminal 15 aa of the GY subunit have been identified as a region that confers 

selectivity of the Ga and GY interaction (Rahmatullah et a l, 1995). The Ga and the GY 

subunits have been found to exhibit the greatest structural diversity, and this may be 

the basis for the specific interaction of G-protein subunits.

1.5.4 Gpr effectors.

Initially the Gpy complex was viewed just as a regulatory component, 

increasing the affinity of the Ga subunit for the receptor. However, recently the GpY
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subunit has been implicated as acting independently of the Ga subunit on downstream 

targets as well. Some forms of adenylyl cyclase are regulated by GpY (Taussig et al, 

1993; Chen et a l, 1995). Interactions with K+ channels (Logothetis et a l, 1987; 

Reuveny et a l, 1994; Inanobe et al, 1995), and phospholipase Cp isoforms (Camps et 

al, 1992; Smrcka and Stemweis, 1993) have been reported and effector molecules 

include tyrosine kinases, Tsk and Btk (Langhans-Rajasekaran et a l, 1995) and the 

MAP kinase (MAPK) pathway, which in some situations is activated primarily 

through GpY and not Ga (Crespo et a l, 1994). The interaction of GpY subunits with the 

MAPK pathway indicates a convergence of the receptor tyrosine kinase and GPCR 

pathways of signal transduction which have traditionally been viewed as independent 

both functionally and mechanistically (Inglese et a l, 1995).

The GpY subunit has also been identified as interacting with G-protein coupled 

receptor kinases (GRKs), and therefore involved in desensitisation. These kinases 

exist as cytoplasmic proteins in unstimulated cells and regulate GPCR activation by 

phosphorylation (see section 1.7.3). Released GpY has been demonstrated to stimulate 

the phosphorylation of mAChRs (Haga and Haga, 1992) and can mediate the 

translocation of p-AR kinase (p-ARK) from the cytosol to the plasma membrane 

where the kinase phosphorylates activated receptors (Pitcher et al, 1992). 

Specifically, the GpY subunit interacts with a 125 amino acid domain at the carboxyl 

terminus of the P-ARK and other GRKs (Koch et al, 1993; Ingelese et al, 1993).

1.6 The G-protein activation cycle.

The textbook view of G-protein activation is a cycle in which the initial stage 

is binding of the ligand to its binding site on the receptor (see Figure 4). Upon ligand 

binding the receptor undergoes a conformational change, resulting in increased 

affinity for the G-protein, thus promoting G-protein/ receptor interaction. Nucleotide 

exchange occurs at the Ga subunit of the G-protein; in the presence of Mg2+, GDP 

dissociates and is replaced by GTP, and it is only the Ga subunit which can bind GTP. 

The exchange of GDP for GTP has two effects, the interaction between the G-protein 

and the receptor is diminished, the affinity of the receptor for the bound ligand 

decreases and it is released. Also, the activated Ga subunit has reduced affinity for the 

GpY complex and separates from it. The Ga subunit and the Gpy complex can then
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Figure 4

The G protein activation cycle.

The cartoon depicts the textbook receptor-G protein activation cycle. Briefly, agonist 

binding to the receptor causes a conformational change in the receptor, promoting 

interactions with the G protein. Nucleotide exchange occurs at the Ga subunit, GDP is 

exchanged with GTP allowing dissociation of the a  subunit from the py complex. The 

dissociated subunits are then free to interact with effectors. The Ga subunit has 

intrinsic GTPase activity which hydrolyses GTP to GDP. The Ga-GDP then 

recombines with the GpY complex to reform the heterotrimer, allowing the cycle to 

proceed again.
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interact with effectors. The G« subunit has intrinsic GTPase activity, which hydrolyses 

GTP to GDP releasing inorganic phosphate (Pi). The Ga - GDP then recombines with 

the GpY complex to reform the heterotrimer, which can then reassociate with its 

receptor and undergo a new cycle of signal transduction. This cyclic and complex 

nature of G-protein activation has advantages over more direct coupling pathways 

such as tyrosine kinases and ion-ligated channels, which are sensitivity, amplification 

and flexibility of response.

1.6.1 GTPase activating proteins.

This view of G-protein activation is acceptable for effectors which do not 

themselves have any GTPase-activating protein (GAP) activity. Deactivation of 

monomeric GTP binding proteins such as ras and rho is promoted by GTPase- 

activating proteins (GAPS). GAPs stimulate GTP hydrolysis and therefore accelerate 

deactivation by about 100-fold. Recent studies have provided evidence for GAPs of 

GPCRs. Activation of the photoreceptor transducin stimulates its effector enzyme 

cGMP phosphodiesterase, resulting in a decrease in cGMP levels and the closure of 

GMP-gated channels. Arshavsky and Bownds, (1992) demonstrated that the y subunit 

of cGMP phospodiesterase could regulate the hydrolysis of GTP in an analogous 

manner to that of GAPs for small GTP-binding proteins, and identified the first GAP 

for heterotrimeric G-proteins. Phospholipase C-p 1 has been identified as a specific 

GAP for G-proteins of the Gq/n family, thus it is an effector protein and a regulator 

(Berstein et a l, 1992). The complex of receptor, G-protein and effector remains intact 

throughout the cycle and the receptor and PLC-pl regulate the size of the PLC signal 

and the rates of its initiation and termination (Biddlecome et al., 1996).

1.6.2 RGS proteins.

Recently, a novel class of proteins that negatively regulate G-protein signalling 

(RGS proteins) have been identified, which are Ga GAPs (for reviews see Dohlman 

and Thomer, 1997; Berman and Gilman, 1998). They were initially identified in yeast, 

however to date 19 mammalian genes that contain the RGS core have been identified. 

This 120 aa core is flanked on both sides by highly variable arms to form a 25 kDa 

protein (Berman and Gilman, 1998). These proteins negatively regulate signalling via
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Gai and Goq-like G-proteins, by stimulating their GTPase activity and driving the G- 

protein into its inactive form. However, to date no RGS proteins or GAPs specific for 

Gas or Gai2  have been identified (Berman et al., 1996a; Berman et al., 1996b; Hepler 

et al., 1997). RGS4 and GAIP (Ga interacting protein) have been identified as strong 

accelerators of GTPase for G* (Berman et al., 1996a) and transducin (Nekrasova et al., 

1997). The GTPase activity of transducin can be regulated by at least two distinct 

mechanisms. One proceeds by the action of RGS proteins alone, another involves the 

cooperative action of the effector enzyme and another protein (Nekrasova et al., 

1997). A serine residue at position 202 of Gat is critical for the specificity of RGS 

proteins towards Gi and Gq (Natochin and Artemeyev, 1998).

1.7 Receptor regulation

Receptor activity can be regulated in a variety of ways. Agonist removal from 

the extracellular fluid by uptake or degradation, receptor endocytosis, receptor 

desensitisation which is rapid, and receptor down-regulation which is a loss of 

receptors from the cell after long term exposure to an agonist are all modes of receptor 

signalling attenuation.

1.7.1 Agonist removal from the extracellular fluid.

All agonists of GPCRs undergo diffusion and dilution within the extracellular 

fluid, reducing agonist levels, so attenuating the response in the target cells. Agonist 

uptake by transporters is one of the most common mechanisms for removal of 

agonists to prevent any further stimulation. The transporters that remove 

neurotransmitters are grouped into families depending on their structure and ion 

dependence. The cloned transporters have considerable structural similarity, twelve 

potential membrane spanning segments, five intracellular and six extracellular loops 

(Amara and Kuhar, 1993; Worrall and Williams, 1994). The transporters of the 

monoamines: dopamine, noradrenaline and serotonin are dependent on Na+ and Cl'.

Agonist degradation is another method of attenuating signalling. ACh released 

from nerve terminals is not taken up but is degraded by acetylcholinesterase, 

generating the inactive products acetate and choline.
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1.7.2 Receptor desensitisation.

The important function of receptor desensitisation is uncoupling of the agonist 

occupied receptor from its G-protein by receptor phosphorylation. This process occurs 

within seconds to minutes of receptor activation (Sibley et al., 1987; Lefkowitz, 

1993). Desensitisation of receptors is often accompanied by two independent 

processes, sequestration and down-regulation. Sequestration involves removal of the 

receptor to a cellular compartment away from the plasma membrane.

Two types of receptor desensitisation have been identified: homologous and 

heterologous desensitisation (Sibley et al, 1987; Chuang et al., 1996). Homologous 

desensitisation is mediated by agonist activation of the same receptor, whilst 

heterologous desensitisation is caused by activation of a different receptor. 

Phosphorylation in a homologous manner is mediated by serine / threonine protein 

kinases called the G-protein receptor kinases (GRKs) (see Figure 5). Heterologous 

desensitisation is mediated by second messenger dependent kinases protein kinase C 

(PKC) and protein kinase A (PKA).

1.7.3 G-protein receptor kinases.

One of the characteristic features of G-protein receptor kinases which makes 

them different from other kinases is that they only phosphorylate agonist-occupied 

receptors. Agonist occupancy triggers translocation of GRK molecules from the 

cytoplasm to the plasma membrane, where they phosphorylate the target GPCR. 

Phosphorylated receptors are then targetted by members of arrestin protein family. 

There are several subtypes of arrestins, for instance the P2 -AR is targetted by (3- 

arrestin (Goodman et al, 1996). Arrestin protein bound to a GRK-phosphorylated 

receptor prevents further G-protein coupling, thus reducing the quantity of functional 

intracellular receptor. However, arrestins do not have any enyzmatic activity of their 

own. Uncoupled receptors are subsequently removed from the plasma membrane into 

early endosomes, a process termed sequestration or internalisation (Premont et al, 

1995). Arrestins appear to act as adaptor proteins for receptor trafficking. Specifically, 

p-arrestin and arrestin-3 promote P2 -AR internalisation, by binding to clathrin, 

resulting in receptor localisation in clathrin-coated pits (Goodman et al., 1996; 

Ferguson et al., 1996; Gagnon et al., 1998). Internalization of the M2 mAChR may
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Figure 5.

Homologous and heterologous receptor regulation.

a) Homologous desensitisation: agonist occupancy of the GPCR triggers GRK 

translocation from the cytoplasm to the plasma membrane. Arrestins then target 

phosphorylated receptors.

b) Heterologous desensitisation is mediated by second messenger kinases; Protein 

Kinase C and Protein Kinase A.
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involve arrestin-dependent and arrestin independent processes (Pals-Rylaarsdam et al,

1997).

The GRK family has six members which are sub-grouped into three families, 

1) rhodopsin kinase or GRK1, 2) p-adrenergic kinase-1 (p-ARKl) or GRK2, and p- 

ARK2 or GRK3, 3) GRK4, GRK5 and GRK6  (Benovic et al, 1989; Lorenz et al, 

1991; Benovic et al, 1991; Premont et a l , 1995). These kinases differ in their tissue 

distribution, rhodopsin kinase is highly localised to the retina and pineal, whilst p- 

ARK1 is widely distributed (Lefkowitz, 1993). However, they share between 53-93 % 

sequence homology.

All of the kinases have a central kinase catalytic domain flanked by a 185- 

amino acid N-terminal domain thought to be involved in receptor substrate (activated 

receptor) recognition and a C-terminal region thought to be responsible for moving 

the kinase from the cytosol to the plasma membrane (Lefkowitz, 1993; Inglese et al,

1993). p-ARKl and p-ARK2 have an extended pleckstrin homology (PH) domain 

which has the same fold and topology as other PH domains, but has certain unique 

features including an extended C-terminal a-helix (Premont et al, 1995). The C- 

terminal regions of this domain interact with G-protein GpY subunits (Inglese et al, 

1993; Fushman et al, 1998). The C terminal region of the PH domain of P-ARK1/2 

has an altered polarity to other PH domains, due to extra positively charged residues 

in the extended region. It may be this positive cluster of residues that interacts with a 

highly negatively charged area on the Gpv subunit (Fushman et al, 1998).

The GRKs p-ARKl and p-ARK2 phosphorylate other GPCRs than the P2 -AR, 

including the Mi (Haga et al, 1996), M2 (Kwatra et al, 1989), M3 (DebBurman et al, 

1995) receptors the adrenergic a 2A and a 2B J(Kurose and Lefkowitz, 1994) the Pi-AR 

(Freedman et al, 1995), the Di dopamine receptor 2(Tiberi et a l , 1996), the NKi-R, 

(Kwatra et al, 1993) and the thrombin receptor (Ishii et a l, 1994).

Rhodopsin kinase phosphorylates rhodopsin and p-ARKl phosphorylates the 

p-AR on multiple residues located on the cytoplasmic C-terminal tail. Specific

1 The a 2A, <x 2b > and ot2C receptors are also referred to as a 2-C10, a 2-C2 and a 2-C4 respectively in this 
study. The C number denotes the chromosomal location of each receptor.
2 This paper refers to the D iA  dopamine receptor, which is now classified as the D] receptor, (IUPHAR  
Committee on Receptor Pharmacology and Drug Classification).
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rhodopsin phosphorylation sites by GRK1 have been identified as Ser3 3 8  and Ser343, 

these can also be phosphorylated by (3-ARK 1/2 and GRK 5 (Premont et al., 1995).

1.7.4 Second messenger kinases.

GPCRs can also be phosphorylated by second-messenger kinases. The (3-AR 

can be phosphorylated in a heterologous manner by PKA (Stadel et al., 1983; Nambi 

et al., 1985). Phosphorylation of the p-AR by PKA appears to operate by a feedback 

loop. Stimulation of adenylyl cyclase causes an increase in intracellular cAMP levels, 

and PKA is activated. Phosphorylation reduces the ability of the agonist occupied 

receptor to stimulate its G-protein.

PKC has been identified as participating in the desensitisation of the Mi 

mAChR, the vasopressin receptor and the angiotensin II receptor (Haga et al., 1996; 

Zhang et al., 1996; Opperman et al, 1996). Stimulation of PKC causes it to 

translocate from the cytosol to other locations including the plasma membrane 

(Monchly-Rosen, 1995). Homologous and heterologous desensitisation are not 

completely independent processes. Reports have indicated that PKA and PKC can 

mediate changes in the cellular activity and expression of GRK and arrestins (Chuang 

et al., 1996).

Most of the actions of the P2 -AR are mediated via Gs and via the cyclic-AMP 

dependent PKA system, however the P2 -AR can also activate Gj. It has recently been 

demonstrated that the P2 -AR can stimulate the MAP kinase pathway via Gipy subunits, 

in a pathway involving c-src and ras, but a requirement of the activation is that the 

receptor is phosphorylated by PKA. Thus, it has been demonstrated that a process that 

normally attenuates signalling, can also initiate a new signalling event by switching 

the coupling of the receptor from Gs to Gi (Daaka et al., 1997).

1.7.5 Receptor down regulation

Receptor-down regulation is characterised by a reduction in the total number 

of receptors within the cell, and is due to continued exposure to agonists (for hours or 

days). After very long exposure of the receptor to agonist, down-regulation has been 

shown to result in a reduction in the receptor mRNA of the p-AR (Hadcock et al., 

1989). It has been demonstrated in GPCRs including the Mi mAChR that early stages
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of receptor down-regulation are predominately due to protein degradation, whilst 

latter stages involve decreases in mRNA levels (Lee et al., 1994).

1.8 Ligand binding domains.

The ligand binding sites of GPCRs are of great interest for the development of 

novel therapeutics and structure-based drug design. Receptor mutagenesis has been 

used in attempts to locate agonist and antagonist binding sites in GPCRs. These 

mutational studies of ligand binding sites have indicated that residues which contact 

the ligand are clustered on particular faces of helices n, ID, V, VI and VII (Schwartz,

1994).

Early evidence to support a binding site defined by the transmembrane regions 

has been provided by deletion of each of the seven TM and combinations of two TM 

of the p-AR. These mutations produced a protein that was not correctly processed, 

therefore ligand binding properties could not be determined. However deletion of 

most of the intracellular and extracellular loops did not affect agonist binding 

properties (Dixon etal., 1987).

1.8.1 Ligand-headgroup interactions.

A conserved Asp residue has been identified in the second turn of TM HI in 

receptors for cationic amine neurotransmitters, which is almost always absent in all 

other receptors that do not bind biogenic amines. This residue in the Mi mAChR 

(Asp105) has been labelled by the alkylating antagonist analogue 

[3H]propylbenzilylcholine mustard aziridinium ([3H]PrBCM) (Curtis et al., 1989; 

Kurtenbach et al., 1990) and by the corresponding agonist analogue acetylcholine 

mustard (AChM) (Spalding et al., 1994) providing direct evidence for an interaction 

between Asp105 and the ligand headgroup. Mutation of this residue to Asn virtually 

abolished binding of the potent antagonist [3H]quinuclidinyl benzilate ([3H]QNB), 

and the functional response (Fraser et al., 1989).

The interaction of the Asp in mAChR agonist binding was further investigated 

by mutation of Asp105 to Glu (Mi) and Asp103 to Glu (M2). The mutation of Asp to 

Glu is a charge retaining-functionally conservative mutation, allowing a more 

thorough investigation of the involvement of Asp105 in agonist binding and receptor 

activation. The affinity of ACh was reduced by 19-fold at the Asp105Glu (Mi) mutant
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receptor and 100-fold at the Asp103Glu (M2 ) receptor. The functional response to ACh 

was reduced by mutation. The Asp105Glu mutant could elicit 8 6  % of the WT 

response, but potency was reduced 1000-fold (Page et a l, 1995). A key interaction 

between Asp1 0 5 /1 0 3  in TM in and the acetylcholine quaternary ammonium headgroup 

has been established, which appears to anchor the ligand.

Mutation of the analogous residue in the p-AR (Asp113) to glutamate and 

asparagine causes a 1 0 0  and 1 0 ,0 0 0 -fold decrease in agonist binding respectively 

(Strader et al., 1988; Strader et al, 1991). Similar effects have been reported in the a- 

AR (Wang et al, 1991), histamine H2 (Gantz et al, 1992) and histamine Hi (Ohta et 

al, 1994) receptors. It is now established that this conserved Asp residue plays a 

critical role in anchoring the headgroup of biogenic amine ligands and is required for 

efficient receptor activation and function.

1.8.2 Residues defining a ligand binding pocket.

In a classic study, conserved serine residues located in TM V of the p-AR, 

which are conserved in the catecholamine binding receptors were mutated to Ala, 

removing the hydroxyl chain, to analyse hydrogen-bonding interactions between the 

p-AR and adrenergic ligands. Mutation of Ser2 0 4  and Ser2 0 7 to Ala decreased agonist 

affinity (Strader et al, 1989). To test the hypothesis that these residues interacted 

specifically with the catechol group, the mutants were probed with a series of 

compounds that had the meta or the para-catechol hydroxyl group replaced, either 

individually or together. The rationale behind this approach was that if the decrease in 

agonist affinity observed by mutation of the Ser residues to Ala was due to the 

disruption of a hydrogen bond between the ligand and the mutant receptor, then the 

effect of the ligand on the binding properties of the receptor should be mimicked by 

structural alterations of the ligands which remove potential hydrogen-bonding 

moieties. This approach identified hydrogen-bonds between the hydroxyl side-chain 

of Ser2 0 4  and the meta-hydroxyl group of the ligand, and a second hydrogen bond 

between the side-chain of Ser and the /rara-hydroxyl group of the ligand (Strader et 

al, 1989).

The importance of these Ser residues has been investigated in other 

catecholamine receptors: dopamine Di and D2 (Pollock et a l, 1992; Mansour et al,
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1992; Cho et al, 1995; Woodward et al, 1996), in the a  -AR (Cavalli et al, 1996),
IB

the ocia-AR (Wetzel et a l, 1996), the histamine H2 receptor (Gantz et a l, 1992) and 

the histamine Hi receptor (Ohta et al, 1994) and it is evident that their role differs 

between different receptor types, but that residues in TM V contribute to a binding 

pocket for GPCR ligands. See chapter 3 for further discussion.

A similar study to the Strader (1989) study was performed on the M3 mAChR 

to investigate the hypothesis that a series of Ser, Thr and Tyr residues which are 

conserved in mAChRs but not other GPCRs may form hydrogen bonds with 

muscarinic agonists. Site-directed mutagenesis was used to remove the hydroxyl 

groups of these residues. Tyr residues were mutated to Phe, and Thr residues were 

mutated to Ala. Mutation of six of the residues investigated, Tyr148, Thr231, Thr234, 

Tyr506, Tyr5 2 9  and Tyr5 3 3  strongly reduced agonist binding, but had little or no effect on 

antagonist binding. These residues which are in the upper third of the transmembrane 

region are predicted to define a domain important for agonist binding (Wess et al, 

1991).

The binding domain of peptide receptors such as the neurokinin receptors 

(NKi, NK2, NK3) has been predicted to be mainly in the extramembranous regions of 

the receptor, due to the much larger size of peptides as compared to other ligands such 

as those of the biogenic amine family. A site-directed mutagenesis study of thirteen 

residues of the human neurokinin 2 (NK2) receptor which were identified as potential 

ligand-binding residues by molecular modelling and analysis of 1 0  neurokinin 

receptor sequences, identified four TM residues which were important for the binding 

of NKA to the NK2  receptor; (Gin109 TM m, His19 8 and lie2 0 2  TM V and Gly2 7 3  TM 

VII) (Bhogal et al., 1994).

1.8.3 A binding site model for the Mi mAChR.

A  binding site model of the Mi mAChR was generated by superimposing the 

TM helices of the Mi mAChR on bacteriorhodopsin (bR), a purple seven 

transmembrane protein found in Halobacterium halobium. Bacteriorhodopsin is not 

coupled to G-proteins but appears to have a similar protein fold to GPCRs, and has a 

relatively well determined structure. The hydrophobic faces of the TM regions were 

located on the outside interacting with the lipid bilayer, whilst the polar faces of the
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TM regions were located at the hydrophilic interior of the TM bundle. By 

superimposing a series of muscarinic agonists and calculating their combined Van der 

Waals volume a receptor excluded volume was generated which was used in 

combination with mutagenesis data to propose residues which might be involved in 

the ACh binding site. Residues proposed to be involved in this binding site were 

Asp1 05 (TM ID), Leu15 6 (TM IV), Thr192, Ala193, Ala196 (TM V), Trp378, Tyr381, Asn382, 

and Val3 8 5 (TM VI) (Nordvall and Hacksell, 1993). With the exception of Asp1 05 the 

specific interactions of these residues has not yet been determined.

1.9 Scanning mutagenesis

Strategies of mutagenesis employed to investigate GPCRs have frequently 

involved generation of point mutations of conserved residues. This approach can 

provide essential information about the role of individual residues, however more 

informative approaches can be employed. Scanning mutagenesis provides information 

about successive residues in a sequence of a receptor and is a tool that can be 

particularly informative when investigating residues within the predicted 

transmembrane domains of receptors.

1.9.1 Alanine scanning mutagenesis.

A classic alanine-scanning study was performed by Cunningham and Wells, 

(1989) to investigate the binding site of the human growth hormone receptor (hGhR). 

sixty two individual residues on three discontinuous segments were mutated to alanine 

to identify side-chains that were important for binding of human growth hormone to 

the hGhR. Alanine was chosen as a substitution residue because it lacks an amino acid 

side-chain beyond the (3-carbon. It avoids the introduction of steric hindrance or 

unwanted side-chain interactions, which can occur when amino acid residues with 

bulky side-chain or charged groups are introduced. Analysis of the effects of Ala- 

scanning are the simplest to interpret because introduction of an Ala residue removes 

atoms without introducing new ones that may create additional unfavourable or 

favourable reactions.

Analysis of mutational effects on proteins should always be a cautious process, 

and the possible effects of mutation of a single residue on the whole protein should be 

considered. This pioneering Ala-scanning study addressed the effects of mutation on
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Table 1.

Recent applications of alanine scanning mutagenesis.

Application

Scan of the globular domain of the insulin receptor. Williams et al., 1995

Investigation of Factor Vila, a serine protease in the 
coagulation pathway.

Dickinson et al., 
1996

Study of a domain of the human retinoic receptor to 
investigate residues involved in transcriptional activation.

Tate et al., 1996

The function of conserved residues in VL and VH 
domains of a Fab were investigated by Ala replacement.

Chatellier et al., 
1996

Characterisation of the epitopic structures of the 
neuropeptide Y.

Deng et al., 1996

To examine the function of amino acids in a hydrophobic 
segment of the yeast plasma membrane H+ ATPase.

Ambesi et al., 1996.

To determine residues important for ligand recognition 
and binding of the hormone to the human oestrogen 
receptor.

Ekena et al., 1996.

A tandem alanine scanning strategy was used to determine 
G-protein coupling domains of the parathyroid hormone 
related peptide receptor.

Huang et al., 1996.

Characterisation of the receptor binding determinants of 
granuolocyte colony stimulating factor.

Young etal., 1997

To determine residues on Gas and G«i2 which interact with 
adenylyl cyclase.

Grishina and Berlot, 
1997

To investigate the residues involved in the interaction of 
non-visual arrestins and clathrin.

Krupnik etal., 1997

To identify residues of a chemokine that interact with the 
chemokine receptors.

