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ABSTRACT

Muscarinic acetylcholine receptors (mAChRs) are members of the superfamily of 

G-protein-coupled, seven transmembrane domain, receptors. The aim of this 

project was to identify amino acids important for the binding of acetylcholine 

(ACh) to the ground state and activated state of the receptors. A conserved 

aspartate (Asp’°® m l, Asp’°̂  m2) in the third transmembrane domain (TMD III) 

was mutated to glutamate in the m l and m2 subtypes. Experiments were also 

performed on an ml Asp^°^Asn mutant receptor. The mutations always strongly 

disfavoured the high affinity, putative ternary, component of agonist binding and 

the m l phosphoinositide response. However, their effects on low affinity 

binding were variable. The binding of ACh itself was strongly inhibited. In 

contrast, the binding of other ligands was less sensitive, particularly to the Glu 

mutation. Such ligands were unable to activate the Glu receptor. They may be 

able to utilise non-productive binding modes, in which their interactions with the 

binding site are different from those made by ACh. These results suggest that 

the headgroup of ACh forms an ionic interaction with the Asp in TMD III in the 

activated state of the receptor. The results also pointed to the importance of 

the acetyl methyl group of ACh in binding to, and activation of, both the wild- 

type and Glu mutant receptors. Residues in TMD V, approximately 10-12 A 

from the TMD III Asp, were mutated to cysteines in the m l mAChR, and the 

receptors probed with BrACh. BrACh has the potential for binding irreversibly to 

accessible S~ groups of cysteines. Irreversible binding was detected at the 

Thr^^^Cys mutant receptor, suggesting that Thr̂ ®̂  may contribute to the binding 

of the terminal methyl group of ACh. The bridging of TMDs III and V may be 

important in generating the conformational change required for activation.
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Chapter 1: Introduction.

There are two types of pharmacological response to acetylcholine (ACh). In 

1914, Dale formalised the idea that one response could be evoked by muscarine 

whilst the other was mimicked by nicotine (Dale 1914), and the two types of 

receptor mediating these responses became known as the muscarinic and 

nicotinic acetylcholine receptors. Although these receptors share the same 

physiological ligand, ACh, they are unrelated proteins.

The nicotinic acetylcholine receptor (nAChR) of the neuromuscular junction is a 

ligand-gated ion channel composed of five transmembrane subunits; two a 

subunits and one each of yff, y and 6 (Raftery et a!. 1980; reviewed in Devillers- 

Thiéry et al. 1993). In the brain, many different a- and /g-subunits have been 

identified, and it has been suggested that one version of the channel is 

composed of two a- and three yff-subunits (see Devillers-Thiéry et ai. 1993 and 

references therein). The response to ACh is fast. Binding of the agonist to the 

receptor causes the central pore of the ion channel to open, allowing sodium and 

potassium ions to pass through and cause the membrane to become depolarised. 

In contrast, the response to ACh at the muscarinic AChR (mAChR) is slower, 

taking hundreds of milliseconds to seconds for the signal initiated outside the 

cell to be transduced into the end response.

1.1. The Muscarinic Acetyichoiine Receptor.

The mAChR belongs to the superfamily of receptors that couple to guanine 

nucleotide binding proteins (G-proteins). The receptors of this family all contain 

seven primarily hydrophobic domains, which are thought to form membrane- 

spanning a-helices. Binding of an agonist to the extracellular side of the 

receptor induces the receptor to undergo a conformational change which leads 

to the binding and activation of a G-protein on the cytoplasmic surface of the 

membrane. The activated G-protein then goes on to interact with an effector.

In this way, a signal is transmitted across the membrane from the extracellular 

side to the cytoplasm.

Molecular cloning studies have so far identified five distinct subtypes of
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mAChRs, in humans and other higher mammals, which differ in their distribution 

and pharmacology (Kubo et aL 1986a, 1986b; Peralta at at. 1987a, 1987b; 

Bonner at a/. 1987, 1988). The nomenclature used to define the different 

subtypes has since become that formalised at the fourth International 

Symposium on Subtypes of Muscarinic Receptors: M 1-M 4 are used to describe 

subtypes which have been identified by pharmacological studies whereas m 1 - 

m5 describe the cloned receptors (Levine and Birdsall 1989).

7.1.1. Anatomical Localisation of mAChRs.

A number of pharmacological studies on tissues demonstrated the heterogeneity 

of ligand binding sites within these tissues, particularly within the brain (Birdsall 

at a/. 1 978; Hammer at a/. 1980). After the cloning of the different mAChR 

subtypes, studies were carried out to identify the distribution of the subtypes 

within various tissues.