Pakianathan et al., 
1997
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the folding of the protein. The overall folding of the mutant receptors was 

indistinguishable from the WT receptor when determined with seven conformationally 

selective mAbs, and ultraviolet circular diochroism spectra determined for seven of 

the mutants were virtually identical to that of the WT (Cunningham and Wells, 1989). 

Usually, the effects of mutation of a single residue do not propagate beyond the first 

sphere of contacts, so the functional effects are a primary consequence of structural 

changes within the vicinity of the mutant, and due to disruption of a single side-chain 

interaction (Shortle, 1992). Ala-scanning has since been applied to many diverse 

systems; some of the recent applications of Ala-scanning are detailed in Table 1.

1.9.2 Cysteine scanning mutagenesis.

Cysteine has also been used as a replacement residue in mutagenesis studies. 

Cys is chosen as substitution residue as it contains a functional group, which can react 

specifically with sulphydryl reagents. Cys residues have a side-chain of intermediate 

bulk and are relatively hydrophobic. The introduction of Cys residues into the TM 

region introduces a new property into the receptor. Cys residues have a chemically 

reactive sulphydryl group which can react with alkylating affinity agents, and both 

specific and group specific reagents for SH groups are available. Sulphydryl reagents 

that have been used in Cys-scanning include methanethiosulphonate (MTS), and its 

derivatives; methanethiosulphonate ethylammonium (MTSEA),

methanethiosulphonate ethylsulphonate, (MTSES), methanethiosulphonate 

ethyltrimethylammonium (MTSET) (for structures see page 141), bromoacetylcholine 

(BrACh), iodoacetate and A-ethylmaleimide (NEM). Amino acid substitutions can 

cause rearrangements in the binding pocket without necessarily being directly 

involved in the site or in interactions with the ligand, therefore direct evidence of 

ligand contact is often required. Mutation of a residue to Cys, and reacting with a 

sulphydryl reagent can hopefully provide this evidence. For schematic diagram of 

Cys-scanning see Figure 6 .

Early experiments using sulphydryl reagents included labelling of the a-chain 

of the nicotinic receptor by specific alkylation (Damle et a l, 1978). Cys-scanning 

mutagenesis has been applied to the nAChR, by mutating consecutive residues in the 

ion channel, and probing using the small charged sulphydryl specific MTS reagents, 

which were synthesised for this purpose (Akabas et a l, 1992; Akabas et al, 1994;
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Figure 6.

Schematic diagram of Cysteine-scanning mutagenesis.

To study the ligand binding site of GPCRs Cys residues are introduced into the 

predicted TM regions by site-directed mutagenesis. After construction the receptors 

are characterised and the reversible binding properties and expression levels are 

compared to those of the WT receptor. To probe the binding site the Cys mutants are 

treated with sulphydryl reagents. After incubation with the sulphydryl reagent, the 

binding of a receptor-specific antagonist is determined. If the Cys residue is accessible 

in the binding site and reacts irreversibly with the sulphydryl reagent it will prevent or 

impede the binding of the antagonist.
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Stauffer and Karlin, 1994). These reagents were then used to investigate the GABAa 

receptor after sequentially mutating residues to Cys (Xu and Akabas, 1993). Cys- 

scanning has been applied to the lactose permease of E.coli to investigate putative 

transmembrane domains. Individual residues were replaced by Cys and then reacted 

with NEM a membrane permeable sulphydryl reagent (Sahin-Toth and Kaback, 1993; 

Frillingos, 1994).

Cys-scanning has also been used to investigate the binding site of the 

dopamine D2  receptor. Residues in transmembrane regions IE, V, VI and VII have 

been sequentially mutated to Cys and probed with MTS derivatives to identify 

residues that are in the binding site crevice (Javitch et al., 1994; Javitch et a l, 1995a; 

Javitch et a l, 1995b; Fu et al., 1996; Javitch et al., 1998). External residues in the 

serotonin receptor were mutated to Cys and probed with MTS reagents (Chen et al.,

1997). Structural features and light dependent changes of rhodopsin were investigated 

by introducing single cysteine residues into the protein which provided attachment 

sites for nitroxide spin labels (Altenbach et al., 1996). The alkylating agent 

chloroethylclonidine (CEC) has been used to probe Cys replacement mutants in TM V 

of the (X2A-AR to determine the orientation of the binding site (Marjamaki et al.,

1998). Most recently Cys-scanning has been used to investigate the alkali-ion binding 

site of the glutamate transporter, consecutive residues were mutated to Cys and 

reacted with MTS derivatives (Zarbiv et al., 1998).

The sulphydryl reagent iodoacetamide carboxymethylates sulphydryl groups. 

MTS and its derivatives react and form mixed disulphides with the cysteine 

sulphydryl group, (see chapter 5). These reagents have been used to probe ion 

channels and binding site crevices. They should react with sulphydryl groups at the 

water accessible surface, because they are highly polar and water soluble. BrACh 

reacts with sulphydryls by nucleophilic attack. It is an analogue of ACh which will 

react with nucleophiles which displace the bromide atom from the a-carbon of the 

acetyl group.

1.10 Aims o f this project.

At the outset of this project the anchor point for the headgroup of ACh binding 

to mAChRs and other ligands to their respective GPCRs was known, and it was 

strongly suggested from sequence analysis, model construction and mutagenesis
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studies that other residues within the predicted TM domains were involved in defining 

a ligand binding pocket for GPCRs.

Classical pharmacology and binding studies have demonstrated the importance 

of the acetylmethyl group of ACh, in receptor binding and activation. Removal of the 

terminal methyl group to give formylcholine (FCh) resulted in a 10-20-fold decrease 

in activity on guinea-pig and rabbit intestine (Barlow, 1964). In a more recent study, 

FCh had a 16-fold lower affinity than ACh for the wild-type receptor and only 

displayed low affinity binding sites, the high affinity component of binding being 

abolished. It could elicit 98% of the maximal response given by ACh at the WT 

receptor but was 145-fold less potent (Page et al., 1995).

The anchor point for the ACh headgroup is known, so comparable information 

for the terminal methyl group would greatly assist modelling of the mAChR binding 

site. The aim of this project is to identify residues in the TM regions that form a 

binding pocket for this methyl group. Initially only the Mi subtype of mAChR is being 

studied as the functional response to activation of Mi receptors can be effectively 

measured using a phosphoinositide turnover assay.

ACh is a small ligand, approximately 8.5 A in length (Schulman et a l, 1983), 

thus a binding pocket for the methyl group is expected to be formed by TM residues 

that are 10-12 A away from the Asp in TM HI. Accordingly a series of successive 

residues in TM V (lie188- Ala196) of the Mi receptor, were mutated to Cys and Ala or 

Gly. Mutation to Ala is considered to be a non-disruptive change, as Ala has a small 

sidechain, is tolerated in hydrophobic and hydrophilic environments, and does not 

introduce additional functional groups (Ward et al., 1990). This region of TM V has 

not been previously studied systematically, only the two threonine residues having 

been picked out (Wess et al., 1991).

The strategy of site-directed mutagenesis has been of great benefit in 

expanding knowledge of GPCRs, but results can sometimes be difficult to interpret. 

For this reason a combined strategy of Cys-scanning mutagenesis and chemical 

modification was chosen in order to identify residues which contribute to the methyl 

binding pocket.

The sulphydryl agent of choice is BrACh, which is an alkylating agent and is a 

close analogue of ACh, in which a hydrogen in the terminal methyl group is replaced 

by bromine. It has the same head group as ACh and can therefore make the same ionic
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interactions and will be hopefully anchored in the same position as ACh. Indeed, 

BrACh acts as an agonist at the wild-type receptor and has similar affinity to that of 

ACh. The strategy was to determine the ability of BrACh to irreversibly inhibit the 

binding of the antagonist NMS to any of the Cys mutant receptors, following the 

strategy developed by Karlin and Javitch (Akabas et a l, 1992; Akabas et al., 1994; 

Stauffer and Karlin, 1994; Javitch et al., 1995a; Javitch et a l, 1995b; Fu et al., 1996; 

Javitch et al, 1998).

BrACh has been used successfully to investigate cysteine residues in the 

binding site of the nicotinic acetylcholine receptor, where it was used to label SH 

groups generated by reduction of a disulphide bond (Silman and Karlin, 1969). The 

combination of Cys-scanning with a receptor-specific probe, BrACh, represents a 

novel approach, and will hopefully provide information about the structure and 

orientation of TM V and help to locate the residues which contact the ACh methyl 

group. The Cys mutants have also been probed with the MTS derivatives used by 

Javitch in Cys-scanning of the D2 dopamine receptor, to identify any differences in 

blockade of NMS binding by the different sulphydryl reagents. However, the MTS 

reagents are not receptor-specific ligands. This will improve current models of the 

mAChR, and aid in the understanding of the conformational change in the receptor. 

Hopefully the approach can be extended to other domains of the receptor.

A second set of experiments have been used to back up the Cys-scanning 

approach. The binding of selected ACh analogues to the mutant receptors has been 

investigated in a complementary ligand / mutagenesis strategy, in a similar approach 

to the one adopted by Strader to investigate the involvement of Ser residues in the 

binding of agonists to the p-AR. Using a series of agonists and a series of mutated 

receptors will provide detailed information about agonist receptor interactions. The 

agonists chosen have included FCh which is ACh without the side-chain methyl 

group, carbachol (carbamoylcholine, CCh) in which the acetyl group of acetylcholine 

is replaced by a carbamyl group, and oxotremorine-M which is a potent agonist with a 

distinctive side-chain structure. The ability of ACh and other agonists to activate the 

receptors have been investigated using the PI turnover assay.
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Chapter 2. Materials and Methods.

2.1 Materials

The pCD expression vector containing the entire coding region of the rat Mi 

(rMi) mAChR was a gift from Dr. N.J. Buckley, formerly NIMR, London. The pCD 

expression vectors containing the mutant receptors: T189C, T192C, T192A, A193C, 

A193G, A195C, A196C and A196G were a gift from Dr. K.M. Page, formerly NIMR, 

London

Tissue culture reagents were from GIB CO Laboratories, COS-7 cells were 

from E.C.A.C.C.. (-)-N-[3H]methyl-scopolamine (85 Ci.mmol'1), [3H]-3-quinuclidinyl 

benzilate (51 Ci.mmol'1), myo-D-[3H]inositol (80 Ci.mmol'1) and Sequenase™ kits 

were from Amersham (UK). Oxotremorine-M and Bromoacetylcholine bromide were 

from RBI. MTS derivatives were obtained from Toronto Research Chemicals. 

Formylcholine chloride was synthesised in the laboratory by Dr. E.C. Hulme, its 

identity was checked by NMR spectroscopy and was dried to constant weight before 

use. Restriction endonucleases, DNA molecular markers and T4 ligase were 

purchased from Promega or Boehringer-Mannheim. Pfu DNA polymerase was 

purchased from Stratagene. Alkaline phosphatase-conjugated goat anti-rabbit IgG was 

from Promega. Qiagen DNA plasmid preparation kits were obtained from Qiagen 

Hybaid Ltd., and Jetsorb™ was obtained from AMS Biotechnology. GF/B filter paper 

was from Whatman or Semat and Liquiscint scintillation fluid was from National 

Diagnostics. All other reagents came from Sigma or Research Biochemicals.

2.2 Solutions and buffers

1 x SOB Add following to 950 ml H20

2 0  g bacto-typtone 

5 g bacto-yeast extract 

0.5 g NaCl

When dissolved add 10 ml 250 mM KC1. 

pH to 7.0 with NaOH, adjust volume to 1 L.
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1 x TE buffer

50 x TAE buffer

10 x TBE

Transformation buffer I

Transformation buffer II

Krebs bicarbonate buffer

10 mM Tris-HCl, pH 7.5

1 mM EDTA, pH 8

2 M Tris base

1 M glacial acetic acid 

50 mM EDTA pH 8.0

1 M Tris base 

1 M boric acid 

20 mM EDTA, pH 8.0

30 mM potassium acetate

100 mM RbCl2

1 0  mM CaCl2

50 mM MnCl2

15 % (v/v) glycerol, pH 5.8

10 mM (3-[N-Morpholino]propanesulphonic acid) 

(MOPS)

75 mM CaCl2 

10 mM RbCl2

15 % v/v glycerol, pH 6.5 (KOH)

120 mM NaCl

3.1 mMKCl

1.2 mM MgS04

2.6 mM CaCl2 

10 mM glucose

25 mM NaHC03, pH 7.4
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Figure 7.

The pCD/rMi expression vector.

The pCD expression vector contains an SV40 origin of replication, an SV40 

promotor, and an SV40 polyadenylation sequence. It carries an ampicillin resistance 

gene, and contains a pBR322 origin of replication. The coding sequence for the rat Mi 

mAChR is contained within the pCD/rMi expression vector.
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2.3 pCD expression vector.

The pCD expression vectors contain an Simian Virus (SV) 40 origin of 

replication, an SV40 promoter and an SV40 polyadenylation sequence, allowing high 

copy replication in mammalian cells which express the SV40 large T antigen. The 

pCD expression vector carries an ampicillin resistance gene as its selective marker 

and contains a pBR322 origin of replication, allowing propagation of the plasmid in 

E.Coli (Okayama and Berg, 1983).

The pCD expression and cloning vector was modified in our laboratory to 

form rMppCDD (Figure 7). Part of the 3’ untranslated region and the most 3’ Xmal 

site were removed, resulting in a unique Xmal site, so that the target region for 

mutagenesis is now flanked by unique Sacl and Xmal restriction sites. This SacUXmal 

fragment is 488 bp and contains TM II-V of the rat Mi muscarinic receptor.

2.4 Site-directed mutagenesis.

The TM V point mutations were introduced into rMj-pCDD by overlap 

extension using the polymerase chain reaction (PCR) (Ho et al., 1989), (see Figure 8 ). 

Two inner complementary oligonucleotides are required for each mutation, one sense 

(S) and one antisense (A) which are designed to be approximately 20 nucleotides in 

length, with the site of the mutation in the middle of the oligonucleotides. Two outer 

oligonucleotides are also required to generate the initial mutagenic fragments and for 

fusion and amplification of these fragments in the second round PCR reaction. These 

are designed to be approximately 50 base pairs 5’ and 3’ to the unique restriction sites 

and to contain no repeating sequences. The outer primers for mutagenesis of TM V 

mutants were termed OUTSAC and OUTXMA as they are outside of the Sacl and 

Xmal sites. All of the oligonucleotides were designed so that their melting temperature 

was in the range of 52-56°C, and so that as few base pairs as possible were altered 

when introducing a mutant amino acid. The following oligonucleotides were used to 

introduce the point mutations:

S 5'- CCCAACCCATCTGCACTTTTG -3' Ile,88Cys

A 3'- GTTGGGTAGACGTGAAAACC -5'
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S 5'- CCCAACCCATCGCCACTTTG -3' De188Ala

A 3' TGGGTAGCGGTGAAAACCGT -5'

S 5'- CCATCATCAGCTTTGGCACA -3’ 

A 3’- GGGTAGTAGTCGAAACCGTG -5’

Thr189Ser

S 5’- CATCACTTGTGGCACAGCC -3’

A 3’- TAGTGAACACCGTGTCGG -5’

Phe 90Cys

S 5'- CATCACTGCTGGCACAGCC -3’

A 3’- GTAGTGACGACCGTGTCGG -5'

Phe190 Ala

S 5’- CATCACTTTTTTGCCAGCC -3’

A 3’- GTAGTGAAAAAACGGTCGG -5’

Gly191Cys

S 5’- CATCACTTTTGCCACAGCC -3’

A 3'- GTAGTGAAAACGGTGTCGG -5’

Gly Ala

S 5 - GGCACAGCCTGTGCCGCC -3’

A 3- TGTCGGACACGGCGGAAGA -5'

Met19 Cys

S 5’- GCCATGGGCGCCTTCT -3’

A 3 - GTCGGTACCCGCGGAAGA -5'

Ala195Gly

5’- GACAGGCAACCTACTGG -3’ OUTSAC

5 - TCAGCCCCTGGCTGTG -3’ OUTXMA

PCR reactions were performed as follows: 250 ng template DNA, 1 pM of 

each primer, 200 pM dNTPs, ~ , x Pfu buffer, 5 % DMSO, and 2U of Pfu DNA 

polymerase to a final volume of 100 pi. The samples were overlaid with 100 pi of 

light mineral oil, and subjected to denaturation (4 min, 95 °C), followed by 20-25
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Figure 8.

Site directed mutagenesis by overlap extension.

The complementary mutagenic oligonucleotides are labelled b and c, the outer primers 

required for amplification are labelled a and d. The unique restriction sites Sacl and 

Xmal are identified. In separate PCR reactions 1) a + b and 2) c + d DNA fragments 

that have incorporated the mutation are generated. These first round PCR products are 

labelled A and B, and are fused in a second round PCR reaction using both outer 

primers to generate product AB. The product AB which now contains the desired 

mutation is digested using Sacl and Xmal restriction endonucleases and ligated into 

the original plasmid.

58



X m a  I

X m a  I



cycles of denaturation (1 min, 95 °C), annealing (2 min, 52 °C), and extension (1 min 

30 s., 72 °C), using a Biometra Trio-thermoblock DNA thermal cycler. Pfu DNA 

polymerase was used in preference to Taq DNA polymerase as it has higher fidelity 

and when compared to Taq in otherwise identical PCR reactions produced the same 

quantity of PCR product.

Products of the PCR reaction were separated for identification and purification 

by electrophoresis through a 1.5 % agarose gel, run in TAE buffer. Samples were 

extracted using Jetsorb™. The amplified PCR products were digested with Sacl and 

Xmal restriction endonucleases, and gel purified using Jetsorb™. The Sacl - Xmal 

region was digested from pCDD using the same restriction enzymes, and replaced 

with the DNA fragment containing the desired mutation by ligation. Ligations were 

performed overnight at 14 °C. Competent DH5a cells were transformed with the 

ligation mixture.

2.5 Preparation o f competent cells.

Competent DH5a cells were prepared by a modified version of the method of 

Hanahan (Hanahan, 1983). Treatment of bacterial cells with divalent cations aids in 

the attachment of DNA to the cells membrane and enhances their ability to take up 

plasmid DNA. Briefly, DH5a stock was streaked onto a L-agar plate and grown 

overnight. A single colony was selected and used to inoculate 100 ml of L-broth, 

which was grown until the OD5 5 0  reached 0.18. The culture was cooled on ice for 5 

min then spun at 4,000 rpm, 4 °C for 10 min. The pellet was gently resuspended in 

transformation buffer I. After cooling on ice for 10 min, the suspension was 

centrifuged at 4,000 rpm for 10 min. The pellet was gently resuspended in 

transformation buffer n. Aliquots (100 pi) were snap frozen on dry ice, then stored at - 

80 °C.

2.6 Transformation o f competent cells.

The ligation DNA was added to 100 pi of competent DH5a cells (thawed on 

ice), incubated on ice for 40 min, and given a heat-shock at 42 °C for exactly 2 min. 

500 pi of SOC medium (SOB medium with 1 % of 2 M glucose) (Sambrook et al, 

1989) was added to the cells before incubation at 37 °C for 30 min. 30 min is long
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enough to ensure expression of the ampicillin resistant gene. 200 jllI of the 

transformation solution was plated out onto L-agar plates containing 50 Jig.ml' 1 

ampicillin and incubated overnight at 37 °C. Single colonies were picked for 

subsequent analysis.

2.7 Sequencing o f mutants.

Small scale DNA preparations were grown in LB medium and made using 

Qiagen miniprep kits and the presence of the desired mutation was confirmed by 

dideoxy nucleoside sequencing (Sanger et al., 1977), using Sequenase™, (Appendix 2) 

Mutant receptors are named as (wildtype residue)(residue number)(mutant residue).

2.8 Preparation o f plasmid DNA.

Large scale preparations of the mutant and wild-type plasmids were made 

using a Qiagen Maxi preparation kit. Large scale cultures were grown in L broth, and 

amplified with chloramphenicol. The Qiagen procedure is a modified alkaline lysis 

procedure of bacteria (E.coli.), followed by binding of plasmid DNA to anion- 

exchange columns, in low salt and pH conditions. Undesired contaminants such as 

RNA, proteins and dyes are removed by a medium salt wash. Plasmid DNA is eluted 

in a high salt buffer. Plasmid DNA concentration was determined spectroscopically at 

^,=260 nm. At wavelength X=260 nm an absorbance of 1.0 corresponds to 50 |ig of 

double stranded DNA / ml. DNA purity was determined by the X= 260 / 280 nm ratio. 

A ratio of less than 1.8 indicates that the sample is contaminated with protein.

2.9 Cell culture

The wild-type and mutant receptors were expressed transiently in COS-7 cells 

(African Green Monkey kidney cells). COS-7 cells contain a portion of the SV40 

genome that encodes for viral replication. Thus, in combination with the pCDD 

expression vector which contains the SV40 promoter this allows the overproduction 

of the cDNA expressed protein.

Cell growth was maintained in a-minimal essential media (a-MEM), which 

was supplemented with 10 % heat inactivated new bom calf serum, (60 min, 56 °C), 

antibiotics: penicillin and streptomycin and 2 mM L-glutamine. Incubation took place
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at 37 °C, 5 % C0 2 in a humidified incubator. The cells were subcultured every 5-7 

days.

2.10 Transfection o f cells

COS-7 cells were grown in tissue culture flasks until almost confluent, washed 

twice with phosphate buffered saline (PBS), removed from the surface of the flask by 

addition of 1 - 2  ml of trypsin versene, taken up in warm supplemented media (as 

above) and spun at 2,000 rpm, 5 °C for 3 min (Heraeus Megafuge 1.0R). The cells 

were washed in ice cold a-MEM, then resuspended in 0.8 ml of a-MEM and added to 

a 0.4 cm gap cuvette which contained 10 |ig of DNA. The cells (4xl07 per cuvette) 

were electroporated using a BioRad Gene Pulser at 180 volts, 960 microfarads. Cells 

were left to recover at room temperature for 1 0  min, resuspended in warm 

supplemented media and plated into tissue culture dishes. Cells were grown for 72 h 

at 37 °C, 5 % C0 2 in a humidified incubator.

2.11 Membrane preparations

Tissue culture dishes containing transfected COS-7 cells were washed twice 

with PBS. 1 ml of harvesting buffer (20 mM HEPES, 10 mM EDTA, pH 7.5) was 

added to each dish before storage at 5 °C for 10 min. Cells were scraped from the 

surface of the dishes, homogenised in a glass on glass homogeniser and centrifuged at 

28,000 rpm (Beckman T30 rotor), 5 °C for 30 min. The supernatant was 

rehomogenised in storage buffer (20 mM HEPES, pH 7.5, 1 mM EDTA). Membranes 

were aliquoted, snap frozen on dry ice and stored at -70 °C prior to use. The protein 

concentration of the membranes was determined by the Lowry method (Lowry, 1951) 

following precipitation of the protein with 10 % trichloroacetic acid (TCA).

2.12 Binding assays

Before binding assays were performed membrane preparations were 

centrifuged and rehomogenised in binding buffer (either 0.1 M NaCl, 20 mM HEPES, 

1 mM MgCl2, pH 7.5 or 0.1 M NaCl, 20 mM EPPS, 1 mM MgCl2, pH 8.0) to a final 

concentration of 5-20 pg protein.ml'1. The choice of binding buffer was determined by
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the pH at which the assay was to be performed. HEPES has a buffering pH range of 

6.8-7.2, and a pKa of 7.5, whilst EPPS has a pH range of 7.3-8.7 and a pKa of 8.0.

Direct antagonist binding studies with (-)-N-[3H]methyl-scopolamine, 

([3H]NMS), were performed at pH 7.5 and pH 8.0, and direct antagonist binding 

studies with [3H]-3-quinuclidinyl benzilate ([3 H]QNB) were performed at pH 7.5. 

Competition binding studies with CCh, FCh, Oxo-M, pilocarpine and Merck 

compounds were performed at pH 7.5. Competition binding studies with ACh and 

BrACh were performed at pH 8.0, and all other investigations (time courses and block 

experiments) using BrACh, MTS derivatives or iodoacetamide were performed at pH 

8.0 .

In direct [3H]NMS binding assays 6  concentrations of [3H]NMS were used 

(10'" to 3 x 10' 9 M), in direct [3H]QNB binding assays 7 concentrations of [3H]QNB 

were used (3 x 10' 12 to 10' 9 M). For agonist competition experiments the 

concentration of [3H]NMS was fixed at 3 x 10' 10 M and agonist concentrations were in 

the range 3 x 10' 8 M to 10' 1 M. Non-specific binding was determined using 10' 6 M 

QNB or 106 M atropine.

The total assay volume of 1 ml was incubated at 30 °C for 180 min for direct 

binding with [3H]QNB and 60 min for direct binding assays with [3H]NMS. Agonist 

competition binding with ACh, CCh, Oxo-M, pilocarpine and Merck compounds were 

incubated for 60 min, competition binding assays with FCh were incubated for 30 

min, and all BrACh competition experiments were incubated for 15 min (see Figure 

25 results). After incubation, membranes were rapidly filtered using a Brandel cell 

harvester onto Whatman GF/B paper, which was pre-treated with 0.15 % 

polyethylenimine (to reduce the amount of non-specific [3H]NMS binding, Bruns et 

al, 1983). The filters were washed 3 times with ice-cold water, in a total time of 15 s. 