Blot hybridisation analysis showed that the mammalian heart contains a 

homogenous population of m2 mRNA (Maeda at a/. 1988) and protein (Dorje at 

at. 1991). The neurons of the heart, however, also contain low levels of m l, 

m3, and m4 mRNAs (Hassall at a!. 1993). The major subtype within the lung is 

the m4 mRNA (Lazareno at a i 1990) and the m4 protein (Dorje at at. 1991), 

although m2 protein was also detected in this tissue (Dorje at aL 1 991 ). The 

exocrine glands were shown to contain both ml and m3 mRNAs (Maeda at aL 

1988) and proteins (Dorje at aL 1991). The ileum was shown to contain a 

mixture of m2 and m3 mRNAs (Maeda at aL 1988), in agreement with the 

results from pharmacological assays (Candell at aL 1990). All five (m1-m5) 

mAChR mRNAs have been detected within the brain (Weiner at aL 1990), 

although each subtype has a different pattern of distribution (Brann at aL 1 988; 

Buckley at aL 1988).

1.2. The Role of the G-Protein in the Activation Cycle of
G-Protein-Coupled Receptors.

Activation of G-protein-coupled receptors is thought to proceed via a cascade of 

events (fig. 1.1). An agonist binding to the receptor causes induction of a 

conformationally rearranged activated receptor that recognises and binds to

15



Fig. 1 .1 . The receptor-G-protein activation cycle.

This diagram shows some of the events thought to occur during the G-protein 

activation cycle. The G-protein is made up of three subunits, a, which binds 

guanine nucleotides, and yff and y i^y), which are always associated. An agonist 
is able to bind, with low affinity, to form an agonist-receptor binary complex, or 
with high affinity, to form an agonist-receptor-G-protein ternary complex. The 

receptor may undergo a number of conformational changes before recognition of 
the G-protein occurs. Binding of the G-protein to a receptor complex causes the 

GDP to be released, allowing GTP to bind. This causes the G-protein to 

dissociate into the separate a- and ^y- subunits, which are both able to activate 

effector molecules. GTP hydrolysis allows the a- to reassociate with the py- 
subunits, and the cycle begins again.
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specific G-proteins. G-proteins belong to a large family of heterotrimeric 

proteins that are composed of one a-subunit (Ga) that binds guanine nucleotides, 

along with one p- and one K-subunit (Gyffy). which are always associated 

(reviewed in Gilman 1987). At least 30 different a-subunits have been cloned 

so far, five different yff-subunits (Watson et aL 1994; reviewed by Simon at a i

1991) and seven K-subunits (Cali at aL 1992; Simon at aL 1991).

1.2.1. The Structure of the a-Subunit.

The a-subunit of G-proteins interacts with yffy-subunits, activated receptors, 

guanine-nucleotides, and effectors. It also has a GTPase function, catalysing 

the hydrolysis of GTP to form GDP. These different functions have been 

mapped to different regions of the a-subunit (Osawa at aL 1990; Gupta, S.K. at 

aL 1991; reviewed by Bourne at aL 1991).

Domains within the amino-terminal region of the a-subunit are required to 

interact with the y^K-subunits, either directly or perhaps by maintaining the 

correct structure elsewhere in the a-subunit (Navon and Fung 1987; Neer at aL 

1 988; Osawa at aL 1990). Larger regions than the amino-terminal domain are 

required for discrimination of a-subunits by yff^-subunits (Dhanasekaran at aL 

1 991 ). The y^K-subunits do not recognise all types of a-subunits; the from 

transducin interacts with G-like a-subunits, but not G, (Hekman at aL 1987). It 

has been suggested that the a-, and K-subunits are associated via an amino- 

terminal coiled-coil (Lupas ef a/. 1992). The carboxyl-terminal region of the a- 

subunit is involved in both binding to the receptor (Hamm at at. 1988; Conklin at 

aL 1993; Rasenick at aL 1994) and to an effector (Masters at aL 1988; Gupta,

S.K. at aL 1991). However, other regions must also be involved in receptor 

recognition as the specificity of receptor binding also depends on the different 

y^K-subunits (Kleuss at aL 1992), which interact with the amino-terminal regions 

of the a-subunit.

1.2.2. The Structure of the /Sy-Subunits.

Four of the yg-subunits identified so far share 80%  homology whereas the fifth is 

more divergent (Watson at aL 1994). The K-subunits are much more 

heterogeneous (reviewed in Clapham and Neer 1993; Simon at aL 1991). The
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seven identified K-subunits consist of about 70 amino acids and share identities 

ranging from 38%  to 6 8 % (Cali et aL 1992). The K-subunits also have different 

isoprenylation modifications attached to their carboxyl-terminal domains. Like 

Ras proteins, they have a CAAX motif (where "C" is a cysteine residue and "A" 

represents aliphatic amino acids). The AAX sequence is removed by the 

processing and the carboxyl-terminus is methylated. The type of prenyl group 

attached to the cysteine residue depends on the amino acid at the "X" position 

(Kinsella et aL 1991). For example, the retinal K-subunit (Ki) has a 15-carbon 

farnesyl attached whilst brain K-subunits (such as K2 ) are modified by a 20- 

carbon geranylgeranyl group (see Spiegel et aL 1991).