Radioactivity was determined by liquid scintillation counting, using a Wallac 1409 

counter. All binding assays were performed in quadruplicate unless otherwise stated.

In binding assays the total counts were typically in the range 1,500-2,500 dpm. 

In agonist binding assays the non-specific counts (as determined by the presence of 

atropine or QNB) were 3-10 % of the total counts. Taking the total and non-specific 

counts for twenty random agonist binding experiments non-specific counts were 5 ± 2 

% (n=2 0 ) of the total counts in dpm.
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2.13 Block experiments

Aliquots of membranes were spun and resuspended in EPPS binding buffer 

(pH 8.0) to 10 x final concentration. Samples were preincubated with selected 

concentrations of BrACh, MTS derivatives or iodacetamide and incubated at 30 °C 

for 10 or 15 min. Control samples of membranes with nothing added were treated in 

the same manner. Samples were immediately placed on ice, then diluted 10 x with ice- 

cold binding buffer. The amount of block of [3H]NMS was then determined, using a 

fixed concentration of [3H]NMS, 3 x 10"9 M unless otherwise stated and incubated at 

30 °C for 2 h. Non-specific binding was determined with 10' 6  M atropine. Samples 

were harvested and counted in the same manner as for other binding assays.

2.14 Phosphoinositide Turnover Assays.

Phosphoinositide turnover (PI) assays were performed according to a modified 

version of the method of Berridge et al., (1983). The assay involves growing COS-7 

cells which have been transfected with the receptor to be studied in the presence of 

myo-D-[3H]inositol. This is incorporated into inositol 4,5-bisphophate (PIP2) within 

the cell. Agonist stimulation of the cells causes Gq-mediated activation of 

phospholipase C-p, which causes PIP2 to be converted to the second messengers 

diacylglycerol and myo-inositol 1 ,4,5-trophosphate (IP3). IP3 is broken down to 

inositol monophosphates. Lithium is used in the assay to halt the inositol cycle, 

allowing the accumulation of [3H] labelled inositol monophosphates.

Near confluent COS-7 cells were transfected with WT and mutant receptors, 

seeded into 12 well plates and incubated at 37 °C, 5 % CO2 . After 24 h they were 

labelled with 1 pCi/ml myo-D-[3H]inositol. Seventy two hours after transfection the 

cells were washed with warm Krebs-bicarbonate solution, containing 10 mM LiCl and 

incubated for 30 min, after which they were stimulated by incubation with agonists for 

30 min, which was shown to be within the linear range of the assay (Jones et al., 

1995). Stimulation was terminated by removal of the agonist-containing medium and 

the addition of 0.5 ml of ice-cold 5 % perchloric acid for 20 min at 4 °C. 0.4 ml of the 

lysate was added to 0.1 ml of 10 mM EDTA, pH 8.0 and the acid neutralised by the 

addition of 0.5 ml 1:1 (v:v) tri-n-octylamine : 1,1,2 trichlorotrifluoroetane (freon). The 

samples were mixed, spun for 5 min at 3000 rpm, and 300 fil of the aqueous phase
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was added to Dowex AG 1X 8  columns (formate form, dry mesh size 100-200). The 

columns were washed with 10 ml water, 10 ml 25 mM NH4COOH, total [3 H]-inositol 

phosphates were eluted with 10 ml 1 M NH4COOH, 0.1 M HCOOH. 1 ml of the 

eluent was quantified by liquid scintillation counting. Columns were regenerated for 

further use by washing with 10 ml 2 M NH4COOH, 0.1 M HCOOH, followed by 2 

washes with 1 0  ml H2O.

2.15 Immunocytochemistry

Near confluent COS-7 cells were transfected with WT and TM V mutant 

receptor DNA and plated onto cover slips that had been pre-treated with 25 Jig/ml 

fibronectin for at least 2 h. After 3 days, the cells were washed three times with ice- 

cold PBS and fixed with ice-cold 4 % paraformaldehyde in PBS containing 0.05 % 

Triton X-100/Nonidet P-40 (1:1 v/v) for 5 min. After washing (with PBS) the cells 

were blocked with 5 % non-fat dry milk for 60 min at room temperature, washed, and 

incubated for 60 min at 37 °C with a 1:100 dilution of an immunity-purified rabbit 

anti-body raised against the carboxyl 13 amino acids of the Mi mAChR (which are 

identical in rat and human sequences). After washing, the cells were incubated with a 

1:5000 dilution of a goat anti-rabbit IgG/alkaline phosphatase conjugate. After further 

washing with Tris-buffered saline (to remove any phosphate), colour was developed 

by incubation with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphatase.
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2.16 Data Analysis

Data from binding experiments was analysed using SigmaPlot® version 3.0 for 

windows.

2.16.1 The one-site model o f binding.

Data from direct binding studies with [3H]NMS, [3H]QNB and from 

competition studies where the ligand bound to a homogenous population of binding 

sites were fitted to a one-site model of binding.

[AR] = K[A][R]; where K is the affinity constant governing the binding of the 

ligand to the receptor.

The concentration of free receptor [R] may be calculated from the equation :

A + R AR
where: R = receptor 

A = ligand

[Rt] = total receptor concentration 

K = affinity constant

[Rt] = [R] + [AR]

Rearrangement gives:

[Rt]

[R] = (1)

1 + K[A]

and hence:

[Rt]K[A]

[AR] (2)

1 + K[A]
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Data fitted to this model generates an affinity constant, K. During fitting, ligand 

concentrations and affinity constants were expressed in the form 1 0 log[A] or 1 0 logK 

respectively.

In direct binding experiments using [3H]NMS and [3H]QNB the analysis 

program used fitted non-specific and specific binding simultaneously, (described by 

Hulme and Birdsall, 1992). The program also took into account ligand depletion 

which was minimal (less than 2  %) in these experiments.

In inhibition assays the affinity of the receptor for the radiolabelled ligand 

([3H]NMS) has to be taken into account.

K* K

A + RL* <=> L* + R + A <=> RA + L*

Where: [L*] =radiolabelled ligand concentration

[A] = competing ligand concentration

[R] = receptor concentration

[Rt] = total receptor concentration

K* = affinity of receptor for L*

K = affinity of receptor for A

[RA] = K[A][R]

[RL*] = K*[L*][R]

[Rt] = [R] + [RA] + [RL*] 

[Rt]

[R] =------------------------------

1 + K*[L*] + K[A]

K*[L*][Rt]

[RL*] = -----------------------

1 + K*[L*] + K[A]

67



When [A] = 0, [RL*] becomes [RL*max]:

K*[L*][Rt]

[RL*max] =

1 + K*[L*]

In the presence of [A]

K*[L*][Rt]

1 +K*[L*]

[RL*]

K[A] K

1 + --------- Let K;app -

1 K* [L*] 1 + K*[L*]

[RL*max]

[RL*] =   (3)

1 + Kapp[A]

which has the same form as equation (1). [RL*max] is the specific binding in the 

absence of the competing ligand.

In fitting, this equation was expressed in the form: 

dp m  =  ( B to t  -  B ns) /  (1 +  io<lo* Kw +l°8[AB ) +  B NS

Values of total binding (B To t) , non-specific binding (B n s) and log Kapp were all 

determined by the data. The log affinity constants derived (log Kapp) were finally 

corrected for [3H]NMS affinity by the addition of the Cheng-Prusoff correction factor 

(Cheng and Prusoff, 1973):

Log K  = Log K app + Log (1 + K nm s[N M S])
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2.16.2 The two-site model o f binding

This model of binding was described by Birdsall et al, (1978). It generates 

two fractions of binding sites, one having high affinity the other having low affinity 

for the ligand.

FrH FrL

[RL*] = K*[L*][Rt] x ( ---------------------------  +  )

1 + K*[L*] + Kh[A] 1 + K*[L*] + Kl[A]

FrH and F ^  represent the fraction of high and low affinity sites and Kh and Kl 

represent the high and low affinity constants. The Cheng-Prusoff correction factor is 

applied to apparent affinity constants generated by the two-site model.

2.16.3 The ternary complex model.

- ARG

where: R Receptor

A Agonist

G G-protein

[Rt] = Total receptor concentration

[Gt] = Total effector concentration

In this model the agonist (A) can bind to the free receptor (R) with low affinity, (K), 

or to a receptor-G-protein complex (RG) with high affinity (KT). Only the agonist-
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receptor-G-protein ternary complex (ARG) is functionally active (De Lean et al., 

1980; Wreggett and De Lean, 1984).

The following equilibria exist:

[AR] = K[A][R]: where the agonist binds to free receptor to give an

agonist-receptor binary complex ([AR]). This is governed by the affinity constant, K.

[RG] = K g [R ][G ]; where [RG] represents the concentration of pre-coupled

receptor in the absence of agonist (basal activity); KG is the affinity constant 

describing the affinity of the free receptor for G-protein.

[ARG] = K*[RG][A]; where [ARG] is the equilibrium concentration of the

ternary complex (agonist-receptor-G-protein) and K* represents the high affinity 

constant for the binding of agonist to the receptor-G-protein complex.

[R] was determined from the conservation equations at equilibrium:

[Gt] = [G] + [RG] + [ARG]

= [G] + Kg[R][G] + K*Kg[A][R][G]

[Gt]

[G] = ------------------------------------

1+K g[R] + K*Kg[A][R]

[Rt] = [R] + [AR] + [RG] + [ARG]

[Rt] = [R] + K[A][R] + Kg[R][G] + K*Kg[A][R][G]

KG[R][Gt] K*KG[A][R][Gt]

[Rt] = [R] + K[A][R] + ---------------------------------- + ---------------------------------

1 + Kg[R] + K*KG[A][R] 1 + Kg[R] + K*Kg[A][R]
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Rearrangement gives:

[R]2(l + K[A])(Kg + K*Ko[A]) + [R] {1 + K[A] +

(G,-Rt)(Ko + K*Kg[A])}-R, = 0 

[R] can be expressed as a fraction of [RJ:

([R]/[Rt ] ) 2  (1 + K[A]) (Kg[RJ + K*Ko[RJ[A])

+ m / m )  { 1 + K[A] + ([Gt]/[Rt] -1)(Kg[RJ + K*Kg[RJ[A]) }-l = 0

This is a quadratic equation of the form : a[R] 2 + b[R] + c = 0, 

which can be solved to give [R]: [R] = {-b + V(b2  -4ac) } / 2a

For competition assays, the inhibition of [3H]NMS binding was measured in the 

presence of unlabelled agonist. The amount of radioactivity measured (dpm) follows 

the equation :

[R] + [RG]

dpm = x (Btot - Bns) + Bns

[Rt]

where Btot and Bns are the total and non-specific binding of [3H]NMS. The amount 

of pre-coupling (the amount of receptor-effector complex formed in the absence of 

agonist) is negligible in COS-7 cells, therefore during fitting the affinity constant 

KG[Rt] was set to a low number, 1 0 '4.

Using the ternary complex model three parameters can be derived:

K; the affinity constant for the agonist-receptor binary complex.

K*Ko[Rt]: termed KT, the composite parameter governing formation of the

ternary (agonist-receptor-G-protein) complex.

[Gt]/[Rt]; the apparent ratio for total receptor-accessible G-protein to total

receptor.

The ratio of [Gt]/[Rt], was fixed at 0.38 (this was the average value of [Gt]/[Rt] when 

different agonists were fitted to the model (Dr. E.C. Hulme, personal communication).
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The computer program accepted log agonist concentrations and generated the log 

values for the affinity constants (log Kapp and log KTapp). The apparent affinity 

constants were corrected by addition of the Cheng-Prusoff correction factor log(l + 

KNMS[NMS]).

2.16.4 The Hill Equation

Data from PI functional assays and binding data were analysed according to a 

four parameter logistic function, based on the Hill equation, as described by Wells 

(1992). The amount of radioactivity was fitted to the equation:

(K[A])nH

dpm = (dpmtorbasal) --------- + basal

1 + (KtA] ) " 11

where dpmtot is the total dpm.

For data from a PI assay basal is the basal level of PI hydrolysis (without 

agonist stimulation), K is the association constant and nH is the slope factor. Analysis 

of PI data generated a pECso constant, which is the log of the agonist concentration 

which produces 50 % of the maximal response of that agonist within the PI assay. 

Analysis of binding data generates a pICso value and a nH value which describes the 

slope of the binding curve.
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Chapter 3: Characterisation of TM V mutant receptors.

3.1 Introduction.

A major contribution to the proposed binding site for ligands of the cationic 

amine family of GPCRs is made by a central binding cavity which is formed within 

the transmembrane domains of the receptors. Residues involved in antagonist binding 

are typically in the extracellular third of the TM region of the receptors, whilst 

agonists typically bind to the extracellular third and the central third of the TM region 

prior to activation of the receptor.

The head-group of ACh and other muscarinic ligands make an interaction with 

a conserved Aspartate in TM ID, which has been identified as important for receptor 

binding and activation (Curtis et al, 1989; Kurtenbach et al, 1990; Spalding et al, 

1994; Page et al, 1995). The terminal acetyl group of ACh has been demonstrated to 

be important for the actions of ACh structure originally by classical pharmacology and 

later by binding studies (Barlow, 1964; Schulman et al, 1983; Page et al, 1995).

A major aim of this project was to identify residues that interacted with the 

terminal methyl group of ACh. TM V was chosen as a suitable area to investigate as 

residues in it are the correct distance away from the Asp residue in TM IE that anchors 

the head-group of ACh, and residues in TM V have been identified as important in 

ligand binding of mAChRs and other GPCRs.

Catecholamine receptors typically have 2 or 3 Ser residues in TM V. In the (3- 

AR two of these Ser form H-bonds with the catechol group of adrenergic ligands 

(Strader et al, 1989), (see Figure 9). The role of the analogous residues in the ocib-AR  

was investigated by mutation to Ala. Ser2 0 7  was primarily involved in ligand binding, 

whilst residues Ser2 0 8 and Ser211 had little involvement in ligand binding, but at least 

either one or both of them was required for receptor activation (Cavalli, et al, 1996). 

The role of the three conserved Ser residues differed from that in the P2 -AR, showing 

that residues involved in binding and activation can differ even among members of the 

same receptor family. In the 0CiA-A R  mutation of Ser188 to Ala reduced the functional 

potency of norepinephrine but did not affect its binding affinity or that of any other 

agonist. Mutation of Ser1 92 to Ala resulted in a significant reduction in the functional 

potency of norepinephrine. It was suggested that Ser188 and Ser19 2 both protrude into
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rat Mi  mAChR 187 IIT F G T A M A A F Y L P

hum Mi mAChR IIT F G T A M A A F Y L P

hum pi-AR 198 A Y A I A S S W S F Y V P

hum P2 -AR A Y A I A S S I V S F Y V P

ham oti-AR F Y A L F S S L G S F Y I P

hum GC2 B -A R W Y I L S S C I G S F F A P

hum (X2 A -A R W Y V IS S C IG S F F A P

hum DiDR 188 T Y A I S S S V I S F Y I P

rat DiDR T Y A I S S S L I S F Y I P

hum D2 DR 188 A F W Y S S I V S F Y V P

hum H2 180 V Y G L V D G L V T F Y L P

hum Hi 189 W F K V M T A IIN F Y L P

rat 5HTia G Y T I Y S T F G A F Y IP

rat 5HT2 N F V L I G S F V A F F I P

rat NKi A Y H IC V T V L IY F L P

rat NK2 189 L Y H L W F V L I Y F L P

Figure 9.

Alignments of transmembrane domain V regions of certain GPCRs.

Alignment sequences of amino acids in TM V identifying the conserved serine 

residues in the adrenergic and dopamine receptors, and the characteristic threonine 

residues in the Mi mAChR. The single letter amino acid code is used, hum = human, 

ham = hamster. The number on the left represents the position of the first residue 

shown in the receptor sequence.
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the ligand binding pocket, and may interact directly with the meta and para groups of 

norepinephrine respectively (Wetzel et al., 1996).

The analogous residues to the Ser residues in TM V of the (3-AR were 

investigated in another catechlolamine receptor, the dopamine Di. Mutation of Ser199 

to Ala caused a decrease in the binding affinity of antagonists and agonists (Pollock et 

al., 1992), however mutation of the analogous residue in the p-AR did not affect 

antagonist binding (Strader et a l, 1989). Mutation of Ser2 0 2  in the DiR drastically 

affected dopamine binding but did not affect the binding of agonists which are 

selective for the Di receptor rather than the D2  receptor, antagonists or the non- 

selective antagonist flupentixol. Thus, Ser2 0 2  of the DiR does not interact with the 

catechol hydroxyl group of all catecholamine ligands (Pollock et al., 1992).

In the dopamine D2 receptor mutation of Ser19 4 and Ser197 failed to
10 ndiscriminate agonists from antagonists. Ser was important in the binding of some 

but not all dopaminergic ligands, mutation of Ser197 had greater effects on agonists 

than antagonists, but it was dependent on the specific agonist tested, and was more 

important than Ser1 94 for the binding of ligands (Mansour et al., 1992). In another TM 

V mutagenesis study on the D2 receptor Ser193, Ser19 4 and Ser197 were all identified as 

participating in the binding of both antagonists and agonists, but were more important 

in the binding of agonists, but had differing roles in the binding of particular catechol 

hydroxyl groups of the ligands tested (Woodward et al, 1996).

In the histamine H2 receptor Asp1 8 6 is important in the binding of H2  subtype 

specific antagonist, and is not essential for histamine binding. Thr1 9 0  is important in 

the affinity and efficacy of histamine binding but not selectivity (Gantz et al, 1992). 

In the histamine Hi receptor Thr19 4 (analogous to Asp186 in the H2 receptor) was not 

important for the binding of histamine or the antagonist mepyramine. Asn19 8 was also 

not important for the binding of mepyramine but was important in histamine binding 

and the histamine induced functional response (Ohta et al, 1994).

In summary the roles of individual residues in TM V in ligand binding are 

specialised according to receptor type or subtype. These roles need to be established 

for each receptor. To gain information about their function in the Mi mAChR a 

succession of Cys and Ala mutations of residues in the upper third of TM V, which 

are in the same plane of the TM region as the Asp in TM III were constructed, 

allowing a dual approach to the problem to be used. Firstly, deletion of interactions
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made by residues in the WT receptor, by mutation of individual amino acids to Ala (or 

Gly if the endogenous residue was alanine), or in the case of Thr189, to Ser, were 

complemented by corresponding deletion of the target group in the ligand, in the 

comparison of ACh with FCh. In the ACh-carbachol comparison the interaction made 

by the acetylmethyl group of ACh was modified rather than abolished. This part of the 

study was modelled on the classic work of Strader on delineating the binding of the 

catechol hydroxyl groups of adrenaline by the (3-adrenergic receptor. Wess’s attempt 

to apply the same approach to the side chain analogues of ACh - the ether, and keto 

derivatives- was compromised by the fact that these were essentially “substitution” 

rather than “deletion” mutations of ACh and altered the polarity of the ligand. These 

issues were discussed in Page et al., 1995.

The introduction of a new functionality, the Cys SH group, allows the binding 

site to be probed by a site-directed affinity label, BrACh, which does not react 

efficiently with the wild-type receptor. Because the Cys SH group is a relatively large 

and hydrophobic substituent, and the sulphur atom itself is relatively large and 

polarisable it has been valuable to be able to use the side-chain deletion mutations as a 

control for the Cys mutations, to be confident that the introduction of the Cys SH 

group did not disrupt the folding or alter the function of the receptor through the 

introduction of a new intramolecular interaction. In one case, that of the F190C 

mutation, evidence was in fact obtained for such an event.

Initially the effects of these mutations on the level of receptor expression and 

binding of mAChR ligands were investigated. To characterise the effect on binding 

the primary tool was the antagonist [3H]NMS whose binding to the WT receptor is 

well understood (Hulme et a l , 1990) (for antagonist structures see Figure 10). The 

natural agonist of mAChRs ACh, and a series of its analogues: CCh and FCh and the 

synthetic agonists Oxo-M, L-658,903 and L-698,583 were selected and their binding 

to the series of mutant receptors characterised (for structures see Figure 11).

CCh and FCh are side-chain analogues of ACh in which the ester methyl 

group interaction is modified or abolished, but the ester function preserved. Oxo-M 

has a more extensive modification to the side-chain, with the OH bonding function of 

the ACh ester group taken over by the acetylenic linkage, and the methyl group 

interaction being emulated by the pyrrolidone ring, but still having a quaternary 

ammonium head-group. L-658,903 and L-698,583 are analogues in which the
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Figure 10

The structure of muscarinic antagonists.
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Figure 11

The structure of muscarinic agonists.
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quaternary ammonium group of ACh has been replaced by a tertiary amine function in 

the shape of a quinuclidine or azanorbomane ring respectively. The H-bonding 

functions of the ACh side-chain are emulated by the oxadiazole ring nitrogens. L- 

658,903 is a partial agonist, and L-698,583 a full agonist. Both of these compounds 

have a methyl group corresponding to the ester methyl group of ACh (Saunders and 

Freedman, 1989: Freedman et al., 1990). L-658,903 is one of the most potent 

muscarinic agonists known (Freedman et al., 1990).

Once effects of the TM V mutations on agonist binding had been determined, 

it was then essential to determine the effect of the mutations on agonist activation of 

the functional response. The best characterised effect of activation of Mi mAChRs is 

coupling to G-proteins of the Gq/n family. This activates PLCp, which leads to inositol 

phosphate generation, and the mobilisation of intracellular calcium stores. Thus, to 

determine the functional response elicited by mutant Mi receptors the PI turnover 

assay was employed. This is a reliable, well documented method which can be applied 

to the study of receptor activation, after transient expression in COS-7 cells (Jones et 

al., 1995; Page et al., 1995)

In principle, this set of measurements allows us to assess the effects of 

mutation on (1) receptor stability (2) antagonist binding (3) agonist binding to the 

inactive state of the receptor (4) agonist affinity for the active, G-protein-coupled state 

of the receptor and (5) the ability of the agonist-receptor-G-protein complex to 

undergo activation. Inferences drawn from the studies of the reversible agonists could 

then be compared with inferences drawn from probing the binding site with 

irreversible agonists.

3.2 Antagonist Binding.

Saturation binding experiments were performed with the antagonist [3H]NMS

on the WT Mi receptor and the TM V mutant receptors at pH 7.5 and pH 8.0. The

binding data were well described by a simple one-site model of binding and gave a

pKd value of 9.90 (Figure 12). The affinities of the WT and TM V mutants for

[3H]NMS were the same at pH 7.5 and pH 8.0 (Data not shown). Of the residues
1studied only mutation of Ala caused a greater than 2-fold effect on the binding of 

[3H]NMS, causing a 3-fold (Ala193Gly) and a 4-fold (Ala193Cys) decrease in the 

affinity constant (table 2, Figure 13).
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Table 2.

Log affinity constants for the binding of the antagonist [3H]NMS to WT and TM 

V mutant receptors.

Binding assays were performed on membrane preparations of COS-7 cells transiently 

expressing the WT and TM V mutations. [3H]NMS binding was determined by direct 

binding at pH 8.0, as described in Materials and Methods. Data were analysed using 

SigmaPlot™, and fitted to a one site model of binding. The expression level of the 

WT receptor is 1.10 ± 0.12 pmol.mg'1 protein, t-test * p< 0.05, # p<0.01, t  p< 0.001.
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Mutant pKd
(- Log M)

n Expression
(%WT)

WT 9.91 ± 0.02 8 100

I188C 10.00 ± 0.05 4 26-41

I188A 10.11 ± 0.04 3 39-55

T189C 9.96 ± 0.05 4 34-52

T189S 9.80 ± 0.02 3 50-85

F190C 9.92± 0.08 3 33-40

F190A 9.98 ± 0.06 3 82-87

G191C 9.87 ± 0.07 3 56-64

G191A 9.98 ±0.11 3 27-51

T192C 9.96 ± 0.07 5 50-64

T192A 9.68 ± 0.06 4 99-120

A193C 9.29 ± 0 .0 4 f 4 45-49

A193G 9.47 ± 0 .0 3 t 4 20-56

M194C 9.88 ± 0.03 3 12-27

A195C 9.89 ± 0 .0 5 3 51-59

A195G 9.83± 0.10 4 63-72

A196C 9.76 ± 0.08 4 80-85

A196G 10.24 ± 0.06 4 83-110
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Figure 12

[3H]NMS binding to the WT receptor.

Total, non-specific, and specific binding of [3H]NMS to the WT receptor. Non

specific binding of [3H]NMS was determined in the presence of 1 pM atropine. Data 

are from a representative experiment which has been performed in quadruplicate at 

least 8 times. Error bars are the S.E.M of quadruplicate determinations.

82



% 
aN

noa 
sia

in(h
J

120

1 0 0  -

80  -

60  -

40  -

20  -

8-10 911

LOG [ [ 3 H]NMS] M

TOTAL

• SPECIFIC

■ NON-SPECIFIC

83



Figure 13.

The effect of TM V mutations on [3H]NMS binding.

Direct binding of [3 H]NMS to the WT and mutant receptors was performed as 

described in Materials and Methods. Data are from a representative experiment which 

has been repeated at least 3 times. Error bars are the S.E.M of quadruplicate 

determinations.
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Mutant pKd
(-Log M)

n

WT 10.62 ± 0 .0 1 3

A193C 11.00 ± 0.03 t 3

A193G 10.59 ± 0 .1 0 3

Table 3.

Log affinity constants for the binding of the antagonist [3H]QNB to WT, A193C 

and A193G mutant receptors.

Binding assays were performed on membrane preparations of COS-7 cells transiently 

expressing the WT, A193C and A193G receptors. [3 H]QNB binding was determined 

by direct binding at pH 7.5, and incubated for 3 h as described in Materials and 

Methods. Data were analysed using SigmaPlot™, and fitted to a one site model of 

binding, t-test t  p< 0 .0 0 1 .
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Figure 14.

Immunocytochemistry showing the expression of WT, F190C and M194C in 

COS-7 cells.

An antibody directed against the carboxy-terminus was used to visualise the transient 

expression of WT, F190C, M194C in COS-7 cells. The procedure is detailed in 

Materials and Methods. Magnification is x 200.
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Antagonist binding with [3H]QNB was performed on the WT, A193C and 

A193G receptors. The binding of this antagonist is also characterised by a one site 

binding curve with a pKd of 10.62. Mutation of Ala193 to Gly did not affect the 

binding of [3H]QNB, but mutation to Cys caused a small increase in its affinity (table 

3).

The majority of the mutant receptors were expressed at 40 -80 % of the WT 

level (Table 2). A notable exception is the mutation of Met1 9 4 to Cys, which appeared 

to have a reduced expression level, ~ 20 % of the WT level. Mutation of a given 

residue to Cys or Ala (or Gly) had generally similar effects on expression.

3.3 Immunocytochemistry

The expression levels of the mutant receptors were also investigated by 

immunocytochemistry with an antibody directed against 1 1  amino acids of the 

carboxy terminus of the Mi receptor. After transfection with WT DNA and detection 

with an alkaline phosphatase labelled second antibody clones of around 1 0  stained 

cells could be identified. The M194C receptor gave a similar pattern of staining, but 

each cell was less heavily labelled (Figure 14). Other mutant receptors which gave a 

reduced level of binding showed less staining than the WT receptor, although not as 

reduced as M194C, whilst mutant receptors that had higher expression levels (such as 

A196C and A196G) showed slightly staining similar to that of the WT receptor.

3.4 Acetylcholine binding to the WT receptor.

ACh binding was performed at pH 8.0 to allow comparisons with BrACh 

binding which was performed at pH 8.0, (chapter 5). ACh binding to the WT receptor 

does not fit to a simple one site model of binding as does binding of the antagonists 

[3H]NMS and [3 H]QNB. The ACh binding curves have been fitted to the Hill 

equation, which is a variant of the logistic function. This provides a pICso value and a 

Hill coefficient, nn- The pICso value for the WT receptor is 4.91, and this represents 

the concentration of ACh which prevents 50 % of [ H]NMS binding in a competition 

experiment. The Hill coefficient describes the steepness of the binding curve, and is 

typically 0.88 for the WT receptor, (Table 4).

In some cases, the agonist binding curve can also be resolved into two 

populations of binding sites, a major population of low affinity sites and a minor
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population of high affinity sites described by two parameters KdL and KdH- The low 

affinity site (K^l) is representative of the uncoupled receptor, whilst the high affinity 

site (K<ih ) is conventionally attributed to a complex of receptor and another protein, 

possibly a G-protein. Fitting of the binding data to a two site or a ternary complex 

model provides essentially identical estimates of these parameters.

Receptor G-protein coupling can affect agonist binding. The addition of GTP 

(or its non hydrolysable analogues GTPyS or GppNHp) can cause the agonist binding 

curve to become steeper and shift to the right, producing a 'GTP shift'. Magnesium 

ions generally favour agonist-receptor-G-protein complexes and monovalent cations 

disfavour them. GTP and its analogues destabilise such complexes, by uncoupling the 

G-protein, thus removing the high affinity binding component. A GTP shift has been 

demonstrated in a variety of expression systems and for more than one G-protein 

coupled receptor subfamily, including M2 mAChR in cardiac membranes (Berrie et 

a l , 1979), and dopamine agonist binding in porcine pituitary glands (De Lean et al, 

1982).

The possibility that the high affinity binding of ACh to the Mi mAChR in 

COS-7 cells is GTP-sensitive was tested by investigating ACh binding to the WT 

receptor in three different ionic conditions: i) Normal buffer; 1 mM Mg2+, 100 mM 

NaCl and 20 mM HEPES ii) 10 mM Mg2, 100 mM NaCl, 20 mM HEPES, and iii) 10 

mM Mg2+, and 20 mM HEPES (all performed at pH 7.5). In this experiment the high 

affinity site appeared not to be GTP-sensitive since there was little or no evidence of a 

GTP shift even in high magnesium buffer, (data not shown).

3.5 ACh binding to the TM V mutant receptors.

ACh binding affinity was decreased by mutation of residues He188, Thr189, 

Thr192, Ala193 and Ala196, the most marked effects being due to mutation of Ala19 6  

either to Cys or Gly (12.5 and 7-fold decrease respectively) and mutation of Thr192  

either to Cys or Ala (12 and 6 -fold decrease respectively) (Table 4, Figure 15). In 

most cases, these binding curves were adequately described by a one-site model of 

binding. However, in two cases, the curves became flatter. In the case of the T189C 

mutation, the nH decreased to 0.66. Two-site analysis indicated a greater decrease (6 - 

fold) in the low affinity binding constant than the high affinity binding constant (3 -
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Table 4.

Analysis of the binding of the agonist ACh to the Mi WT receptor and TM V 

mutant receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors, as described in Materials and Methods. 

Determinations were performed at pH 8.0. Data were analysed using the Hill equation, 

to generate an IC5 0  value and a Hill coefficient nH, which describes the steepness of 

the curve. Data are corrected for NMS occupancy by the addition of the Cheng- 

Prusoff correction factor. Fold effect is the decrease in binding affinity compared to 

WT, values marked T are fold increase in binding affinity. N.E. indicates no effect on 

binding affinity t-test * p< 0.05, # p<0.01, t  p<0.001.

The WT, T189C, F190C and G191A receptors w'ere also analysed with the Ternary 

complex model as their binding appeared to deviate from a one-site model, thus 

generating pKdL and pK̂ H values for these receptors. The WT receptor could be 

described by pKdL 4.67 and a pK^n of 5.66, T189C pKdL = 3.83, pIQh = 5.15, F190C 

pK^ = 5.22, pKdH = 6 .6 8 , G191A pK^ = 4.66, pK^n = 5.48.
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Mutant pICso
(-Log M)

nH Fold
Effect

n

WT 4.91 ± 0 .0 5 0.88 ± 0 .0 4 - 11

I188C 4.10 ± 0 .1 0 1 0.85 ± 0.03 6.5 4

I188A 4.42 ± 0 .1 1  t 1.10 ± 0 .0 8 3.0 3

T189C 4.27 ± 0 .0 2 1 0.66 ± 0.03 4.4 3

T189S 4.06 ± 0 .1 0 1 0.95 ± 0.04 7 3

F190C 5.73 ± 0.02 f 0.70 ± 0.02 7.0 T 4

F190A 4.76 ± 0.05 0.86 ± 0.03 N.E. 3

G191C 4.82 ± 0.04 0.89 ± 0 .1 1 N.E. 4

G191A 4.99 ± 0.06 0.85 ± 0.07 N.E. 3

T192C 3.83 ±0.011 0.91 ± 0.08 12.0 3

T192A 4.10 ± 0 .0 6 1 0.96 ± 0.06 6.5 3

A193C 4.54 ± 0.08 # 0.92 ± 0.04 2.3 3

A193G 4.74 ± 0.09 * 0.82 ± 0.04 <2 2

M194C 4.82 ± 0 .1 0 0.87 ± 0.02 N.E. 3

A195C 5.25 ± 0.08 # 0.90 ± 0.06 2.0 T 3

A195G 4.66 ± 0.05 0.94 ± 0.08 <2 3

A196C 3.81 ± 0.07 t 0.94 ± 0.07 12.5 3

A196G 4.04 ± 0.07 t 1.02 ± 0 .1 4 7.4 3
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Figure 15.

ACh inhibition of [3H]NMS binding to the Mi WT and TM V mutant receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors, as described in Materials and Methods. 

Determinations were performed at pH 8.0. Data were analysed using the Hill equation, 

to generate an IC50 value and a Hill coefficient nn, which describes the steepness of 

the curve. Data are corrected for NMS occupancy by the addition of the Cheng- 

Prusoff correction factor.

93



SP
EC

IF
IC

 
[ 

H
]N

M
S 

BO
UN

D%
 

SP
EC

IF
IC

 
[ 

H
]N

M
S 

BO
U

N
D

 
%

120

100

80 -

60  -

40  -

W T

20  -

I188C

T192C

-20
■5 3■6 •4■7

LOG [ACh] M

120

1 0 0  <

80 -

60 -

40 -

W T

20  -

F190C

F190A

-20
■2•6 ■4

LOG [ACh] M

94



fold). In the case of F190C, interestingly, there was an enhancement of the ACh 

affinity. Here, the increase in the high affinity binding constant was 10-fold, but the 

increase in the low affinity binding constant was only 3.5-fold, when compared to the 

WT receptor.

Generally, the mutation of residues to Cys and Ala or Gly affected ACh 

binding in a similar manner, although mutation to Cys usually caused a larger 

decrease in ACh affinity the exceptions being binding of the Phe1 9 0 and Ala195 

receptors. Mutation of Phe1 9 0 to Ala did not affect ACh binding, however mutation to 

Cys caused a 7-fold increase in ACh binding affinity. Mutation of Ala195 to Gly did 

not affect ACh binding affinity but mutation to Cys caused a 2-fold increase (Table 4).

3.6 ACh analogue binding.

One of the key features of ACh is its positively charged tetramethyl 

ammonium head-group. The ACh analogues; CCh, Oxo-M and FCh which were 

studied all have the same quaternary ammonium group and can therefore make the 

same head-group interactions as ACh, but have different side-chains allowing 

interactions between TM V residues and agonist side-chains to be investigated.

CCh has a terminal carbamoyl group instead of the acetyl group of ACh, in 

which the NH2 function of carbamic acid replaces the CH3 of ACh. It binds to the WT 

Mi receptors with a 6 -fold lower affinity than does ACh (Table 5). The effects of the 

Cys mutants on CCh binding affinity were similar to, although smaller than those of 

ACh. The greatest effects were caused by mutation of Thr192Cys and Ala196Cys (7 and 

3-fold decrease in affinity respectively). F190C and A195C which showed an increase 

in ACh binding affinity also showed a small but significant increase (3-fold) in CCh 

binding affinity.

Oxo-M, like ACh has a tetramethyl ammonium headgroup but lacks the ester 

function of ACh, having instead an acetylene linkage. It binds to the WT receptor with 

the same affinity as ACh, but the binding is best described by a one site model, with a 

PIC5 0  of 5.16. The effects of the Cys mutants on Oxo-M binding were smaller than 

those on ACh binding, the largest being a 8 -fold reduction in binding affinity at the 

A196C mutant receptor (Table 6 , Figure 16). A small increase (2-fold) in affinity was 

seen at the F190C mutant.
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Mutant plCso
(-Log M)

nH Fold
Effect

n

WT 4.03 ± 0.09 0.84 ± 0.07 - 5

I188C 3.41+0.11 * 1.00 ± 0 .1 5 4.2 3

I188A 3.92 0.74 <2 1

T189C 3.59 ± 0 .1 3 0.83 ± 0.09 2.8 3

T189S 3.36 1.19 4.7 1

F190C 4.46 ±0.15 0.78 ± 0.07 2.7 T 2

T192C 3.17 ± 0 .1 3  * 0.83 ± 0 . 0 7 7.2 3

A195C 4.23 ± 0 .1 4 0.82 ± 0 .1 6 < 2 t 3

A195G 3.87 0.88 <2 1

A196C 3.53 ±0.10 0.70 ± 0.04 3.2 3

A196G 3.65 0.81 2.4 1

Table 5.

Analysis of the binding of the agonist CCh to the WT Mi receptor and TM Y 

mutant receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors, as described in Materials and Methods. 

Determinations were performed at pH 7.5. Data were analysed using the Hill equation, 

to generate an IC50 value and a Hill coefficient nH, which describes the steepness of 

the curve. Data are corrected for NMS occupancy by addition of the Cheng-Prusoff 

equation. Fold effect is the decrease in binding affinity compared to WT, values 

marked t  are fold increase in binding affinity. N.E. indicates no effect on binding 

affinity, t-test * p< 0.05.
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Mutant pICso
(-Log M)

nH Fold
Effect

n

WT 5.16 + 0.10 0.83 ± 0.08 - 6

I188C 4.75 ± 0.04 * 0.98 ± 0 .0 8 2.6 3

I188A 4.87 ± 0.07 0.86 ± 0.02 2.0 2

T189C 4.80 ± 0 .1 3 0.97± 0.18 2.3 3

T189S 4.51+0.13 * 1.07 ± 0.07 4.6 2

F190C 5.38 ± 0 .1 4 0.82 ± 0.07 1.7 T 4

T192C 4.62 ± 0.07 # 0.87 ± 0.03 3.5 3

T192A 4.87 0.85 2.0 1

A195C 5.20 ± 0 .1 5 1.00 ± 0.20 N.E. 3

A196C 4.24 ± 0.12 f 0.90 ±0.16 8.0 3

A196G 4.82 1.03 2.2 1

Table 6.

Log affinity constants for the binding of the agonist Oxo-M to the WT Ml 

receptor and TM V mutant receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors, as described in Materials and Methods. 

Determinations were performed at pH 7.5. Data were analysed using the Hill model, 

to generate an IC50 value and a Hill coefficient nn, which describes the steepness of 

the curve. Data are corrected for NMS occupancy by addition of the Cheng-Prusoff 

equation. Fold effect is the decrease in binding affinity compared to WT, values 

marked T are fold increase in binding affinity. N.E. indicates no effect on binding 

affinity t-test * p< 0.05, # p<0.01, f p< 0.001.
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Mutant pICso 
(- Log M)

nH Fold
Effect

n

WT 3.39 ± 0.04 0.99 ± 0 . 0 2 - 5

I188C 2.96 ± 0 .1 0 # 1.00 ± 0 .1 3 2.4 3

I188A 3.21 ± 0.07 * 0.95 ± 0 .0 6 1.5 2

T192C 3.12 ± 0.08 # 0.94 ± 0 .0 6 1.7 3

T192A 3.22 ± 0.07 0.96 1.5 2

A196C 2.93 ± 0.06 f 1.01 ± 0.05 2.6 3

A196G 3.35 ± 0 .1 8 0.89 ± 0.09 N.E. 2

Table 7.

Log affinity constants for the binding of the agonist FCh to the WT Mi receptor 

and TM V mutant receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors, as described in Materials and Methods. 

FCh was dried to constant weight in a speedivac before use, determinations were 

performed at pH 7.5 and incubated for 30 min. Data were analysed using the Hill 

equation, to generate an IC50 value and a Hill coefficient nH. Fold-effect is the 

decrease in FCh binding affinity compared to the WT level. Data are corrected for 

NMS occupancy by addition of the Cheng-Prusoff correction factor, t-test * p< 0.05, # 

p<0.01, t  p< 0.001.
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Compound Mutant pICso
(-Log M)

nH Fold
Effect

n

L-658,903 WT 6.43 ± 0.09 0.81 ± 0.02 - 3

T192C 6.33 ± 0.03 0.93 ± 0.06 N.E. 3

L-698,583 WT 6.67 ± 0 .1 3 0.88 ± 0.09 - 3

T192C 6.14 ± 0.04 * 0.92 ± 0.09 3.4 3

Table 8.

Log affinity constants for the binding of the synthetic ligands L-658,903 and L- 

698,583 to the WT Mi receptor and T192C receptors.

Competition experiments were performed on membrane preparations of COS-7 cells 

transiently expressing WT and T192C mutant receptors, as described in Materials and 

Methods. L-658,903 has a quinuclidine headgroup, whilst L-698,583 has an 

azanorbane headgroup and an oxadiazole side-chain. Data were analysed using the 

Hill equation, to generate a pICso value and a Hill coefficient nH. N.E. indicates no 

effect on binding affinity. Data are corrected for NMS occupancy by addition of the 

Cheng-Prusoff correction factor, t-test * p< 0.05.
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Figure 16.

Agonist inhibition of [3H]NMS binding to the Mi WT receptor, I188C, T192C 

and A196C mutant receptors.

Competition experiments were performed on COS-7 cells transiently expressing the 

WT, I188C, T192C and A196C mutant receptors, receptors. The competing ligands 

were a) Oxo-M and b) FCh. Data are from a representative experiment for each 

agonist which was performed in quadruplicate, and has been repeated at least 3 times. 

Error bars are S.E. of the mean of the quadruplicate determinations. Data were 

analysed using SigmaPlot, and fitted to a Hill plot. Data are corrected for [3H]NMS 

occupancy by addition of the Cheng-Prusoff correction factor.
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FCh, which is ACh without the terminal methyl group bound to the WT Mi receptor 

with a 50-fold lower affinity than does ACh, and fitted to a one site model of binding 

(Table 7, figure 16). Effects of the He188, Thr192 and Ala196 mutations on the binding 

of FCh were very small (Table 7). Mutation of residue Thr192 led to < 2-fold decrease, 

and mutation of lie188 and Ala196 led to a ~ 2.5-fold decrease in affinity.

The binding of two synthetic agonists L-658,903 and L-698,583 to the WT and 

T192C receptors was investigated. These ligands do not have the ACh tetramethyl 

ammonium headgroup as do the other ACh analogues studied. L-658,903 has a 

quinuclidine head-group, whilst L-698,583 has both an azanorbomane head-group and 

an oxadiazole side-chain. They had 33-fold and 57-fold respectively, higher affinity 

for the WT receptor than ACh did (Table 8). There was no effect of the T192C 

mutation on the binding of L-658,903, whilst there was a ~ 3-fold decrease in L- 

698,583 binding affinity (Table 8).

3.7 ACh activation o fW T and TM V mutant receptors.

Activation of the WT receptor in the PI assay is characterised by a pECso of 

6.98, which indicates that 10'7 M ACh produces 50 % of the maximum response 

induced by ACh at the Mi mAChR. All of the TM V mutant receptors were 

functionally active, and elicited a maximum response between 80-130 % of the WT 

value, (Table 9). Mutation of residues Phe190 to Ala, Gly191 either to Cys or Ala, 

Met194 to Cys, and Ala195 to Gly did not affect the functional response of the receptor. 

Relative to the WT receptor, mutation of residues He188 and Thr189 caused 6- 14-fold 

decreases in ACh potency, whilst mutation of residues Thr192 and Ala196 had a 20- 40- 

fold-effect. Interestingly, mutation of Ala196 to Cys caused a 7-fold decrease, whilst 

mutation to Gly caused a 48-fold decrease in potency.

Mutation of Phe190 to Cys and Ala195 to Cys caused a 9 and 3-fold increase in 

potency respectively. These receptors also displayed an increased basal activity, in the 

absence of agonist, equal to 160 % and 152 % of the WT basal respectively. They did 

not display an increased maximum response compared to the WT receptor. The basal 

activity of the other TM V mutant receptors did not differ from that of the WT 

receptor.
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Table 9. 

The effect of the TM V mutations on ACh-induced phosphoinositide turnover.

PI hydrolysis assays were performed on COS-7 cells expressing the WT and mutant 

receptors. Data were analysed using a four parameter logistic function as described in 

‘data analysis’, generating pECso values and allowing determination of basal 

signalling levels and the maximum response. The pECso value is the -log of the molar 

concentration of ACh required to elicit 50 % of the maximum ACh response. EMax 

values are the mean of at least three maximum responses from independent 

experiments, and compared to a WT control within each assay. Fold-effect is the 

decrease in functional potency compared to WT, values marked t  are fold-increase in 

functional potency. N.E. indicates no effect, t-test * p< 0.05, # p<0.01, t  p< 0.001.
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Mutant EmoX'
(%WT)

pECso 
(-Log M)

Fold
Effect

n

WT 100 6.98 ± 0 .0 6 - 12

I188C 93 ± 4 6.10 ± 0.19 t 7.6 3

I188A 114 ±2 6.17 ± 0.121 6.5 3

T189C 113 ±12 6.38 ± 0 . 1 1 1 4.0 3

T189S 103 ± 24 5.82 ± 0.12 f 14.0 4

F190C 98 ± 9 7.94 ± 0.04 t 9.0 T 3

F190A 128 ± 17 6.90 ± 0.08 N.E. 4

G191C 113 ±11 6.72 ± 0.06 <2 3

G191A 107 ±11 7.01 ± 0 .2 1 N.E. 3

T192C 81 ±2 5.43 ± 0.04 t 35.4 4

T192A 93 ±20 5.66 ± 0.03 f 21 2

A193C 118 ±21 6.41 ± 0 .1 3 # 4 3

A193G 130 ± 1 3 6.03 ± 0.04 t 9 3

M194C 112 ± 4 6.72 ± 0 .1 1  * <2 3

A195C 94 ± 4 7.44 ± 0 .1 6 # 5 4

A195G 92 ± 1 6 6.69 ± 0 .1 5  * 2 3

A196C 111 ± 1 5 6.03 ± 0 . 1 1 1 9 3

A196G 110 ± io 5.30 ± 0.07 f 48 4

104



Figure 17.

The effect of TM V mutations on ACh-induced phosphoinositide turnover.

PI hydrolysis assays were performed on COS-7 cells expressing the WT and mutant 

receptors to determine the receptors function. Data are from representative 

experiments which were performed at least 3 times in triplicate. S.E. bars are the 

S.E.M of these triplicates. A WT control was included within each assay.
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Mutant pECso 
(-Log M)

E Max
(% WTACh)

Fold
Effect

n

WT 6.89 ± 0.04 100 - 2

T192C 5.92 ± 0.01 72 ± 11 9.3 2

A196C 5.96 ± 0.06 115 ± 3 8.5 2

A196G 6.05 ± 0.01 90 + 2 6.9 2

Table 10.

The effect of T192C, A196C and A196G mutations on Oxo-M-induced 

phosphoinositide turnover.

PI hydrolysis assays were performed on COS-7 cells transiently expressing the mutant 

receptors. Data were analysed using the Hill equation, to generate pECso values and 

allowing determination of basal signalling levels and maximum responses. Maximum 

responses are compared to the maximum WT ACh response, which was included 

within the experiment.
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Figure 18.

The effect of T192C, A196C and A196G mutations on Oxo-M induced 

Phosphoinositide turnover.

PI hydrolysis assays were performed on COS-7 cells expressing the WT and mutant 

receptors to determine the receptors function, Data are from a representative 

experiment, which was performed at least 2 times in triplicate. S.E. bars are the S.E.M 

of these triplicates. Activation of the WT receptor by ACh was included within the 

experiment as a control for maximum responses.
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3.8 Oxotremorine-M activation.

The effects of mutation of residue Thr1 9 2 and Ala19 6 on Oxo-M-induced 

activation were also investigated (Table 10, Figure 18). There was a 9-fold decrease in 

Oxo-M potency at the Thr192Cys receptor, compared to a 35-fold decrease in ACh 

potency. Ala196Cys and Ala196Gly Oxo-M induced response were also diminished by 9 

and 7-fold respectively. The maximum responses of the receptors induced by Oxo-M 

were very similar to those induced by ACh.

3.9 Discussion

In this study the effects of a series of successive mutations in TM V of the rat 

Mi mAChR were investigated so that residues in TM V that contact the ACh side- 

chain could be identified.

All of the mutant receptors constructed could be successfully expressed in 

COS-7 cells with expression levels of [3H]NMS sites in the range of 20-120 % of the 

WT receptor. The concentrations of binding sites were in agreement with total 

receptor protein measured by immunocytochemistry. Thus, mutation of these residues 

did not greatly affect receptor processing.

The effects of the TM V mutations on antagonist binding were negligible 

except for mutation of residue Ala , which caused small reductions in binding 

affinity for [3H]NMS. The binding of another antagonist, [3H]QNB, to the Ala193 

mutations was then investigated, but there was very little effect on binding affinity. 

This is consistent with the concept that the two antagonists do not bind in exactly the 

same orientation, and agrees with previous reports concerning antagonist binding 

(Wess et al., 1991; Wess et al., 1992). Also, mutation of Ala193 did not affect binding 

of the agonist ACh and this is consistent with the hypothesis that there are different 

residues involved in agonist binding and antagonist binding. The effect of mutation of 

residue Ala193 may be possibly an indirect effect, perhaps mediated by a change in 

domain-domain contacts.