Despite the high levels of homology between yff-subunits, they have different 

specificities for K-subunits. For example, interacts with both Ki and Kz, ^ 2  

with only and with neither Ŷ or Yi (Schmidt et aL 1992). In addition to 

selectivity between p- and K-subunits, there are also differences in specificities 

between /^K-subunits and or-subunits. The complex â -̂ P̂ Y (but not yffi, or 

links muscarinic receptors (m4) to the activation of voltage-sensitive Ca^^ 

channels, whereas a 2̂̂ ^Y links somatostatin receptors to the same effector 

(Kleuss et aL 1992). The K-subunit also plays a role in the selectivity of 

coupling. Only one K-subunit (Ki, the transducin K-subunit) of three tested was 

able to support the interaction of with rhodopsin (Kisselev and Gautam 1993). 

Of the three k subtypes, Yi. K3 and K4  detected in GH3  cells, K4  was required for 

coupling the mAChR to the Ca^^ channel and K3 for the somatostatin receptor 

(Kleuss et aL 1993). Kleuss and colleagues micro-injected K selective antisense 

oligonucleotides into the nucleus of cells. The oligonucleotides were thought to 

hybridise with the respective K-subunit mRNA and target it for degradation. It 

was possible, however, that injecting antisense DNA had an indirect effect on 

the expression of G-proteins (Kleuss et aL 1993).

1.2.3. The G-Protein Activation Cycle.

The or-subunit also contains the guanine-nucleotide binding site. A crystal 

structure of the a-subunit of transducin (the G-protein that couples to 

rhodopsin), containing a bound GTPkS (Noel et aL 1993) or a bound GDP 

(Lambright et aL 1 994) has shown that the nucleotide binding site is deep within 

the a-subunit, sandwiched between the GTPase domain and the a-helical domain
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unique to heterotrimeric G-proteins. The amino-terminal 25-amino-acids of 

transducin were removed for the crystallisation process. The differences 

between the inactive, GDP-bound, and the active, GTPKS-bound conformations 

could then be visualised. Nucleotide exchange causes localised structural 

changes to occur in three regions on one face of the protein. The changes are 

initiated by the formation of hydrogen bonds between the x-phosphate of GTP, 

the peptide backbone of a glycine residue and the hydroxyl group of a threonine 

residue in the a-subunit, and propagated mainly via a network of ionic 

interactions (Lambright et al. 1994). X-ray structures of the G-protein a-subunit, 

aji, complexed with GTP^S or GDP.AIF^", have also been recently reported 

(Coleman ef a/. 1994).

When GTP is bound, transducin dissociates into the GTP-bound a-subunit and 

the y^K-subunits (Fung 1983). Nucleotide exchange appears to cause a potential 

yffK-binding pocket on the a-subunit to be lost (Lambright at si. 1994). This may 

be the mechanism for the negative cooperativity existing between the GTP- 

bound a-subunit and the yg^-subunits. The G-protein activation cycle is 

completed when the GTP on the a-subunit is hydrolysed to GDP and the p y  

subunits reassociate. GTP hydrolysis is due to an intrinsic GTPase property of 

the a-subunit (Fung at ai. 1981). It has been suggested, however, that effectors 

may stimulate hydrolysis by acting as GTPase activating proteins (GAPs) 

(Berstein at ai. 1992a; Pages at ai. 1992). Berstein at ai. (1992a) showed that 

addition of phospholipase C-yffi (which stimulates PIP; breakdown linked to 

mAChR activation) to reconstituted vesicles containing m l and Gq/  ̂ resulted in 

an increase in hydrolysis. They suggest that this is a mechanism for fast 

deactivation of a response. Responses mediated by effectors having less, or no 

GAP activity, may inactivate slowly (Berstein at ai. 1992a).

Upon deactivation, the y^x-subunits and GDP cooperatively stabilise the a-subunit 

in the inactive conformation (Brandt and Ross 1985; Higashijima at ai. 1987). 

The a-subunit must have the y^x-subunits attached in order to recognise the 

receptor efficiently and exchange guanine nucleotides (Fung 1983; Florio and 

Sternweis 1989). Recycling of the G-protein provides an opportunity for 

amplification of the signal. In the case of rhodopsin, 500 transducins are 

activated by a single receptor (Fung and Stryer 1980). Experiments using 

fluorescently labelled y^x-subunits from transducin showed that yffx-subunits are
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able to remain associated with rhodopsin throughout the G-protein activation 

cycle (Phillips and Cerione 1992); this may therefore be a mechanism for a fast 

recycling of the G-protein. A recent study has shown that the farnesyl moiety 

of the transducin /-subunit is required for the interaction of the /-subunit with 

the receptor, rather than with the membrane (Kisselev et aL 1994). A 

farnesylated peptide specific to the carboxyl-terminal domain of the transducin 

subunit was effective at inhibiting rhodopsin-G-protein coupling and stabilising 

the active metarhodopsin-ll state.