ACh binding to the WT receptor cannot be described by a single homogeneous 

set of binding sites. High and low affinity binding sites can be differentiated. The 

possibility that the high affinity site is GTP-sensitive was investigated but even in the 

presence of high magnesium ions little or no GTP shift was detected. This could be 

due to the choice of expression system. In COS-7 cells the WT receptor is over
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expressed so that most receptors are probably not coupled to a G-protein as receptor 

G-protein stoichiometry has been altered from physiological levels. Although a GTP 

shift has not been detected, there could still be a coupling effect as the agonist binding 

curve can be resolved into two sites and the high affinity site is regarded as functional. 

However, GTP shifts have recently been reported in COS-7 cells expressing the 

dopamine D2 receptor and point mutations of it, at expression levels the same as the 

WT Mi receptor in COS-7 cells (Woodward et al., 1996). Absence of a GTP shift 

does not exclude a G-protein involvement. The system employed may not be sensitive 

or adequate to detect one. Absence of GTP shifts has been reported for GPCR, high 

affinity agonist binding in the rat hippocampus contained GTP-insensitive sites 

(Emerit et al., 1991), and CCh binding to the human Mi mAChR was not affected by 

addition of GppNHp (Maeda et al., 1990).

Mutation of residues Gly191, Ala193 and Met1 9 4 had less than a 2-fold effect on 

ACh affinity, on the basis of these findings we predict that these residues face into the 

lipid bilayer and away from the ACh binding site. In contrast, mutation of residues 

He188, Thr189, Thr19 2 and Ala196 strongly decreased ACh binding. This is consistent 

with the hypothesis that these residues face inwards towards the binding pocket and 

are possible candidates for interaction with the acetylcholine side-chain. Indeed, 

Thr1 9 2 and Ala1 9 6 are residues predicted by modelling to be involved in the Mi 

mAChR agonist binding site, (Nordvall and Hacksell, 1993) and this study provides 

the first experimental data on the contribution of Ala196.

The Thr residues in TM V Thr189 and Thr1 9 2 are a conserved feature 

characteristic of mAChRs. These conserved Thr residues have been previously studied 

by Wess et al., (1991) in the M3 mAChR. The reported effects on binding in the M3 

receptor were greater than the effects of mutation of the analogous residues in the Mi 

receptor determined in this study (Wess et al., 1991). In the study on the M3 receptor 

it was concluded that the residues homologous to Thr1 89 and Thr1 92 participated in a 

network of hydrogen bonds and interacted with the ACh ester moiety. In a later more 

detailed characterisation of Thr1 9 2 (Thr2 3 4  M3), in an approach similar to the Strader 

strategy, it was concluded that Thr1 9 2 was important for receptor activation as well as 

agonist binding (Wess et al., 1992).

The residues whose mutation did affect ACh binding were further investigated 

with selected ACh analogues. The changes in the binding of the agonists CCh and
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Oxo-M were qualitatively similar to those of ACh, but of smaller magnitude. This 

indicates that these residues are also involved in the binding of ACh-like ligands but 

are primarily important for the binding of ACh.

Mutation of he188, Thr192 and Ala196 to Cys had negligible effects on the 

binding of the agonist FCh, which lacks the ACh terminal methyl group. These data 

are consistent with the hypothesis that these residues may interact with the ACh side- 

chain methyl group, since the deletion of the methyl group strongly diminishes the 

effect of the mutation.

In general, mutation of a residue to both Cys and Ala/Gly affected ACh 

binding in a similar manner, although when differences were seen, mutation to Cys 

usually caused a slightly greater effect on agonist binding affinity. This was consistent 

for all of the agonists employed and was most obvious in the case of the He188 to Cys 

mutation. The introduction of a Cys residue into this position may cause a greater 

perturbation than introduction into other positions within the sequence studied. A 

qualitative difference between the effects of the Cys and Ala mutations was seen at 

position Phe190 and possibly position Ala195. This is discussed further below.

All of the TM V mutants were functionally active in the PI assay. All of the 

mutant receptors had maximal responses that were not significantly different than that 

of the WT receptor. Mutation of residues Phe190 to Ala, Gly191 to Cys or Ala, Met194 to 

Cys and Ala195 to Gly did not effect the potency of the functional response. The 

residues whose mutation did affect the ACh-induced functional response were the 

same residues that had affected ACh binding affinity, and for the majority of the 

mutant receptors investigated the magnitude of affect was consistent with the effects 

on function being a consequence of reduced binding affinity. For the majority of these 

mutants therefore the ACh-receptor complex seems to have undiminished efficacy.

However, mutation of residue Thr192 appeared to have a greater effect on 

function than binding affinity, ACh binding affinity was reduced 12-fold whilst 

potency was reduced 35-fold. The greatest effect on potency was the mutation of 

residue Ala196 to Gly which caused a 48-fold reduction in potency whilst mutation of 

Ala196 to Cys only caused a 9-fold reduction. In the case of T192C, there seems to be 

little effect on receptor expression level, and the reduction in ACh affinity is not 

sufficient to fully account for the reduction in potency. This implies a moderate 

decrease in the efficacy of the ACh-receptor complex. A similar conclusion can be
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arrived at for A196G. However, in no case was the reduction in efficacy large, 

compared to effects seen after certain mutations elsewhere in the receptor structure 

(Lu et al., 1997; Ward et al., 1997).

The effects of these residues on the functional responses was further 

investigated following activation with the agonist Oxo-M. Mutants A196C, A196G 

and T192C caused a 9, 7 and 9-fold reduction in potency respectively, which are of 

the same magnitude as the effects of the mutations on Oxo-M binding affinity. Thus, 

the effects on Oxo-M potency were not as great as those on ACh potency. It is 

interesting that mutation of Ala196 to Gly caused a greater effect on ACh potency than 

on Oxo-M. It is possible that Ala196 is required to interact with a part of the ACh 

structure in order to achieve maximum activation, but this interaction is not as 

important for activation by Oxo-M. Introduction of a Cys residue may still permit this 

interaction, but introduction of the smaller Gly residue may disrupt this interaction 

and result in a conformation that is not as active.

Both the binding and functional data indicate that it is the position of a 

particular residue in the sequence which is the main determining factor in whether 

ACh binding is affected by mutation. Plotting the affinity changes as a function of 

sequence position strongly supports the proposition that TM V region is an a-helix at 

least in the conformation recognised by ACh (Figure 17). In a later chapter (chapter 

5), the conformation of this sequence as recognised by sulphydryl-specific reagents 

will be discussed.

It is possible to attempt a more quantitative analysis of the interactions 

between modification of the side-chain of ACh and of residues such as He188, Thr192 

and Ala196, which may be made along the following lines. Table 11 summarises the 

binding of ACh and its two side-chain analogues FCh and CCh to the WT receptor, 

and to the Be188, Thr192 and Ala196 mutants. For the purpose of argument, we assume 

that ACh, CCh and FCh bind with the same orientation within the binding site, i.e. 

that the changes in the ligand structure do not alter the predominant binding mode of 

the ligand. This seems reasonable, in that the changes in ligand do not decrease the 

polarity of the ligands, which seems to be a primary determinant of its tendency to 

adopt alternative, non-polar binding modes (Page et al., 1995). The second 

assumption is that, to a first approximation, the free energies of binding of the 

different moieties within ACh sum linearly to determine its overall
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Figure 19.

The effect of mutation of TM V residues on ACh affinity.

The effect on ACh affinity of mutation of residues in TM V was dependent on the 

position of the residue within the receptor sequence. The predicted position of the 

residues investigated in TM V is indicated in the helical wheel diagram (b). The 

conserved Asp in TM ID is indicated. Mutations that caused a decrease in affinity are 

indicated in blue, and mutations that caused an increase in affinity are indicated in 

yellow.
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Table 11.

The contributions of the CH3 group of ACh and the NH2 group of CCh to ligand 

binding.

The contribution made by the methyl group of ACh and the carbomyl amino group of 

CCh have been calculated by subtracting the binding energy of FCh from that of ACh 

or CCh, as detailed in the text and under the assumptions and restrictions detailed in 

the text.

* A log Ki, Requires that the analogues bind in the same predominant mode as ACh. 

This is probably reasonable, since they have similar or smaller hydrophobicities.

^ Assumes that the receptor structure is not seriously perturbed, which it appears not 

to be.

116



00co O
©

(N
o oo

(N
co

(N<N
co co

in
ovo

o o o

(N
ON
COCO

(NVO 00
00
o

00
00
o

(N

o (N O

ON

o
00
o00

o
00
o

00

c*
ON

00
00

00
00

117



binding energy. We also assume that these energies represent binding to the free 

receptor, rather than to the G-protein-coupled state.

Subject to these assumptions, we can calculate the contribution made by the 

acetylmethyl group of ACh (or of the carbamoyl amino group of CCh) by subtracting 

the binding energy of FCh from that of ACh (or CCh), leading to the Figures shown in 

Table 11. Similarly, we can calculate the contributions of the different amino acid 

side-chains to the binding of the ligands by subtracting the binding energy of a given 

ligand for the Ala mutant from that of the WT receptor. Once again, such a calculation 

is based on the assumption that the deletion of a given side-chain does not lead to 

cooperative changes in the structure of the receptor which propagate through the 

binding site to affect interactions with other moieties. In general, it appears that the 

changes in protein structure induced by point mutations are not transmitted beyond the 

first layer of contacts made by the targeted residue (Shortle, 1992), but such an 

assumption can, in the end only be verified by full structure determination.

Subject to these restrictions, the contribution of the terminal methyl group of 

ACh to binding, measured as delta log K, is 1.52 units, corresponding to 2.2 Kcal/mol. 

The T192A mutant reduces this contribution to 0.88 units, and the A196G mutation to 

0.69 units. The corresponding Cys mutations have quantitatively similar effects. The 

I188C mutation however preserves much of the binding energy contributed by the 

ACh methyl group. The diminution in the apparent binding energy of the methyl 

group due to the mutation of Thr192 to Ala is 0.64 units, and of Ala196 to Gly is 0.83 

units. The net change in the binding energy of ACh caused by these mutations is 0.81 

and 0.87 units, respectively. Therefore, in principle, the change in the contribution of 

the methyl group can account for most of the effect of the mutations. Also, the sum of 

the effects of the two mutations on the binding of the methyl group is 1.47 units, and 

this is sufficient to account for the entire binding energy calculated for the methyl 

group. Of, course it is not known whether it is possible to summate the changes the 

changes in interaction energy in such a simplistic way, but, in principle this could be 

tested with a double mutation.

Interestingly, two mutations caused an increase in ACh affinity. The mutation 

of Phe190 to Ala did not affect agonist binding but the mutation to Cys caused a 9-fold 

increase in ACh affinity. F190C also displayed an increased potency in the ACh 

induced PI response, which was of the same magnitude as its effect on ACh binding
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affinity. Furthermore, the mutant displayed enhanced basal activity which was 

inhibited by pharmacologically appropriate concentrations of antagonists (see Chapter 

4). Phe190 is predicted to be near the boundary with TM VI facing the lipid bilayer and 

is not thought to contribute directly to the ligand binding pocket. Agonist binding to 

the F190A mutant receptor is consistent with this. The effect of the F190C mutation 

on agonist binding and functional response is extremely interesting as this is the only 

mutation in the series investigated that caused an increase in the binding of ACh, and 

increases in CCh and Oxo-M binding affinity, and increased the functional response. 

This F190C mutant receptor may be constitutively active as it has an increased affinity 

for agonists but not for the antagonist [3H]NMS. Further investigations into the nature 

of this mutant receptor are reported in Chapter 4.

Mutation of Ala195 to Gly reduced low affinity binding of ACh by 2-fold 

whilst mutation to Cys caused a 3-fold increase in ACh binding, and a small increase 

in CCh binding affinity but did not affect Oxo-M binding. It also displayed increased 

basal activity and a slightly increased potency in the PI assay. However, evidence for 

constitutive activity on the part of this receptor is less convincing.

The main conclusion that can be drawn from this part of the study is that Be188, 

Thr192 and Ala196 contribute to the formation of the ACh binding site, and to a lesser 

extent are involved in the binding of other ACh-derived ligands, while residues in TM 

V of the mAChR that have been predicted by receptor modelling to point toward the 

lipid bilayer are not directly involved in ligand binding. The pharmacological 

evidence suggests that Thr192 and Ala196 may contribute to the binding of the ACh 

ester methyl group. The interaction is established in the free receptor, and continues to 

anchor ACh in the agonist -receptor-G-protein complex.

119



Chapter 4: Investigations fo r constitutively active receptors.

4.1 Introduction

Classically, receptors have been considered to display insignificant activity in 

the absence of agonist. However, receptors of the GPCR superfamily have been 

identified that exhibit constitutive activity. This leads to activation of signalling 

pathways in the absence of agonist. Activity in the absence of agonists can arise from 

receptor over-expression and is amplified in certain receptor mutants.

Previous reports of loci where mutation has resulted in constitutive activation 

of GPCRs include residues in the C-terminal section of i3 loop of the p-AR (Samama 

et a l , 1993a) and of the oti-AR (Cotecchia et al, 1990), a Cys to Phe mutation in TM 

m  of the aie-adrenergic receptor (Perez et al, 1996) and residues in TM VI of several 

GPCRs including point mutations in TM VI of the M5 mAChR (Spalding et al, 1995; 

Spalding et al, 1997). Construction of certain ai-AR chimeras also resulted in 

constitutively active receptors (Hwa et a l, 1996). The ai-AR can couple to PLC and 

PLA2 by coupling to distinct G-proteins. Interestingly, construction of a Cys to Phe 

mutation in the third TM region resulted in a receptor that coupled to G-proteins in the 

absence of agonist but only activated the PLC pathway, and did not cause constitutive 

activation of the PLA2 pathway (Perez et al, 1996).

Studies of signal transduction by constitutively active receptors have led to a 

revision of the ternary complex model, which was first developed to describe the 

binding features of the p2-AR (De Lean et al, 1980). This is a widely accepted model 

describing activation of GPCR involving the interaction of three components; the 

agonist, the receptor and the G-protein (see figure 20). Agonist binding to the receptor 

causes a conformational change, that is productive for effector activation (De Lean et 

al, 1980). However, this model in its original form did not provide a natural 

explanation for the binding data from constitutively active receptors, because it failed 

to provide a link between increased agonist affinity and increased signalling.

Constitutively active receptors emphasise the existence of an equilibrium 

between a basal state R and an active state R*. Only R* can productively interact with 

a G-protein to allow formation of the receptor G-protein complex R*G which allows 

the activation of effectors (Samama et al, 1993a; Samama et al, 1993b; Perez et al,
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Figure 20.

The extended ternary complex model.

a) In the classic ternary complex model A: agonist, G: G-protein, R: receptor. K 

describes A binding to R, M describes G binding to R. K and M are unconditional 

constants, since they describe a biomolecular reaction and are independent. otK and 

ocM are conditional constants, a  indicates how much the binding of A to R affects 

the binding of G to R and vice versa. (De Lean et al, 1982; Samama et a l, 1993).

b) In the extended ternary complex model (EXTC) A: agonist, G: G-protein, R: 

ground state of the receptor, R*: activated state of the receptor. In the EXTC 

agonists bind with a higher affinity for R* state than R state. K is the isomerisation 

constant between the ground states and the activated state of the receptor. KG 

describes the affinity of the activated receptor for G-protein. KA describes agonist 

binding to the free ground state receptor. otK describes the isomerisation constant 

of the agonist bound receptor. In this model R* and AR* complexes bind the G- 

protein, leading to the formation of the catalytically active R*G or AR*G 

complexes.
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1996). In the WT receptor R predominates, whilst in constitutively activated receptors 

the proportion of R* is increased with respect to that of the WT receptor. Agonists 

bind with higher affinity to the activated state than to the ground state and induce or 

trap the receptor in the R* conformation. The increased level of ligand-independent 

signalling by constitutively active receptors demonstrates that there must be a level of 

function of GPCRs even in the absence of ligand. Typically, constitutively active 

mutants have a higher affinity for agonists than does the WT receptor. The affinity of 

antagonists is unaltered or decreased depending on whether they bind with the same 

affinity to R and R*, or actually favour the inactive state (Samama et al., 1993a).

Investigations of constitutively active mutations have reported that increased 

basal levels of activity can be reduced by incubation with an antagonist. Elevated 

basal signalling levels in cells expressing the (X2-AR were reduced and displayed a 

graded response upon the addition of different antagonists to the [35S]GTPyS assay 

(Tian et a l , 1993), and increased basal signalling of constitutively active mutants 

could be reversed in a concentration-dependent manner by the potent antagonist, 

atropine (Burstein et al., 1996b), whilst a variety of ligands reduced increased basal 

activity of constitutively active mutants of the P2 -AR (Samama et al., 1993a) and the 

ocib-AR (Lee et al, 1997). Inverse agonists may cover a range of efficacies; in a study 

on the P2 -AR a rank order of inverse agonists was demonstrated (Chidiac et al, 1994).

The ability of certain antagonists to reduce increased basal activity of receptors 

has led to questions concerning the definition of an antagonist. Classically antagonists 

were defined as ligands that were unable to elicit a response on binding. More recently 

antagonists have been sub-classified as neutral antagonists and inverse agonists. 

Neutral antagonists do not affect basal responses and do not preferentially stabilise the 

active or inactive state, whilst inverse agonists are antagonists that can reduce an 

elevated basal response (Milligan et al, 1995). Ligands that display inverse agonism 

are proposed to have a higher affinity for R compared to R*, resulting in a decrease in 

the proportion of receptors in the activated state, which is manifest by a decrease in 

basal activation of effector systems.

The mutant receptor F190C displayed certain characteristics typical of a 

constitutively active receptor. It had a higher affinity than the WT receptor for all of 

the muscarinic agonists investigated. It showed agonist-independent activation,
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demonstrated by an increased basal activity in the PI turnover assay. It also showed 

increased ACh potency. However, it did not have a changed affinity for the antagonist 

[3H]NMS. It was postulated that this receptor was constitutively active so further 

investigations were performed to provide additional information.

The A195C mutant receptor also displayed an increased basal activity in the PI 

assay, and a slight (3-fold) increase in ACh potency. ACh binding affinity was 

increased 3-fold with respect to the WT receptor. The binding affinity of the agonist 

CCh was slightly increased, but there was no effect on the binding of the agonist Oxo- 

M.

4.2 Antagonist Inhibition o f basal signalling

The F190C and A195C receptors had increased basal activity in the PI 

turnover assay, equivalent to 160 % and 152 % (n = 6) of the WT basal response 

respectively, which is equivalent to 39 % and 36 % respectively of the ACh- 

stimulated signal in the same cells. As previous investigations of constitutively active 

mutations have demonstrated that increased basal levels of activity can be reduced by 

incubation with an antagonist basal samples of COS-7 cells transfected with the WT 

or the F190C receptor were incubated with the antagonist NMS (1 pM) for 30 min, or 

24 h prior to assay. The PI assay was then performed as usual.

Basal activity was not reduced by addition of NMS 30 min prior to assay, 

however incubation with NMS for 24 h reduced basal activity to the level seen for the 

WT receptor, (data not shown). Subsequently, the basal activity of WT, F190C and 

A195C was determined after incubation with 1 pM of NMS or 1 pM of the antagonist 

atropine for 24 h prior to assay (Figure 21). The basal activity of the WT receptor was 

only slightly reduced by incubation with NMS and atropine, by comparison with the 

activity of un-transfected cells. Incubation of F190C and A195C with NMS or 

atropine abolished the enhanced basal activity of the mutant receptors.

4.3 Activation ofF190C and A195C by the partial agonist pilocarpine.

A receptor activated by a partial agonist displays a sub-maximum response, 

compared to the results of activation by a full agonist. Increased affinity of the partial 

agonist for the activated form of the receptor would be expected to increase the
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Figure 21.

Antagonist inhibition of basal signalling.

The antagonists atropine and NMS (final concentration 1 pM) were added to 

unstimulated samples of COS-7 cells expressing WT, F190C and A195C receptors 24 

h prior to assay (48 h post-transfection). The samples were washed with Krebs buffer, 

and treated in the same manner as other samples in the PI assay. The data are from a 

representative experiment, and are mean ± S .E.M. of triplicate determinations.
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maximum response. This can be quantified by the PI assay. The maximum response of 

the WT, F190C and A195C receptors was determined in a PI assay after activation 

with the partial agonist, pilocarpine. Pilocarpine elicited a maximum response at the 

WT receptor that was 72 % (n = 2) of the WT ACh maximum response within the 

same experiment, in good agreement with previously published data (Page et al., 

1995). However, when F190C and A195C were stimulated with pilocarpine they had 

enhanced maximum responses, up to 96 % of the WT ACh maximum response. The 

effects of the mutations on the potency of pilocarpine were small (Table 12, Figure 

22). In a preliminary experiment pilocarpine agonist binding affinity was not affected 

by either of the mutations (data not shown).

4.4 GTP shift.

In previous experiments ACh binding to the WT receptor did not appear to be 

sensitive to GTP. However as the F190C receptor had an increased high affinity ACh 

binding compared to the WT receptor and appeared to be more functionally active it 

was decided to determine if ACh binding to the F190C receptor was GTP-sensitive. 

Binding assays were performed at pH 7.5, in HEPES buffer containing an elevated 

concentration of Mg2+ ions (10 mM), in the absence or presence of 0.3 mM GTP. A 

parallel experiment was performed for the WT receptor. 10 mM Mg2+ favours 

receptor coupling to G-proteins.

Again, there was no evidence of a GTP-induced shift in ACh binding to the 

WT receptor. The affinity of F190C for ACh in the absence of GTP was again greater 

than the affinity of the WT receptor for ACh, which agreed with previous 

determinations at pH 8.0 in buffer containing normal concentration of Mg2+ ions. In 

the presence of GTP the F190C binding curve was steeper, and shifted to the right. 

The apparent high affinity component of binding was selectively perturbed, and a GTP 

shift was clearly evident, (Table 13, Figure 23).

4.5 R-SAT assay

The F190C and A195C mutants were also investigated in a second assay 

system the Receptor -Selection Amplification Technology (R-SAT) assay in a 

collaboration with Dr. Tracy Spalding (Receptor Technologies Inc.). The R-SAT 

depends on the observation that mAChR subtypes which couple to Gq (Mi, M3 and
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Mutant pECso 
(-Log M)

E Max
(% WT ACh)

n

WT 5.97 ± 0.02 73 ± 2 2

F190C 6.17 ± 0.07 92 ± 2 2

A195C 5.80 ± 0.01 90 ±9 2

Table 12.

The effect of F190C and A195C receptors on the PI turnover response when 

stimulated with the partial agonist pilocarpine.

PI assays were performed on COS-7 cells expressing the WT, F190C and A195C 

receptors as described in Materials and Methods. Two independent experiments were 

performed in triplicate. Included in each experiment were cells transfected with the 

WT receptor which were activated by ACh, to allow comparison of maximum 

responses.
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Figure 22.

The PI response given by the F190C and A195C when stimulated with the partial 

agonist pilocarpine.

PI assays were performed on COS-7 cells expressing the WT, F190C and A195C 

receptors as described in Materials and Methods. The data are from a representative 

experiment performed in triplicate. Included in the experiment were cells transfected 

with the WT receptor which was activated by ACh, to allow comparison of maximum 

responses. F190C and A195C displayed increased basal responses, and an increased 

maximum response when activated by pilocarpine.
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Mutant p K d L
(-Log M)

p K d H
(-Log M)

% high 
affinity 

sites

pICso
(-Log M)

nH

WT 4.50 5.59 38 4.84 0.79

F190C 5.17 6.82 40 5.77 0.65

F190C
(0.3mM GTP)

5.07 - - 5.12 0.79

Table 13.

The effect of GTP on ACh binding to the WT and F190C receptors.

Competition experiments with ACh were performed with the WT and F190C 

receptors in buffer containing a high concentration of magnesium ions, (10 mM), in 

the presence or absence of GTP (0.3 mM) to determine a GTP-induced shift of the 

agonist binding curve. The data are from a single experiment which was performed in 

quadruplicate.
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Figure 23.

The effect of GTP on ACh binding to the WT and F190C receptors.

Competition experiments with ACh were performed with the WT (a) and F190C (b) 

receptors in buffer containing a high concentration of magnesium ions, (10 mM), in 

the presence or absence of GTP (0.3 mM) to determine a GTP-induced shift of the 

agonist binding curve. The data are from a single experiment which was performed in 

quadruplicate.

131



SP
EC

IF
IC

 
[3

H]
NM

S 
BO

UN
D 

% 
SP

EC
IF

IC
 

[3
H

N
M

S]
 B

OU
ND

 
%

120

100

80 -

60 -

40  -

WT 0 GTP

WT 0.3 mM GTP

■8 ■8 ■2■4LOG [ACh] M

120

100

80 -

60  -I

40  -

20  -

F190C 0 GTP

F190C 0.3 mM GTP

-20
8 •6 •2■4LOG [ACh] M

132



Mutant pECso CCh 
(-Log M)

CCh response
(%)

n

WT 6.93 ± 0.26 100 ± 9 4

F190C 7.00 ± 0.38 102 ± 13 3

A195C 6.65 ± 0 .1 3 129 ± 5 4 2

Table 14

The effect of F190C and A195C on the CCh-induced R-SAT response.

R-SAT assays were performed on NIH3T3 cells transiently expressing the WT Mi and 

F190C and A195C mutant receptors. Data were analysed using the Hill equation, to 

generate pECso values. The maximum responses and constitutive activity levels were 

normalised to an internal standard to control for variations between transfections. The 

responses are normalised relative to the response of 100 nM Cloprostanol, which is an 

agonist at the prostanoid FP receptors which are endogenously expressed by the cells. 

Experiments were performed by Dr. Tracy Spalding, Receptor Technologies Inc.
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M5 ) can induce ligand-dependent transformation of NIH3T3 cells, with a dose- 

response curve that is similar to that of PLC (Gutkind et al, 1993; Burstein et al., 

1995). Ligand-dependent transformation can be monitored using a reporter gene, p- 

galactosidase, that is co-expressed with the receptor of interest. Cells transfected with 

receptors and the marker gene are cultured in the presence of ligands for 4 days. This 

stimulates the growth of cells that express the receptor, and thus the marker, allowing 

graded expression of p-galactosidase to be measured (Burstein et al., 1995; Hill- 

Eubanks et al., 1996; Burstein et al, 1996a; Burstein et al, 1996b; Brauner-Osbome 

andBrann, 1996).

The WT, F190C and A195C mutants were stimulated in the R-SAT assay with 

CCh and the results shown in Table 14. Both the F190C and the A195C receptors had 

a pECso value similar to that of the WT receptor. In this assay the WT receptor 

displays basal activity that can be reduced by the antagonists NMS, atropine and QNB 

in a dose-dependent manner, and is thus defined as having a level of constitutive 

activity in this assay system (data not shown). The F190C receptor also had basal 

activity that could be reduced in a concentration dependent manner by the antagonists 

NMS, QNB and atropine in a comparable manner to that of the WT receptor. Thus, 

F190C was found to be constitutively active but at a level similar to that of the WT 

receptor. In previous experiments F190C was found to have only a 3-fold increase in 

CCh affinity compared to the WT receptor, but had a 7-fold increase in ACh affinity 

(Chapter 3). It would be useful to determine the functional response of F190C when 

stimulated with CCh in a PI assay, to determine any increase in functional potency, 

which was evident when F190C was stimulated by ACh.

4.6 Discussion.

In these experiments the ability of NMS and atropine to reduce elevated basal 

activity of the F190C and A195C receptors indicates that they are acting as inverse 

agonists at these receptors, and are shifting the equilibrium from the active R* state to 

the inactive R state. It would be interesting to investigate other antagonists of 

mAChRs to determine if they are classic antagonists or inverse agonists, and to look 

for a rank order of efficacy as in the P2-AR.

It was necessary to incubate the basal samples for 24 h with NMS or atropine 

before a reduction in basal signalling was evident. This is in agreement with
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observations on reduction of basal signalling by the cxib-A R . It was necessary to 

expose the COS-1 cells transfected with constitutively active ocib-AR to the 

antagonists, prazosin and phentolamine, for 16-24 hours before a reduction in basal 

signalling was seen (Perez et al, 1996). It has been proposed that this requirement for 

extended exposure is due to a slower on-rate of inverse agonists that bind to the R 

state of the receptor, and constitutively active receptors are by definition predicted to 

spend less time in the R state (Perez et al., 1996). However, this may not be the most 

credible explanation, more realistically it may take this long for the enhanced 

signalling activity due to the receptor to subside.

The binding of ACh to the F190C receptor is GTP-sensitive. This is consistent 

with the hypothesis that the increased apparent activity of the receptor is a result of 

enhanced G-protein coupling. A demonstrable GTP shift of high affinity binding to 

the F190C receptor is extremely interesting as in previous attempts a GTP shift at the 

WT receptor was not detectable. It was initially postulated that the reason for the 

absence of a GTP shift was the choice of expression system. It is now apparent though 

that a GTP shift can be seen in COS-7 cells expressing the Mi mAChR, but it appears 

to be dependent on the energetics of the individual receptor, as the F190C receptor is 

in a more active state than the WT receptor.

The F190C receptor does appear to be constitutively active. It had increased 

affinity for agonists but not antagonists, showed increased basal signalling which 

could be reduced by antagonists, increased agonist potency, and ACh binding which 

was GTP-sensitive. Phe190 is conserved in the mAChR family, but a different amino 

acid is found in other GPCRs (Donnelly et al., 1994), and the role of this residue has 

not been investigated previously (van Rhee and Jacobson, 1996). Previous models 

have indicated that Phe190 does not contribute directly to the ligand binding pocket, 

and the lack of effect of the F190A mutant is consistent with this.

It is possible that interactions of Phe190 may participate in a constraint on the 

receptor keeping it in an inactive form. Mutation of this residue to Cys may perturb 

the interactions of Phe190 in an as yet undefined manner, resulting in a receptor that is 

constitutively active. Mutation of Ala204 to Val in TMV of the a-AR produced a 

mutation that was constitutively active (Hwa et a l, 1996). In models of TM V this 

residue is in the second turn of the predicted a-helix, as is Phe190, and the effects of 

the mutation of it was attributed to disruption of helix-helix interactions.
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Other mutations of Phe190 are under construction, including mutation to Tyr 

which retains the phenyl ring, Ser which is the counterpart of the Cys mutant with the 

SH group replaced by a hydroxyl group, Leu which has a larger hydrocarbon side- 

chain, Arg which is large with a positive charge and Asp which has an acidic side- 

chain. It would be interesting to attempt to relate the side-chain properties with 

constitutive activity at position 190. Mutation of Ala293 in the ocib-A R  to all 19 other 

possible residues resulted in mutant receptors that were all constitutively active, 

displaying a graded level of constitutive activation (Kjelsberg et al, 1992).

The A195C receptor has elevated basal signalling levels, which can be reduced 

by antagonist, and does have a slight increase in ACh binding affinity, but no apparent 

augmentation of high affinity binding sites. It would be of interest to see if there was a 

GTP shift in this receptor. It could be presumed that there would not be as there is no 

apparent high affinity binding component. The nature of the A195C receptor appears 

more ambiguous than that of the F190C receptor, and it is probably not constitutively 

active.

The F190C binding and functional data have also been further analysed using 

the extended ternary complex model of binding (Figure 20, Hulme and Lu, 1998). The 

demonstration of an increase in agonist affinity correlated with enhancement of basal 

functional activity of F190C is one of a range of characteristic phenotypes which may 

be produced by mutation. This phenotype is consistent with the operation of a two- 

state mechanism of agonist activity, in which there is a pre-existing state of 

equilibrium, defined by an equilibrium constant K, between the active (R*) and 

inactive (R) states of the receptor. Agonists bind with higher affinity to the R* state 

than to the R state. A mutation which displaces the equilibrium in favour of the 

activated state, through an increase in the value of K, simultaneously increases both 

basal activity and agonist affinity.

The simplest receptor-response model to predict this behaviour is the extended 

ternary complex (EXTC) model of agonist action shown in Figure 20. In this model, 

pre-existing (R*) and agonist-induced (AR*) complexes bind the G-protein, leading to 

the formation of the catalytically active R*G or AR*G complexes. These undergo 

GDP-GTP exchange, resulting in the activation of the G-protein. The EXTC model 

was first used to analyse the properties of a constitutively active mutation of the P-AR 

(Samama et al, 1993), and is widely applicable to GPCR mechanisms.
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In using this model, it is assumed that the PI response, which was the 

functional response measured in this study, is directly proportional to the ratio of the 

concentration of activated-receptor G-protein complex to total G-protein, i.e.

PI/PImax = ([AR*G] + [R*G]) / [GT] = [AR*G1 + [R*G1 (1)

In equation 1, and the following equations, the underline is used to denote 

normalisation either by division by GT for the concentrations of complexes involving 

the receptor, or multiplication by GT in the case of the affinity constant KG.

For the wild-type Mi receptor expressed in COS-7 cells, measurement of the 

ACh dose-response curves after receptor blockade has shown that RT is about 20 for 

the WT receptor (Lu et al., 1997). If RT » 1  it can be shown that the solution to the 

EXTC model reduces to

fAR*Gl + fR*Gl = (P2 + P4[A]) [RT]/(1 + P2[RI1 + (P4[RT] + KBin) [A]) 

where P2 = KKG: P4 = ocK aK K G . and KBin =KA (1 + ocK).

This is an extension of equation 22 of Black and Leff (Black and Leff, 1983). 

KBin is taken to be the affinity constant describing the GTP-insensitive 

component of agonist binding, e.g. pKdL in Table 13.

By setting [A] = 0, we see that

Basal = P2 [RT] / (1 + P2 [RT]) (3)

while the apparent activation constant, KAct, defined as I/EC5 0  is 

KAct = (P4)[RT] + KBin) / (1 + P2 [RT])

It follows that

P4 = (KAct/ (1-Basal) - KBin) / [RI] (4)

Thus the parameters P2, P4 and KBjn derived by fitting are well determined by 

the measurable quantities evoked by the expression of the receptor in the cell, namely 

(i) the concentration of binding sites, [RT]; (ii) the basal activity; (iii) the EC5 0 , 

derived from the PI assay and (iv) the binding constant, derived from an agonist 

binding experiment performed in parallel. Furthermore, it is possible, by combining 

them in various ways, to obtain information about the underlying molecular affinity 

constants of the model, thus

P4/P2 = otKA (5)

gives the affinity of the agonist for the R*G complex and

P4/KBin = KGotK/ (1 + <xK) (6 )
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is a measure of the affinity of the G-protein for the ensemble of fARl and [AR*] 

which can be regarded as an estimate of signalling efficacy.

Altering the parameters in the EXTC model leads to three distinct phenotypes, 

(i) An increase in a, the cooperativity of agonist binding predicts an increase in 

functional potency, and in binding affinity, but without an increase in the basal 

activity (ii) An increase in KG predicts an increase in functional potency, and an 

increased basal activity, but only predicts an increase in the affinity of the high- 

affinity, GTP-sensitive sites (iii) An increase in K predicts an increased functional 

potency, increased basal, and increased binding affinity, even for the non- G-protein 

coupled sites. The latter seems to best describe the properties of the F190C mutant. 

Phe190 does not seem to be a direct interaction site for ACh, because the 

corresponding Ala mutation is without effect on binding or signalling.

Analysis of the F190C data with the EXTC model proceeds as follows:

RT = 7.3 (based on the expression level of the mutant)

Basal = 0.17 of ACh-stimulated signal.

P2RT = Basal/(1-Basal) = 0.20 

Hence P2 = 0.0274

KAct = 8.71 x 107 (from Table 9, I/EC50

Kfiin = 1.32 x 105 (from Table 13 and Table 4)

P4RT = KAct /(I-Basal) - KBin = 1.04 x 108 

P4 = 1.43 x 107

P4 / P2 = 5.2 x 108 M"1. Comparable values are obtained for S120A and L116A (Lu 

and Hulme, 1998). This value represents the calculated ACh affinity for the R*G 

complex.

P4/ KBin = KGocK/ (1 + aK) = 108

From use of Tables 4 and 9 comparable values for the WT receptor are 4.83 x 105 for 

K and 10.5 for P4/KBin suggesting that the efficacy of F190C is 10-fold increased with 

respect to the WT receptor. Also, the basal activity of the WT receptor is < 5 % of the 

ACh-stimulated maximum activity (Figure 17). This yields a value of P2 ~ 2.5 x 10'3 

for the WT receptor. Comparison with the value of P2 for the F190C mutant suggests 

that

KKGmnt/ KKGwt =11.

138



Assuming that KG mut = KG WT, Kmut/KWT ~ 11. As far as ACh binding is 

concerned, other work in the laboratory has suggested a value of ~ 0.83 for aKWT. The 

predicted increase in the low affinity binding constant of the mutant is ( 1  + 

aKmut)/(l+aKWT) = 5.5-fold. The observed increase is ~ 4.5-fold. Although the 

picture is not completely consistent the conclusion is that for the F190C mutant the 

value of K is approximately 10-fold increased with respect to the WT receptor.

Thus, the replacement of Phe1 90 with Cys may lead to increase in the 

isomerisation constant governing the transition between the ground and activated 

states of the receptor. A similar change is not made when the corresponding Ala 

mutation is made. This may indicate that the bulky and highly-polarisable sulphur 

atom of the Cys side-chain makes an interaction which selectively destabilises the 

ground state of the receptor, or selectively stabilises the activated state. It is possible 

that the significantly decreased expression level of the F190C mutant (Table 2) tends 

to favour the former explanation. The phenomenology of this mutant is very similar to 

that described for several other receptor mutations, including the Ser mutants in TM 

VI of the M5 mAChR described by Tracy Spalding (Spalding et al., 1995).
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Chapter 5: Probing the M1 mAChR binding site with sulphydryl 

reagents.

5.1 Introduction

The residues in TM V (He18 8 - Ala196) of the Mi muscarinic receptor were 

mutated to cysteine introducing a chemically reactive group so that the TM V region 

could be probed with alkylating affinity agents. Cysteine-scanning mutagenesis was 

developed and studied in the nAChR where it was used to define the contribution of 

the membrane-spanning segments of a ligand-gated ion channel (Akabas et al., 1992; 

Akabas et a l, 1994). This novel Cys-scanning approach was termed the substituted- 

cysteine accessibility method (SCAM).

Cys-scanning can also be applied to GPCRs as they are also formed by 

membrane-spanning segments, so in principle, as for ion channels, the segments 

which delineate the GPCR binding site crevice could be mapped by determining the 

accessibility of substituted Cys residues to hydrophilic reagents. Javitch used this 

rationale to develop and apply SCAM to GPCRs, specifically to investigate the 

binding site of the dopamine D2 receptor. Residues in predicted transmembrane 

regions IE, V, VI and VII were systematically mutated to cysteine and then probed 

with sulphydryl-specific agents, which are derivatives of methanethiosulphonate 

(MTS) (Javitch et al., 1994; Javitch et al., 1995a; Javitch et al., 1995b; Fu et al., 

1996; Javitch etal., 1998).

Javitch used the following assumptions in his SCAM studies. Firstly, if the 

ligand binding properties of a Cys replacement mutant were near normal, then it was 

likely that the structure of the mutant receptor was similar to that of the WT receptor, 

and that the substituted Cys lies in a similar orientation to that of the WT residue. The 

sulphydryl group of Cys substituted residues in the membrane-spanning segments can 

face into the binding site crevice, into the interior of the protein, or into the lipid 

bilayer. Only residues that face into the binding site crevice or spend a significant time 

within the binding site crevice could interact with the MTS reagents (Javitch et al., 

1994; Javitch et al., 1995a). These assumptions were similar to those made when 

Akabas and co-workers used the MTS derivatives to study the nAChR (Akabas et al., 

1992; Akabas etal., 1994).
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Figure 24.

The structures of the MTS derivatives.
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The dimensions of the MTS derivatives are about 1 0  A by 6  A, which is of 

similar size to dopamine and acetylcholine (for structures see Figure 24). They should 

react with sulphydryl groups at the water accessible surface, forming mixed 

disulphides with the cysteine sulphydryl covalently linking

s c h 2c h 2x

where X is NH3 MTSEA

N(CH3)3+ MTSET

S03- MTSES

In TM IE of the D2 dopamine receptor 10 out of 22 consecutive residues were

found to be exposed in the binding site crevice, by the irreversible inhibition of 

binding of the antagonist [3H]-iV-methylspiperone by MTSEA. This block of 

antagonist binding could be prevented by preincubating receptors with a different 

antagonist prior to incubation with the sulphydryl reagent, in protection experiments 

(Javitch et al, 1995a). The pattern of block was consistent with a short loop followed 

by 6  turns of an a-helix, with one side facing the binding site crevice (Javitch et al, 

1995a). The pattern of reactivity was similar in TM VI and VII of the dopamine 

receptor. These regions were also predicted to be a-helical. TM VII was predicted to 

be a-helical with a proline kink (Fu et al, 1996; Javitch et a l, 1998). When this 

approach was applied to TM V, 13 of the 25 Cys-substituted residues reacted with 

MTSEA; 10 of the reactive residues were consecutive. This region of the receptor 

structure was predicted to have either a loop structure or, if a-helical, to be highly 

mobile, allowing most of the residues to be accessed from the binding site crevice 

(Javitch et al, 1995b).

TM V of the ai-AR has recently been investigated by Cys replacement and 

investigation with the adrenergic agonist, chloroethylclonidine (CEC), which is also 

an alkylating agent, in an adaptation of the procedure of Javitch (Marjamaki et al, 

1998). CEC has previously been used to discriminate between ai-AR subtypes in 

functional assays (Tian et al, 1990), and alkylates the human a 2A-AR and a 2c-AR, 

but not the a 2B-AR. (Marjamaki et al, 1998). CEC is known to undergo 

intramolecular cyclization to a reactive aziridium ion, before irreversible receptor 

activation. It is presumed that the aziridium ion forms a covalent bond with the free 

SH group of an exposed Cys residue. The results from these Cys-scanning
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experiments were consistent with an a-helical structure of TM V of the a 2A-AR 

(Marjamaki et al, 1998).

The TM V mAChR Cys mutants were initially probed with the sulphydryl 

alkylating agent BrACh. BrACh was the optimal choice of agent as it is a close 

analogue of ACh, and is predicted to become orientated in the same manner as ACh 

within the receptor binding site. The difference in structure between ACh and BrACh 

is replacement of a single hydrogen in the terminal methyl group with bromine.

BrACh has the potential to react with Cys residues introduced into TM V by 

mutagenesis. One requirement is that the cysteines should be accessible. The other is 

that they should be ionisable, (SH groups in an aqueous environment are 

approximately 50 % in the S' form at pH 8.0).

The irreversible reaction is likely to be a two step process:

RS' + BrACh <=> RS .BrACh => RS-ACh + Br
reversible irreversible

Initial experiments with BrACh included a time course of inhibition of 

[3H]NMS, binding as it is known that BrACh is unstable and hydrolyses to 

bromoacetate and choline. This experiment was performed to determine an optimum 

incubation time for further investigations. Competition experiments were performed 

with BrACh and [3H]NMS to determine its affinity for the WT and TM V mutant 

receptors.

After probing TM V with BrACh, other alkylating affinity agents were 

employed. These included the MTS derivatives MTSEA, MTSET, and MTSES which 

were utilised by Javitch to probe the D2 dopamine receptor, and in addition the 

sulphydryl alkylating agent iodoacetamide.

Iodoacetamide (C2H4INO) is an alkylating agent which undergoes nucleophilic 

attack by free S" groups. It has been used in the mapping of amino acids in the 

cytoplasmic loop connecting helices ID and IV of rhodopsin after systematic cysteine 

replacement of the 24 residues in the loop (Ridge et a l, 1995). Iodoacetamide has also 

recently been used to prevent the formation of disulphide bonds in IgG, when 

investigating the formation of potent IgG fragments (Li et al, 1996), to prevent 

disulphide bond formation when investigating activation mechanisms of the human
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interleukin-3 receptor (Stomski et al., 1996), and to alkylate cysteine residues in the 

low density lipoprotein (LDL) receptor (Bieri et al., 1995)

5.2. BrACh Time Course

In order to determine the optimum incubation time for competition binding 

studies with BrACh a time-course experiment was performed, (Figure 25). The ability 

of BrACh and ACh to inhibit [3H]NMS binding to the WT receptor was measured at 

pH 8.0 at time intervals of 15, 30, 60 and 120 min.

ACh inhibition of [3H]NMS binding reached equilibrium at 15 min, was not 

affected by an increase in incubation time and remained constant over the time period 

measured. Initially BrACh inhibition was comparable to that given by ACh, using a 3- 

fold higher concentration of BrACh than ACh, however it decreased with time from 

15 min. There was 90 % inhibition at 15 min, but only 40 % inhibition at 2 h, this is 

shown in Figure 25 by an increase in [3H]NMS binding over the time period 

measured. The diminishing inhibition is almost certainly due to the hydrolysis of
' j

bromoacetylcholine to bromoacetate and choline. The of choline is less than 10' 

M and 1 mM choline gives only 20 % inhibition of [3H]NMS binding at the 

concentration used. As there appears to be no component of irreversible binding 

between BrACh and the WT receptor, (or at least any that affects [3H]NMS binding), 

the decrease in available competing BrACh allows the binding of [3H]NMS.

A second time-course experiment was performed in which BrACh inhibition 

of [3 H]NMS binding was measured at more frequent intervals, every 5 min for 30 min 

and then every 10 min for a further 30 min (data not shown). Again BrACh 

competition decreased with time. These two experiments established that the optimum 

incubation time for BrACh competition experiments was 15 min. This time was 

thought sufficient for equilibrium to be approached, while limiting BrACh hydrolysis.

In both time-course experiments with BrACh there was a level of inhibition 

remaining even up to 3 h. One possibility for this may be that the hydrolysis of BrACh 

to bromoacetate and choline may not be complete after 3 h, so that there may be some 

BrACh remaining to compete with the [3H]NMS. A more likely possibility is that the 

hydrolysis product choline may be competing with the [3H]NMS. Choline has a low 

affinity for the M\ WT receptor expressed in COS-7 cells, 65-fold lower than that of 

ACh (Page et al., 1995). Choline inhibition of [3H]NMS was measured at 30 min
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Figure 25.

Time-course of ACh and BrACh reversible binding.

Competition experiments with BrACh and ACh on membrane preparations of the WT 

receptor were performed to determine the optimum incubation time for BrACh and 

the extent of its hydrolysis over 2 h. The concentration of radiolabelled antagonist 

[3H]NMS was fixed at 0.3 nM. BrACh concentrations used were 0.3 and 1 mM, ACh 

concentrations were 0.1 and 0.3 mM. Specific binding was determined at 15, 30, 60 

and 120 min, and is represented as [3H]NMS dpm.
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Table 15.

Analysis of the binding of BrACh to the Mi WT receptor and TM V mutant 

receptors.

Competition experiments were performed on preparations of COS-7 cells transiently 

expressing WT and TM V mutant receptors. Determinations were performed at pH 

8.0, and were incubated for 15 min, as described in Materials and Methods. Data were 

analysed using the Hill equation, to generate a log IC5 0  value and a Hill coefficient nH, 

which describes the steepness of the curve. Data are corrected for NMS occupancy by 

the addition of the Cheng-Prusoff correction factor.
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Mutant pICso
(-Log M)

nH n

WT 4.22 ± 0.05 1.13 ± 0.05 7

I188C 4.15 ± 0 . 1 1 0.90 ± 0.09 3

I188A 4.04 ± 0 . 1 1 1.09 ± 0.07 3

T189S 4.15 ± 0 . 1 2 1.06 ± 0.09 3

T189C 4.14 ± 0.09 1.02 ± 0 .1 5 2

F190C 4.87 ± 0 .1 3 0.99 ± 0 . 1 1 2

F190A 4.10 ± 0.03 0.96 ± 0 .1 6 3

G191C 4.23 ± 0 . 1 1 1.16 ± 0.05 3

G191A 4.58 ± 0 . 0 1 1.07 ± 0.06 2

T192C 4.30 ± 0.04 1.03 ± 0 . 0 1 2

T192A 4.51 ± 0 . 0 2 0.82 ± 0.26 2

A193C 4.15 ± 0 . 1 0 1.09 ± 0.09 3

A193G 3.90 ± 0 . 1 2 1.03 ± 0.27 2

M194C 4.21 ± 0 . 2 0 1.26 ± 0 . 1 0 3

A195C 4.34 ± 0 .1 3 1 . 2 0  ± 0 . 1 1 3

A195G 4.34 ± 0 .1 3 1.18 ± 0 .1 5 2

A196C 4.08 ± 0.06 1 . 1 0  ± 0.08 3

A196G 4.13 ± 0 .1 9 1.06 ± 0 . 0 1 2
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intervals for 3 h. There was no apparent inhibition by 0.3 mM choline and 17 % 

inhibition by 1 mM choline. This inhibition by 1 mM choline is consistent with its 

affinity.

As BrACh hydrolyses to bromoacetate and choline, it was also of importance 

to determine if bromoacetate could inhibit [3H]NMS binding to the WT and other 

receptors. A competition experiment was performed with bromoacetate at the WT, 

I188C and T192C receptors. There was no inhibition of [3H]NMS binding by 

bromoacetate at any concentration in the range 10'2-10'7 M (data not shown).

5.3 Competition binding with BrACh.

As BrACh was to be used as a probe for the agonist binding pocket of the 

mAChR, it was deemed important to assess the agonist binding properties of BrACh, 

namely its affinity for the WT and TM V mutant receptors.

BrACh binding to the WT receptor was fitted to the Hill equation, to generate 

a pICso value and a Hill coefficient. The pICso value gave a IQ value of 4.22, 5-fold 

lower than that of ACh. However there was no detectable high affinity component of 

binding (Table 15).

The effect of the TM V mutations on the binding affinity of BrACh were very 

subtle. None of the mutants displayed a high affinity component of binding. The 

greatest effects were caused by mutation of residue Ala193 to either Gly (2-fold) and 

mutation of He188 to Ala (1.5-fold) (Table 15). The mutation of Phe190 to Cys increased 

the binding affinity by 4.5-fold, an effect comparable to that on ACh, CCh and Oxo-M 

binding.

5.4 BrACh activation o f the WT and T192C receptor.

The ability of BrACh to activate the WT receptor was investigated using the PI 

turnover assay. The optimum incubation and stimulation time for agonists (such as 

ACh and Oxo-M) in the PI assay is 30 min, however as BrACh is not stable with time, 

and the optimum incubation time for competition experiments with BrACh is 15 min, 

activation of the WT receptor by BrACh was investigated with a range of incubation 

times (Figure 26). Basal and agonist-stimulated levels of activation at 10 and 20 min 

were less than those at 30 min. Therefore the optimum incubation time for BrACh 

stimulation in the PI assay was determined as 30 min, the same as for other agonists.
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Figure 26.

Time course of BrACh activation of the WT receptor.

PI assays were performed on COS-7 cells expressing the WT receptor. The samples 

were stimulated with a range of BrACh concentrations, and incubated for 10, 20, or 30 

minutes, PI assays were then performed according to Materials and Methods and the 

response determined. Data are from a single experiment which was performed in 

triplicate, error bars are S.E. about the mean of the triplicate determinations.
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Figure 27.

BrACh activation of WT and T192C receptors.

PI assays were performed on COS-7 cells expressing the WT and T192C receptors, 

detailed in Materials and Methods. Samples were incubated for 30 min. The 

concentration of BrACh was extended to 3 x 10'2 M to ensure maximum activation 

was achieved. WT activation by ACh was included within the experiment as a control, 

and to allow comparison of maximum responses. This is a representative experiment.

BrACh activated WT receptor had a maximum response 30 % of that of the ACh 

activated WT receptor. The pECso for BrACh activation of the WT receptor was 4.38. 

There was no measurable pECso for BrACh activation of T192C as there was very 

little, if any activation of the receptor by BrACh.
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The response of the WT and T192C receptors to stimulation by BrACh was compared 

to the WT ACh-induced PI response (Figure 27). T192C was chosen as well as WT as 

it was one of the mutant receptors that had the most altered ACh-induced response 

compared to the WT receptor. The final range of BrACh concentrations used was 10 9 

to 3 x 10' 3 M. Initially the BrACh concentration range was extended to 10 1 M, 

however concentrations of BrACh greater than 10' 2  M produced non-specific 

detrimental effects, which were manifest by a decrease in maximum response, 

compared to lower concentrations of BrACh. The reason for this is unknown.

BrACh activated the WT receptor with a maximum response 30 ± 6  % (n =2) 

of that produced in response to activation by ACh. The potency of BrACh at the WT 

receptor was 400-fold lower than that of ACh, with a log EC5 0  value of 4.38 ± 0.16 (n 

= 3).

BrACh did not appear able to activate the T192C receptor. At most 4.5 ± 2 % 

(n = 2 ) activity above basal was detected, and it was impossible to determine an EC5 0  

value in 2 independent experiments.

5.5 BrACh screen o fTM  V mutants : Time course.

BrACh has the potential to react irreversibly with the Cys-substitution 

mutants. The hydrolysis of BrACh with time was exploited in a preliminary screening 

experiment to detect any irreversible binding between BrACh and a cysteine mutant 

receptor. This experiment was based on the previous BrACh time-course (section 5.2). 

If irreversible binding occurred, the increase of [3H]NMS binding resulting from the 

hydrolysis of BrACh would be affected. A series of inhibition experiments with 

BrACh were performed for the WT and TM V Cys mutations with incubation times of 

15, 30, 60, 120 and 180 min (Figure 28). The concentration of BrACh was constant (1 

mM) and was chosen from the initial competition studies. The data are represented as 

a % increase in [3H]NMS binding from 15 min (the time established as optimum 

incubation time for competition experiments, Figure 25).

The reaction with BrACh separated the TM V mutants into 3 groups. BrACh 

reacted with the mutant receptors T189C, F190C, G191C, M194C and A195C in the 

same manner as it did with the WT receptor. The inhibition of [3H]NMS binding by 

BrACh decreased with time as BrACh hydrolysed to bromoacetate and choline,
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Figure 28.

BrACh screen of TM V mutants : Time course.

Experiments with BrACh were performed on membrane preparations of the WT and 

TM V Cys mutant receptors. The concentration of radiolabelled antagonist [3H]NMS 

was fixed at 0.3 nM. BrACh concentration was fixed at used 1 mM. ACh 

concentrations were 0.1 and 0.3 mM. Specific binding was determined at 15, 30, 60, 

120 and 180 min. Data are represented as % increase in [3H]NMS dpm from 15 mins.
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indicated in Figure 28 by an increase in [3H]NMS binding. Thus BrACh interacted 

reversibly with these receptors.

The mutant receptors I188C, A193C and A196C formed a second group, 

[3H]NMS binding increased slightly with time but did not reach the level of the WT 

receptor. This indicates that there was probably a component of irreversible binding 

between BrACh and the receptors.

BrACh reacted uniquely with the mutant receptor T192C. The inhibition 

observed at 15 min did not alter with time and remained constant for 4 h. This 

strongly suggests an irreversible binding reaction between BrACh and T192C which 

prevents dissociation of the ligand from the binding site.

5.6 Concentration-dependence o f BrACh blockade.

In an initial experiment, blockade of receptor binding sites by BrACh was 

investigated by preincubating concentrated (10 x final concentration) aliquots of 

membranes of WT and TM V mutant receptors with a range of BrACh concentrations 

(0.03 - 3 mM). Block was determined by the prevention of direct binding of the 

radiolabelled antagonist, [3H]NMS, which was at a fixed receptor-saturating 

concentration of 3 x 10'9 M. Concentrated aliquots of membranes were incubated with 

a given concentration of BrACh for 15 min, then diluted 10-fold with binding buffer 

containing [3H]NMS to a final concentration of 3 x 10'9 M and incubated for 2 h. 

Control samples were treated in the same manner, but without BrACh.

I188C, I188A, T192C, T192A, A196C and A196G were chosen as the mutants 

to study in the initial block experiment as these were the residues that had the greatest 

effects on ACh binding and ACh-induced functional response, and were reactive 

positions in the time-course screen experiment (section 5.5). The Ala substitution 

mutants were included as controls for the specific interaction between a Cys residue 

and BrACh.

BrACh did not block binding of [3H]NMS to the WT receptor until 

concentrations of 1 and 3 mM were reached, with only ~ 10 % of block at 1 mM 

(Figure 29). BrACh blocked up to 30 % of binding sites of the I188C receptor at 0.3 

and 1 mM but the extent of block did not increase upon increasing concentration. 

There was no apparent block of the II88A receptor until a concentration of 3 mM was
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reached. There was slight blockade of A196C and A196G at each concentration, but 

no greater than the blockade of the WT receptor (data not shown).

The block of the T192C receptor by BrACh increased from 0.03 mM and 

appeared to plateau at 1 mM with 50 % block of [3H]NMS binding. There was a 

gradual increase in block that corresponded with an increase in BrACh concentration. 

BrACh did not appear to block the T192A receptor, unless the BrACh concentration 

was increased to 1 mM and above. The extent of this apparent block was similar to 

that of the WT receptor (Figure 29).

From this experiment the BrACh concentrations to investigate block at all of 

the TM V Cys mutants were chosen to be in the 0.3 to 1 mM range, to maximise block 

of the mutants with respect to the WT receptor.

It was interesting that the maximum amount of block of the T192C receptor 

was 50 %. In an attempt to increase the amount of block of T192C, experiments were 

performed with more than one addition of BrACh to the concentrated membranes. 

When three subsequent additions of 1 mM BrACh were made and each incubated for 

15 min the amount of blockade of T192C appeared to be nearer 80 %, however the 

amount of blockade of the WT receptor had increased significantly as well (data not 

shown).

WT and T192C membranes were also treated with a range of concentrations of 

the reducing agent p-mercaptoethanol (p-ME) prior to incubation and reaction with 

BrACh. This did not affect the amount of BrACh blockade (data not shown).

5.7 Initial rate o f BrACh block o f TM V.

The ability of BrACh to block the NMS binding sites of the TM V mutations 

was determined using 1 mM BrACh. The protocol was modified slightly from the 

initial experiment. The aim was to attempt to limit the reaction to the initial part of the 

blockade time-course. Concentrated membrane preparations of the TM V Cys mutant 

receptors were preincubated with BrACh for 10 min. The samples were immediately 

cooled on ice, then diluted 10 x with ice-cold binding buffer. Aliquots were dispensed 

into reaction tubes containing [3H]NMS to a final concentration of 3xl0'9 M, and then 

incubated for 2 h.

There was little (13 ± 6 %) block of binding sites of the WT receptor by 1 mM 

BrACh. BrACh reacted with the I188C, T189C, F190C, G191C, M194C and A195C
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Figure 29.

BrACh block of [3H]NMS binding to WT, T192C and T192A receptors.

Concentrated aliquots (10 x final concentration) of receptors were preincubated with a range 

of BrACh concentrations (0.03 mM to 10 mM) for 15 min, at 30 °C. The concentrated 

membranes were then diluted with binding buffer (pH 8.0), which contained |/H]NMS at a 

final concentration of 3 x 10'9 M, and incubated at 30 °C for 2 h. The data are from a single 

experiment performed in quadruplicate. % blockade is determined by the decrease in specific 

[?H]NMS binding by BrACh.
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Mutant BrACh 1 mM  
% block

n

WT 13 ± 6 4

I188C 11 ± 4 4

T189C 10 ± 5 4

F190C 1 2  ± 2 4

G191C 9±3 3

T192C 37 ± 7 * 3

A193C 23 ± 4 4

M194C 16 ± 3 4

A195C 9 ± 4 4

A196C 7±3 4

Table 16.

BrACh block of [3 H]NMS binding to the WT and TM V Cys mutant receptors.

Concentrated aliquots (10 x final concentration) of membranes were preincubated 

with 1 mM BrACh for 10 mins, at 30 °C. The concentrated membranes were then 

diluted with ice-cold binding buffer (pH 8.0), and incubated in the presence of 

[3H]NMS which was fixed at 3 x 10'9 M, at 30 °C for 2 h. Control samples were 

treated in the same manner. % block is determined by the decrease in specific 

[3H]NMS binding by BrACh. t-test * p< 0.05 vs. WT treated control.
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Figure 30

BrACh block of [3 H]NMS binding to the WT and TM V Cys mutant receptors.

Concentrated aliquots (10 x final concentration) of membranes were preincubated 

with 1 mM BrACh for 10 min, at 30 °C. The concentrated membranes were then 

diluted with ice-cold binding buffer (pH 8.0), and incubated in the presence of 

[3H]NMS which was fixed at 3 x 10*9 M, at 30 °C for 2 h. Control samples were 

treated in the same manner. % block is determined by the decrease in specific 

[3H]NMS binding by BrACh. t-test * p< 0.05 vs. WT treated control. Data are the 

mean (± S.E.) of at least 3 independent experiments.
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receptors in a similar manner to that of the WT receptor (Table 16, Figure 30). There 

appeared to be slightly greater than WT reactivity with A193C (23 %). The only 

receptor that was significantly blocked by BrACh was T192C, which had up to 37 % 

of its binding sites blocked by 1 mM BrACh (Table 16, Figure 30).

When T192C was incubated with BrACh for 15 min there was 50 % block of 

NMS binding as compared to 37 % with a 10 min incubation. Thus, a 10 min 

incubation did indeed restrict the reaction to the initial part of the time course.

A rough estimate of the lower limits of the reaction rate constant can be 

calculated using a simple exponential decay equation;

R = R0e‘k[BrACh1'

where R is the fraction of remaining receptor sites, K is a second order rate 

constant, and t is the incubation time.

For the WT, receptor the reaction rate constant is 14 M^.min'1 and for the 

reaction of BrACh with T192C the reaction rate constant can be calculated to be 46 

M^.min'1.

Experiments were also performed with subsaturating concentrations of 

[3H]NMS. Concentrated membrane preparations of the Cys mutants were 

preincubated with 1 mM BrACh, and the blockade of 3 x 10'10 and 3 x 10‘n M 

[3H]NMS binding sites determined. The pattern of block at these concentrations of 

NMS was similar to the pattern at the higher concentration.

5.8 Saturation binding o f[3H]NMS to pretreated membranes.

Saturation binding of [3H]NMS to BrACh-pretreated WT and T192C receptors 

was determined. Concentrated aliquots of membranes (20 x final concentration in ice- 

cold binding buffer, pH 8.0) were preincubated with 1 mM BrACh for 15 min at 30 

°C. After preincubation, the membranes were diluted with ice-cold binding buffer (10 

x), spun (29,000 rpm, 30 min), then resuspended in binding buffer. Saturation binding 

with a range of [3H]NMS concentrations (3 x 10'11 to 3 x 10'9 M) was performed and 

the pKd and Bmax determined. The protein concentration of each receptor in the 

presence and absence of BrACh before and after dilution and resuspension was 

determined by the Lowry method.

The affinity of [3H]NMS for the WT or T192C receptors was not altered by 

preincubation with 1 mM BrACh. There was no change in the pKd determined by
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fitting a one-site model of binding to the data. There was no change in Bmax for the 

WT receptor, but the Bmax of T192C was significantly reduced by 71 (± 14) % (n = 2), 

indicating that BrACh was blocking about 70 % of the available [3H]NMS binding 

sites.

5.9 Investigations with iodoacetamide.

A range of iodoacetamide concentrations (0.03- 10 mM) were used to probe 

the WT and G191C and T192C mutants (see Figure 31). Iodoacetamide showed no 

significant block of [3H]NMS binding below 3 mM but gave 20 % block of the WT 

receptor at 10 mM. There was no difference in reactivity with the G191C or the 

T192C receptors compared to the WT receptor.

5.10 Investigations with MTSEA

A  range of concentrations (0, 0.03, 0.1, 0.3, 1, 3 and 10 mM) of the positively- 

charged reagent, MTSEA, were used to probe the WT as well as the T189C, G191C, 

T192C and A196C receptors. MTSEA gave 20 % blockade of the WT receptor at 0.03 

mM and 100 % block at 0.1 mM (Figure 32). Similar results were obtained with the 

other mutations that were investigated. As MTSEA reacted strongly with the WT 

receptor, no further investigations could be made with this reagent.

5.11 Investigations with MTSES

Block experiments were performed with the negatively charged sulphydryl 

reagent MTSES. The range of MTSES concentrations used was 0.03 - 10 mM. 

MTSES did not significantly block [3H]NMS binding to the WT receptor, G191C or 

T192C receptors at any of the concentrations used (Figure 33).

5.12 Competition binding with MTSET

As MTSET has a positively charged head-group and is similar in size to ACh,
3

a competition experiment was performed between MTSET and [ H]NMS to determine 

the ability of MTSET to bind reversibly to the WT receptor. In this initial experiment 

MTSET gave a pICso of 3.83, at the WT receptor, only 12-fold lower than that of 

ACh. The binding curve was simple and displayed a homogenous population of 

binding sites.
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Figure 31.

Iodoacetamide block of |3H]NMS binding.

Concentrated aliquots (10 x final concentration) of WT, G191C and T192C receptors were 

preincubated with a range of iodoacetamide concentrations (0.03 mM to 10 mM) for 15 min, 

at 30 °C. The concentrated membranes were then diluted with binding buffer (pH 8.0), which 

contained [~'H]NMS at a final concentration of 3 x 10'9 M, and incubated at 30 °C for 2 h. The 

data are the mean (± S.E.) of 3 independent experiments performed in quadruplicate. % block 

is determined by the decrease in specific fH]NM S binding by iodoacetamide.
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Figure 32.

MTSEA block of [3H]NMS binding.

Concentrated aliquots (10 x final concentration) o f WT, G191C and T192C receptors were 

preincubated with a range of MTSEA concentrations (0.03 mM to 10 mM) for 15 min, at 30 

°C. The concentrated membranes were then diluted with binding buffer (pH 8.0), which 

contained fH]NM S at a final concentration of 3 x 10'9 M, and incubated at 30 °C for 2 h. The 

data are from a single experiment performed in quadruplicate. % block is determined by the 

decrease in specific fH]NM S binding by MTSEA. Data is only shown upto 0.3 mM as 

maximum blockade was reached at 0.3 mM, all higher concentrations gave the same pattern of 

reactivity.
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Figure 33.

MTSES block of [3H]NMS binding.

Concentrated aliquots (10 x final concentration) o f WT, G191C and T192C receptors were 

preincubated with a range of MTSES concentrations (0.03 mM to 10 mM) for 15 min, at 30 

°C. The concentrated membranes were then diluted with binding buffer (pH 8.0), which 

contained [JH]NMS at a final concentration of 3 x 10'9 M, and incubated at 30 °C for 2 h. The 

data are from a single experiment performed in quadruplicate. % block is determined by the 

decrease in specific f  H]NMS binding by MTSES.
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Figure 34.

MTSET activation of the WT receptor.

PI assays were performed on COS-7 cells expressing the WT receptor, as detailed in Materials 

and Methods. Samples were incubated for 30 min. Data are from a single experiment 

performed in triplicate. WT activation by ACh was included within the experiment as a 

control, and to allow comparison of the maximum responses. MTSET activated the WT 

receptor with a pECso of 4.37, and a maximum response equal to 56 % of the ACh-induced 

response.
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Mutant MTSET 
0.1 mM  
% block

n MTSET 
0.3 mM  
% block

n MTSET  
1 mM  

% block

WT 17 ±10 3 30 ± 9 3 38

I188C 27 ± 1 6 3 23 ± 1 4 3 40

T189C 12 ± 5 3 6±7 3 14

F190C 49 ± 6 * 3 65 ± 5 * 3 70

G191C 14 ± 10 2 23 ± 6 2 57

T192C 73 ± 12 * 2 91 ± 1 1 * 2 100

A193C 73 ± 4 # 3 94 ± 2 # 3 9 9

M194C 22 ± 5 3 28 ± 9 3 41

A195C 2 0  ± 10 3 32 ± 5 3 48

A196C 20 ± 13 3 32 ±20 3 28

Table 17

MTSET block of [3 H]NMS binding to the WT and TM V Cys mutant receptors.

Concentrated aliquots (10 x final concentration) of membranes were preincubated 

with 0.1, 0.3 or 1 mM MTSET for 10 mins, at 30 °C. The concentrated membranes 

were then diluted with ice-cold binding buffer (pH 8.0), and incubated in the presence 

of [3H]NMS which was fixed at 3 x 10'9 M, at 30 °C for 2 h. Control samples were 

treated in the same manner. % block is determined by the decrease in specific 

[3H]NMS binding by MTSET. t-test * p< 0.05, # p<0.01 vs. WT treated control.
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Figure 35:

MTSET block of [3 H]NMS binding to the WT and TM V Cys mutant receptors.

Concentrated aliquots (10 x final concentration) of membranes were preincubated 

with 0.1, 0.3 or 1 mM MTSET for 10 min, at 30 °C. The concentrated membranes 

were then diluted with ice-cold binding buffer (pH 8.0), and incubated in the presence 

of [3H]NMS which was fixed at 3 x 10'9 M, at 30 °C for 2 h. Control samples were 

treated in the same manner. % block is determined by the decrease in specific 

[3H]NMS binding by MTSET. t-test * p< 0.05, # p<0.01 vs. WT treated control. Data 

are the mean (± S.E.) of at least 2 independent experiments.
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5.13 MTSET activation o f the WT receptor.

As MTSET displayed the ability to bind to the WT receptor it was decided to 

investigate its ability to activate the WT receptor. The ability of MTSET to induce PI 

turnover at the WT receptor was investigated using ACh as a control. In a preliminary 

experiment MTSET was able to activate the WT receptor with a maximum response 

equivalent to 56 % of the ACh maximum response, and a pECso of 4.37 which is 400- 

fold lower than that of ACh (Figure 34).

5.14 Investigations with MTSET

Initial blockade experiments using a range of concentrations (0.03 - 10 mM) of 

MTSET and an incubation time of 15 min showed significant blockade of the WT 

receptor by 1 mM MTSET after 15 min. To restrict the extent of this reaction, most of 

the experiments employed 0.1 mM and 0.3 mM MTSET, and the incubation time was 

limited to 10 min, to enable comparison with the BrACh block experiments. The 

results are shown in Table 17 and Figure 35.

The pattern of reactivity was similar with 0.1 mM and 0.3 mM MTSET. There 

was clear evidence of differential reaction. MTSET interacted with F190C, T192C 

and A193C, the strongest reactions being with T192C and A193C. An estimation of 

the rates of reaction of these receptors with MTSET can be made in the same manner 

as for BrACh (page 163) yielding the following reaction rates : WT:186 M^.min'1, 

F190C: 670 M '.m in1, T192C: 1309 M '.m in1, A193C: 1309 M '.min

5.15 Discussion

Certain assumptions were made in this study, similar to the ones made by 

Javitch so that the results from the blockade experiments could be analysed. Firstly, if 

ligand binding was near normal then it was assumed that the receptor structure was 

not significantly disrupted. Javitch based his decision on antagonist binding results 

and expression levels. In the first part of this study a more detailed characterisation of 

the Cys (and Ala) mutants was made. The antagonist binding, agonist binding, 

expression levels and functional response of the Cys and Ala receptors was 

determined prior to the block experiments, and the receptors were visualised by 

immunocytochemistry. From these results it can be strongly suggested that
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introduction of Cys residues into TM V of the Mi mAChR did not significantly 

disrupt its structure or apparent function.

A second assumption is that cysteines which react rapidly with BrACh are 

implied to be in close proximity to the bromomethyl group in the bound state. We can 

infer from this that the corresponding residues in the wild-type receptor are therefore 

candidate residues for contacting the methyl group of ACh and are accessible in the 

binding site crevice.

BrACh was the initial tool selected to probe the Mi mAChR binding site. 

Reversible competition binding of BrACh was qualitatively similar to that of ACh, 

but of lower potency. In addition, BrACh binding was less affected by the TM V 

mutations. BrACh was able to weakly activate the WT receptor, with much less 

potency than ACh (400-fold decrease) yielding a sub-maximal response (30 %). The 

binding affinity constant and potency of BrACh for the WT receptor were very similar 

to one another indicating an absence of spare receptors. These data show that BrACh 

was acting as a weak partial agonist at the WT receptor. The reduction in efficacy of 

BrACh compared to ACh is not greatly surprising as it is known that the introduction 

of bulky substituents into the side-chain of ACh reduces its efficacy.

The specificity of BrACh for Cys residues was confirmed in early experiments 

by its ability to block NMS binding to the T192C receptor but not to block the T192A 

receptor. The maximum amount of blockade of an individual residue by BrACh was 

only 50%. Control experiments were performed to determine the reason. Experiments 

with the reducing agent P-ME, did not increase the amount of blockade of [3H]NMS 

binding sites. Also, in later experiments, MTSET could block up to 100 % of the 

[3H]NMS binding sites. These results taken together indicate that the Cys residues 

were in the ionised form, and that the maximum amount of blockade by BrACh is 

limited due to its hydrolysis to bromoacetate and choline. Thus the limitations of 

BrACh as a probe for the ACh binding site include its reduced potency and efficacy 

and its instability resulting in its hydrolysis to bromoacetate and choline.

MTSET also acted as a partial agonist at the WT Mi receptor, with a potency 

and efficacy very similar to that of BrACh. Of the MTS analogues employed its 

structure is most closely related to that of ACh. MTSET has been previously 

identified as an agonist of the WT nAChR, 1 mM MTSET induced approximately 75 

% of the current induced by 20 îM ACh (Akabas et al., 1992). This was

173



approximately a 500-fold reduction in potency with respect to ACh. This is of 

comparable magnitude to the reduction determined in this study for the mAChR.

It was not possible to pursue block experiments with MTSEA as it reacted 

strongly with the WT receptor. It is highly probable it was reacting with a Cys residue 

that exists elsewhere in the Mi mAChR sequence. Before SCAM was applied to the 

dopamine receptor any interaction between an endogenous Cys and MTSEA was 

determined (Javitch et al, 1994). Cys118 was identified as reacting with the MTS 

derivatives, blocking antagonist binding, therefore this residue was mutated to Ser in 

addition to mutation of individual residues to Cys. This was not performed initially in 

this study as the receptor-specific ligand BrACh did not appear to interact with the 

WT receptor. Also, a Cys is not found in this position in the Mi mAChR receptor. In 

the WT Mi mAChR there a number of Cys residues within the TM regions, in the 4th 

turn of TM n, 6th turn of TM V, in the 2nd turn and 5th turns of TM VII, and also in the 

e3 loop, and a disulphide bond between el and e2 loop. However, mutation of these 

Cys residues has been shown to affect receptor function (Savarese et al., 1992).

The negatively charged MTSES did not react with any of the mutant receptors 

investigated. This is consistent with previous studies on the dopamine D2 receptor and 

the nAChR, where MTSES was found to be much less reactive than MTSEA and 

MTSET (Javitch et al., 1994; Stauffer and Karlin,1994).

The uncharged iodoacetamide confirmed the need for a positive charge in 

order for sulphydryl reagents to act as good probes of the Mi mAChR binding site. 

Iodoacetamide is a good control for BrACh as it has a better leaving group than 

BrACh, and would be more reactive if it could reach the Cys residues. These findings 

with iodoacetamide agree with earlier experiments on brain membranes (E. Wong, 

Ph.D. thesis).

Only one of the Cys mutants displayed significantly higher than WT reactivity 

in block experiments with BrACh. This was T192C. BrACh reacted with T192C with 

a reaction rate 3-fold greater than the WT receptor. However, the reaction rate of 

BrACh with T192C was not much faster than the reaction rate of BrACh with free 

Cys residues in solution (35 M^.min'1., K. Page Ph.D. thesis). A193C appeared to 

have slightly higher than WT reactivity with BrACh. These block experiment results 

are in quite good agreement with the initial screening experiment with BrACh, 

specifically identifying T192C as the most reactive residue. This specificity of BrACh
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for T192C implies that Thr192 can attain close proximity to the bromomethyl group in 

the bound state and thus that Thr192 may interact with the terminal methyl group of 

ACh.

MTSET blockade showed a similar pattern of reactivity with the Cys mutants 

but with a different emphasis, and was not as selective as BrACh. T192C and A193C 

showed very similar strong reactivity. F190C was also reactive but to a lesser extent 

than T192C and A193C. MTSET reacted much more rapidly with the WT receptor 

(13 x) and the T192C receptor (30 x) than did BrACh. The rates of reaction of 

MTSET with F190C, T192C and A193C are of similar order to those of MTSEA with 

the analogous residues in the D2 dopamine receptor. However, in the D2 dopamine 

receptor study MTSEA and MTSET reacted with all of the residues analogous to 

I188C-A196C (Javitch et a l, 1995). However, unfortunately there was no agonist 

binding or agonist induced functional data for any of the Cys mutations in the 

dopamine study. It would be very interesting to determine how dopamine receptor 

specific agonists recognise the TM V Cys mutants.

MTSET reacted with the F190C receptor, which is constitutively active. Phe190 

is predicted by modelling to face away from the proposed ligand binding pocket. The 

ability of MTSET to interact with F190C may be due to a disrupted conformation of 

the receptor as compared to the WT receptor. Mutation of position 190 to Cys may 

cause a twist or movement in the TM region, allowing ligands to access the binding 

site crevice that would be unable to do this in the WT receptor. A similar scenario has 

been proposed for a constitutively active |3-AR. It was predicted that the constitutively 

activating mutations caused a tilt in TM VI, allowing MTSEA to interact with a Cys 

residue that it could not interact with in the WT receptor (Javitch et a l, 1997).

If the MTSET reactivity with F190C is not due an alteration in conformation, 

then the MTSET results indicate that Phe190, Thr192 and Ala193 are accessible from the 

aqueous phase, and therefore presumably from the binding pocket. With the exception 

of Thr189, the residues which showed no sign of reaction with MTSET are 

concentrated on one side of the TM domain (if it is an a-helix). The face of the helix 

accessible from the central aqueous pore of the receptor must extend from Thr192 to 

Phe190. This is not completely consistent with the recent Baldwin model (Baldwin et 

al., 1997), but is consistent with a previously-predicted helical orientation (Hulme et 

al., 1993).
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Figure 36.

Helical plot of BrACh and MTSET blockade.

Helical plots of BrACh and MTSET blockade of [3H]NMS binding to the Cys mutants

of each indicated residue.

a) 1 mM BrACh blockade of NMS binding; scale 0-50 % block. The inner grey circle 

indicates the amount of blockade of the WT receptor. BrACh reacted most strongly 

with the Cys mutant at position Thr192 (red line). % block is from Table 16.

b) 0.1 mM MTSET blockade of [3H]NMS binding, scale 0-100 % block. The inner 

grey circle indicates the amount of blockade of the WT receptor. MTSET reacted 

equally strongly with Thr192 and Ala193 (red line) and reacted quite strongly with 

Phe190 (green line). % block is from Table 17.
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BrACh selectively reacts with Thr192. It also reacts slightly with Ala193, but 

there is little reactivity with Phe190. This might be consistent with some rotation of the 

helix when the agonist binds. This would move Phe190 toward the lipid bilayer at the 

boundary with TM VI. The Phe190Cys mutation may stabilise a new contact with TM 

VI which could mimic the effect of the agonist. The sector of the helix picked out by 

BrACh block, or by the inhibition of ACh binding and the PI response is slightly 

different from that selected by MTSET.

The low reactivity of BrACh and MTSET with A196C is quite surprising. 

Mutation at this position in the series had the greatest effects on ACh binding and the 

ACh-induced functional response, and also had effects on the binding of CCh and 

Oxo-M. Possibly BrACh hydrolyses before it reaches this Cys residue and therefore 

does not block antagonist binding. It is also possible that BrACh interacts with A196C 

but that NMS does not recognise the binding site as blocked as A196C is deeper 

within the binding site crevice, and may only be accessible to agonists. Potential 

solutions to this problem could be to react the receptors with BrACh and then 

determine the binding of ACh, or to use protection experiments.

The differences in reactivity between BrACh and MTSET could, in part, 

reflect the different chemical properties of the sulphydryl-reactive side-chain. 

However, the distance between the leaving group and the headgroup is greater in 

BrACh than in MTSET, so this argues against its simply having a larger radius of 

action. It seems most likely that the difference in reactivity is due to slight differences 

in structure between MTSET and BrACh. BrACh which is a specific analogue of ACh 

interacts specifically with T192C, whilst MTSET interacts with other residues that are 

in the binding site crevice. BrACh may be anchored specifically allowing a direct 

contact with the residue at position 192. MTSET may not be anchored as specifically 

allowing greater movement and the ability to interact with other residues that may be 

exposed in the binding site crevice.

In detail, these results differ from both those of Javitch on the D2 receptor, and 

from the less extensive (X2 -AR study (Marjamaki et al, 1998). Javitch’s study shows 

reactivity of MTSET with all residues homologous to I188C -A196C, the highest 

reactivity with position 193 (as in the present study), and the lowest reactivity at 

position 190. The (X2-AR study found reasonably high reactivity at positions 192 and 

193, but the highest reactivity at position 189, in contrast to the present study. The
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latter study does however predict a similar orientation for the active face of the helix 

to the one suggested by this MTSET study. The 0 C2 -AR study only involved mutation 

of five residues, only 4 of which were consecutive, and did not extend in the 

transmembrane region as far as this study, or the Javitch study.
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Chapter 6: General Discussion

The major aim of this project was to investigate the binding site of the 

muscarinic acetylcholine receptor. The emphasis was placed on receptor-ligand 

interactions, specifically any interaction between the acetylmethyl group of ACh and 

residues in TM V of the Mi mAChR. The strategy employed was a dual Ala and Cys-
1Qfi 1QAscan of successive residues between lie and Ala .

The first part of the project concentrated on antagonist and agonist 

characterisation of the TM V mutant receptors. The expression level of the majority of 

receptors was not greatly affected, indicating that the residues were not primarily 

important for protein folding and receptor assembly. Immunocytochemical 

visualisation of the receptors was consistent with this.

Of the nine consecutive residues studied, mutation of four of the residues 

He188, Thr189, Thr192 and Ala196 displayed the greatest reductions in ACh binding and 

the ACh-induced functional response. For the majority of the mutant receptors studied 

the reduction in functional potency was a consequence of the reduction in binding 

affinity, thus mutation of these residues did not diminish the efficacy of the receptor- 

G-protein complex. Mutation of Thr192 to Ala or Cys and mutation of Ala196 to Gly 

caused decreases in functional potency that were not entirely due to the decrease in 

binding affinity, and therefore are thought to have caused a moderate decrease in the 

efficacy of the receptor G-protein complex.

Residues He188, Thr189, Thr192 and Ala196 have been modelled to face into the 

lipid bilayer, and these mutagenesis results are consistent with ACh recognising this 

section of TM V as an a-helix, and that these residues form one sector of the a-helix 

which faces into the binding site (see Figures 19 and 37). In the latest model by 

Baldwin based on rhodopsin, the uppermost region of TM V was predicted not to be 

a-helical. The position analogous to He188 was not predicted to be within the TM 

region (Baldwin et al., 1997). Two of these residues Thr192 and Ala196 were predicted 

by Nordvall and Hacksell to form part of the ACh binding pocket (Nordvall and 

Hacksell, 1993)

The mutant receptors that affected ACh binding were also investigated with 

ACh analogues CCh, Oxo-M and FCh. The effects of the mutations on binding of
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CCh and Oxo-M were qualitatively similar but of smaller magnitude, indicating that 

these residues are more important in the binding of ACh than ACh analogues. 

Mutation of lie18 8 and Ala19 6 caused very small (<3-fold) effects on FCh binding, 

whilst mutation of Thr1 92 did not affect FCh binding.

One of the aims of this study was to gain insight into the conformational 

change of the receptor. It appears that on the whole residues in TM V are not directly 

involved in the conformational change of the receptor. One possible exception to this 

is the Phe1 9 0 residue where mutation to Cys produced a constitutively active receptor. 

It is thought that disruption of the interactions of the WT residue at position 190 

results in a receptor that is in a more active conformation, and provides potential 

evidence of helix-helix interaction. The Phe1 90 residue may contact a residue in TM 

VI of the receptor which is important in maintaining the inactive conformation of the 

receptor.

The alkylating side-chain of BrACh interacted specifically with Thr19 2 and 

MTSET reacted strongly with the T192C mutant. Thus, this residue is accessible in 

the binding site crevice. The direct contact of BrACh with this position, the reactivity 

with MTSET and the results from the Ala scan, including the lack of effect of 

mutation of Thr1 9 2  on the binding of the des-methyl ACh analogue have provided 

evidence that this Thr residue specifically interacts with the terminal acetylmethyl 

group of ACh in addition to its probable involvement in a network of hydrogen bonds.

MTSET identified A193C as accessible in the binding site crevice. Mutation 

of Ala193 affected NMS binding but not QNB binding, ACh binding or the ACh- 

induced functional response. This indicates that this residue faces into the binding site 

crevice and is accessible to ligands, but is not a residue that is specifically involved in 

the ACh binding pocket.

Thus, the region of TM V studied is concluded to be an a-helix. Residues 

De188, Thr189, Thr192, Ala193 and Ala19 6 all face into the binding site crevice, with 

residues He188, Thr189, Thr19 2 and Ala196 defining part of the binding site for ACh. 

These residues also contribute, although to a lesser extent, to the binding site of ACh 

analogues such as CCh. De188 and Ala196 which are in the 1st and 3rd turns of the helix 

respectively, contribute strongly to the binding site. Residues Phe190, Gly191, Met194  

and Ala195 face away from the binding site crevice.
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Figure 37.

Model of the rat Mi mAChR.

A model of the rat Mi mAChR based on the model described by Baldwin et al., 1997, 

which was based on the low resolution structure of rhodopsin. The view is from the 

extracellular side of the membrane, a) View orientated in the lipid bilayer on TMs IV 

and VII. The Asp residue in TM El that interacts with the ACh headgroup is shown in 

orange. Residues Thr189, Thr192 and Ala1 9 6 in TM V that are important in ACh agonist 

binding are shown in red. Ala193 which is involved in binding of the antagonist NMS 

is shown in blue, b) View looking down TM V. Residues depicted in green are not 

involved in agonist or antagonist binding. The residue shown in yellow is Phe1 9 0  

which when mutated to Cys resulted in a constitutively active receptor. Residues 

shown in red and blue are the same as in a).
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These results have aided in the understanding of the orientation of ACh in the 

binding site. The headgroup of ACh is anchored by an Asp residue in the 2nd turn of 

TM HI and the terminal methyl group interacts with a Thr residue in the 2nd turn of 

TM V. This aids in the modelling of ACh binding as contact points for both ends of 

the ACh structure have been identified. Thus, once the head-group of ACh is anchored 

it is orientated in a direction facing away from TMs H and VH towards TMs V and VI 

(see Figure 37)

Residues He188 and Ala1 96 have not been investigated previously by 

mutagenesis in the mAChRs, and the homologous residue to He1 88 has not been 

investigated in any biogenic amine receptor. This is the first study that provides 

evidence for the involvement of these residues in the mAChR agonist binding site. An 

alanine is found at position 196 in all of the mAChR subtypes, but not in other amine 

receptors. In the homologous position in the catecholamine receptors is a highly 

conserved Ser which is important in the binding of ligands to the (3-AR (Strader et al., 

1989) and the Di and D2 dopamine receptors (Mansour et al., 1992; Pollock et al., 

1992).

Residues that are important in binding of muscarinic ligands are thus not 

entirely homologous with residues that are important for binding in TM V of other 

amine receptors. The catecholamine receptors all have an aspartate in TM HI that 

anchors the headgroup of the ligand. It is very clear however that the receptors do not 

share other conserved residues that are of equal importance in binding of ligands to all 

the amine receptors. Each receptor has individual residues in TM V (and other TM 

domains) that contribute to and define the individual receptor’s binding site. The 

importance of these residues is that they convey individuality between the different 

amine receptors, and therefore contribute to the specificity of GPCR signalling, via 

recognition and response to specific ligands only.

6.1 Future work.

This study was limited to the Mi mAChR subtype. It would be interesting to 

investigate certain residues in other mAChR subtypes to determine if these residues 

have the same function or form the same interactions. It has been strongly implicated 

that Thr19 2 in the Mi mAChR interacts with the ACh terminal methyl group. It would 

be interesting to investigate this position in the M2 or M4  receptors which couple to G-
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proteins of the Gi/G0 class. The homologous position in the M 3 has been investigated 

in binding studies, and mutation of it had greater effects, so it would be informative to 

perform blockade experiments on a Cys mutant at this position in the M 3 receptor.

F190C has been identified as constitutively active. Other mutations of Phe1 90  

are under construction to determine if its mutation to other residues also produces a 

constitutively active receptor. These include mutation to Tyr which retains the phenyl 

ring, Ser which is the counterpart of the Cys mutant with the SH group replaced by a 

hydroxyl group, Leu which has a larger hydrocarbon side-chain, Arg which is large 

with a positive charge and Asp which has an acidic side-chain. This would allow us to 

relate the function of the side-chain and potential constitutive activity, adding insight 

into the role of Phe19 0 and potential helix-helix contacts.

It would also be very interesting to perform studies at position Phe1 9 0 in the 

other mAChR subtypes, specifically in the M2 or M4  receptors as they couple to 

different G-proteins. The functional response and any evidence of a constitutively 

active receptor could be determined in a cAMP assay.

It would be most useful and informative to extend the dual Cys and Ala- 

scanning approach to other domains of the receptor, as it is clear from these results 

that the combined approach is very informative, providing more information than a 

single approach. It would be interesting to construct Ala and Cys replacement mutants 

that extend upwards from TM V to investigate the e2 loop/TM V boundary, and also 

further down TM V, to investigate the role of residues that would be deeper in the 

binding site pocket. It would also be informative to extend the Cys scan to other TM 

domains of the receptor.

If Cys mutants were constructed in TM VI it would then be possible to 

construct double-Cys mutants between TM V and TM VI which could help investigate 

helical-helical contacts between the these regions. A helical-helical contact in this 

region has been suggested by the constitutively active Phe190Cys mutant. However, 

careful interpretation of the results of double-Cys mutagenesis would be required.

To enhance the blockade work it would be informative to perform protection 

experiments by incubating receptors with agonist or antagonist prior to treatment with 

sulphydryl reagents, and then to determine the extent of NMS blockade. It would also 

be useful to determine the extent of blockade of agonist binding as opposed to 

antagonist binding. This would be most useful to further study the A196C mutant.
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Mutation of Ala196 strongly decreased agonist binding, but BrACh and MTSET did 

not appear to block NMS binding by interaction with the A196C mutant. It would 

informative to react the A196C mutant with sulphydryl reagents and then determine 

the extent of ACh blockade.
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Appendix 1: Sequence alignment o f  the Mr Ms rat mAC/tRs.

The predicted transmembrane domains are marked in bold. The residues in TM V 

investigated in this study are shown in red

1 50
Human m 2 MNNS T NSSNN

Rat m 2 MNNS T NSSNN
Rat m 4 MXNF TPVNGSSANQ
Rat M i M NTSVPPA VS
Rat m 3 MTLHSNSTTS PLFPNISSSW VHSPSEAGLP LGTVTQLGSY NISQETGNFS
Rat m 5 ME GESYNESTVN

51 100
Human m 2 SL ALTS PYKTFEWFI VLVAGSLSLV TIIGNILVMV SIKVNRHLQT

Rat m 2 GL AITS PYKTFEWFI VLVAGSLSLV TIIGNILVMV SIKVSRHLQT
Rat m 4 SVRLVTAAHN HLETVEMVFI ATVTGSLSLV TWGNILVML SIKVNRQLQT
Rat M i PNITVLAP GKGPWQVAFI GITTGLLSLA TVTGNLLVLI SFKVNTELKT
Rat m 3 SNDTSSDPLG GHTIWQWFI AFLTGFLALV TIIGNILVTV AFKVNKQLKT
Rat m 5 GTPVNHQALE RHGLWEVITI A W T  A W  S LM TIVGNVLVMI SFKVNSQLKT

TM I

101 150
Human m 2 VNNYFLFSLA CADLIIGVFS MNLYTLYTVI GYWPLGPWC DLWLALDYW

Rat m 2 VNNYFLFSLA CADLIIGVFS MNLYTLYTVI GYWPLGPWC DLWLALDYW
Rat m 4 VNNYFLFSLG CADLIIGAFS MNLYTLYIIK GYWPLGAWC DLWLALDYW
Rat M i VNNYFLLSLA CADLIIGTFS MNLYTTYLLM GHWALGTLAC DLWLALDYVA
Rat m 3 VNNYFLLSLA CADLIIGVTS MNLFTTYIIM NRWALGNLAC DLWLSIDYVA
Rat m 5 VNNYYLLSLA CADLIIGIFS

TM II
MNLYTTYILM GRWVLGSLAC DLWLALDYVA

151 200
Human m 2 SNASVMNLLI ISFDRYFCVT KPLTYPVKRT TKMAGMMIAA AWVLSFILWA

Rat m 2 SNASVMNLLI ISFDRYFCVT KPLTYPVKRT TKMAGMMIAA AWVL3FILWA
Rat m 4 SNASVMNLLI ISFDRYFCVT KPLTYPARRT T KMAGLMIAA AWVLS FVLWA
Rat M i SNASVMNL L L ISFDRYFSVT RPLSYRAKRT PRRAALMIGL AWLV S FVLWA
Rat m 3 SNASVMNLLV ISFDRYFSIT RPLTYRAKRT TKRAGVMIGL AWVTS FVLWA
Rat m 5 SNASVMNL LV ISFDRYFSIT RPLTYRAKRT PKRAGIMIGL AWLVSFILWA

TM III TM IV

201 250
Human m 2 PAILFWQFIV GVRTVEDGEC YIQFFSNAAV TFGTAIAAFY LPVIIMTVLY

Rat m 2 PAILFWQFIV GVRTVEDGEC YIQFFSNAAV TFGTAIAAFY LPVTIMTVLY
Rat m 4 PAILFWQFW GKRTVPDNQC FIQFLSNPAV TFGTAIAAFY LPWIMTVLY
Rat Mi PAILFWQYLV GERTVLAGQC YIQFLSQPII TFGTAMAAFY LPVTVMCTLY
Rat m 3 PAILFWQYFV GKRTVPPGEC FIQFLSEPTI TFGTAIAAFY MPVTIMTILY
Rat M5 PAILCWQYLV GKRTVPPDEC QIQFLSEPTI TFGTAIAAFY

to
IPVSVMTILY

TM V

219



251 300
Human m 2 WHISRASKSR IK KDKK EPVANQDPVS PSLVQGRIVK

Rat m 2 WHISRASKSR IK KEKK EPVANQDPVS PSLVQGRIVK
Rat m 4 IHISLASRSR VH KHRP EGPKEKKAKT LAFLKSPLMK
Rat Mi WRIYRETENR ARELAALQGS ET PGKGGGSSS SSERSQPGAE
Rat m 3 WRIYKETEKR TKELAGLQAS GTEAEAENFV HPTGSSRSCS SYELQQQGVK
Rat m 5 CRIYRETEKR TKDLADLQGS DSVAEAKK R EPAQRTLLRS FFSCPRPSLA

Human m 2
3 0 1
PNNNNMPSSD DGLEHNKIQN GK APRDP VTENCVQGEE

3 5 0
KESSNDSTSV

Rat m 2 PNNNNMPGGD GGLEHNKIQN GK APRDG VTETCVQGEE KESSNDSTSS
Rat m 4 PSIKKPPPGG ASREE LRN GKLEEAPPPA LPPPPRPVPD KDTSNESSSG
Rat Mx GSPESPPGRC CRC CRAPRLLQAY SWKE EEEE DEGSMESLTS
Rat m 3 RSSRRKYGRC HFWFTTKSWK PSAEQMDQDH SSSDSWNNND AAASLENSAS
Rat m 5 QRERNQASWS SSRRST STTGKTTQAT DLSADWEKAE QVTTCSSYPS

Human m 2
3 5 1
SAV AS NMRDDEITQD

4 0 0
ENTVSTSLGH

Rat m 2 AAV AS NMRDDEITQD ENTVSTSLDH
Rat m 4 SATQNTKERP PT ELSTAEATTP ALPAPTLQPR
Rat Mi SEGEEPGSE W I K M P MVDS
Rat m 3 SDEEDIGSET RAIYSIVLKL PGHSSILNST KLPSSDNLQV SNEDLGTVDV
Rat m 5 SEDEAK PTT DPVFQMVYK SEA KESPGKESNT QETKETWNT

Human m 2
4 0 1
SKDENSKQTC IRIGTKTPKS DSCTPTNTTV EWGSSGQNG

4 5 0
DEKQNIVARK

Rat m 2 SRDDNSKQTC IKIVTKAQKG DVYTPTSTTV ELVGSSGQSG DEKQNWARK
Rat m 4 TLNPASKWSK IQIVTKQTGN EC VTA I EIVPATPAGM RPAAN VARK
Rat M i EAQAPTKQPP KS SPN TVKRPTK K GRDRGGKGQK
Rat m 3 ERNAHKLQAQ KSM GDGDN CQKDFTKLPI QLESAVDTGK TSDTNSSADK
Rat m 5 RTENSDYDTP KYFLSPAAAH RLKSQKCVAY KFRLWKADG TQETNNGCRK

Human m 2
4 5 1
I VKMTKQPAKK KPP PSREKK

5 0 0
VTRTILAILL

Rat m 2 I VKMPKQPAKK KPP PSREKK VTRTILAILL
Rat m 4 F ASIARNQVRK KRQMAARERK VTRTIFAILL
Rat M i P RGKEQLAKR KTFSLVKEKK AARTLSAILL
Rat m 3 TTATL PLSF KEATLAKRFA LKTRSQITKR KRMSLIKEKK AAQTLSAILL
Rat m 5 VKIMPCSFPV SKDPSTKGPD PNLSHQMTKR KRMVLVKERK AAQTLSAILL

Human m 2
5 0 1
AFIITWAPYN VMVLINTFCA PCIPNTVWTI GYWLCYINST

5 5 0
INPACYALCN

Rat m 2 AFIITWAPYN VMVLINTFCA PCIPNTVWTI GYWLCYINST INPACYALCN
Rat m 4 AFILTWTPYN VMVLVNTFCQ SCIPERVWSI GYWLCYVNST INPACYALCN
Rat Mi AFILTWTPYN IMVLVSTFCK DCVPETLWEL GYWLCYVNST VNPMCYALCN
Rat m 3 AFIITWTPYN IMVLVNTFCD SCIPKTYWNL GYWLCYINST VNPVCYALCN
Rat m 5 AFIITWTPYN IMVLVSTFCD KCVPVTLWHL GYWLCYVNST INPICYALCN

Human
Rat
Rat
Rat

m 2
m 2
m 4
Mi

T M  V I

5 5 1
ATFKKTFKHL
ATFKKTFKHL
ATFKKTFRHL
KAFRDTFRLL

LMCHYKNIGA
LMCHYKNIGA
LLCQYRNIGT
LLCRWDKRRW

TR
TR
AR
RK IPKRP

T M  V I I

5 9 2

GSVHRTPSRQ C
Rat m 3 KTFRTTFKTL LLCQCDKRKR RKQQYQQRQS VIFHKRVPEQ AL
Rat m 5 RTFRKTFKLL LLCRWKKKKV EEKLYWQGNS KLP
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Appendix 2.

Sequencing gels identifying the point mutations introduced into TM V.

The presence of the desired mutation was confirmed by dideoxy sequencing, using a 

primer designed to anneal to the antisense strand of the plasmid DNA. The DNA 

sequence of this region is shown below.

- n  I 08 m l— I 00 TVi- 150 - T  191 m ,  192 ,  193 . 1 9 4  195 196l i e  T h r  P h e  . G l y  T h r  A l a  M e t  A l a  A l a
5'A TC  ACT TTT GGC ACA GCC ATG GCC GCC 3 '
3 'TAG TGA AAA CCG TGT CGG TAC CGG CGG 5 '

a) WT

b) I188C TAG—»ACG

c) I188A TAG—>CGG

d) T189S TGA-»TCG

e) F190C AAA->ACA

f) FI90A AAA-^CGA

g) G191C CCG—»ACG

h) G191A CCG—>CGG

i) M194C TAC—> AC A

j) A195G CGG—>CCG

M = mutation
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