1.2.4. The Role of Myristoylation and Palmitoylation of Ga-
subunits.

Palmitate and myristate are the two most common fatty acids found associated 

with proteins, having a 16-carbon and a 14-carbon chain respectively. The 

palmitate group is attached posttranslationally to a cysteine residue, via a 

thioester bond which is easily cleaved. In contrast, myristoylation, which is a 

rarer modification, occurs cotranslationally and involves formation of an 

irreversible amide bond between the myristate and the a-amino group of an N- 

terminal glycine residue (for review, see James and Olson 1990). Palmitate, 

having 1 6  carbon atoms, is more hydrophobic than myristate, and therefore, is 

more likely to attach to the membrane. In fact, it has been calculated that 

myristate binds to the membrane with a Gibbs free energy of about 8 kcal/mol, 

which is barely enough to associate a protein with the membrane rather than the 

cytoplasm (Peitzsh and McLaughlin 1993).

The a-subunits of some, but not all, G-proteins are myristoylated; for instance,

Gj, but not Gg, has a myristate group attached (Buss at at. 1987). The site of 

attachment was found to be the glycine residue at position two of the sequence 

(Jones, T.L.Z. at aL 1990). Mumby at aL (1990) have shown that 

myristoylation was required for the membrane attachment of other a-subunits, 

namely a^, a,2 , a,2 . â , and a,.

Other G-protein a-subunits, such as (Wedegaertner at aL 1993) and a, 

(Degtyarev at aL 1993) use palmitoylation, rather than myristoylation, for 

attachment to the membrane. The third residue (cysteine) of a, was shown to 

be critical for incorporation of [^H]-palmitate (Degtyarev at aL 1993).
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Palmitoylation of a-subunits may have some functional relevance in the G- 

protein activation cycle. It has been reported that agonist activation of the p- 

adrenergic receptor or covalent modification of a, both result in the dissociation 

of Og from the plasma membrane into the cytoplasm (Ransnas et aL 1989; 

Negishi at aL 1992). Wedegaertner and Bourne (1994) showed that activation 

of Og caused its de-palmitoylation. They suggest that a palmitoylation cycle 

occurs in which activated Og-GTP is released from the membrane by de- 

palmitoylation and, after GTP hydrolysis has occurred, is re-palmitoylated and 

reassociates with the membrane. In this way, a-subunits are able to shuttle 

between membranes and the cytoplasm. It has been suggested that a-subunits, 

such as a,, are involved in endocytosis and transcytosis and therefore may play 

a role in regulating vesicle trafficking (Bomsel and Mostov 1993).

1.3. Activation Pathways of mAChRs.

Cloning of the individual subtypes of mAChRs allowed each of their functional 

pathways to be investigated. Activation of the ml or m3 receptor was shown 

to lead to phosphoinositide (PI) hydrolysis, arachidonic acid release, and calcium 

mobilisation, whereas activation of the m2 and m4 mAChRs leads to the 

inhibition of adenylate cyclase (Conklin at aL 1988; Fukuda at aL 1988; Shapiro 

at aL 1988; Peralta ef a/. 1988 ’ ).

In addition, the m2 mAChR activates an inwardly rectifying potassium channel 

(Kubo at aL 1993) via the direct interaction of a pertussis-toxin (PTX)-sensitive 

G-protein (Kurachi ef a/. 1986; Pfaffinger at aL 1985). The m l and m3 activate 

calcium-dependent potassium and chloride channels via a PTX-insensitive G- 

protein (Jones, S.V.P. at aL 1988, 1990). It is thought that m l or m3 

activation leads to PI hydrolysis; the inositol triphosphate product causes 

calcium release from internal stores, resulting in the activation of the calcium- 

dependent channels (Jones, S.V.P. at aL 1990). It has also been reported that 

the m3 mAChR activation can induce a voltage-insensitive calcium influx 

independently of second messengers (Felder at aL 1992).

’ In the study by Peralta et aL 1988, HM1 and HM4 refer to the human ml and m3, 
HM2 and HM3 refer to m2 and m4.
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Muscarinic AChRs are also involved in regulating the mitogen activating protein 

kinase (MARK) pathway^ (Winitz et aL 1993; Crespo et aL 1994). Activation 

of the MARK pathway is essential for cell growth (Rages et aL 1993). This 

pathway is highly conserved in eukaryotes (ranging from yeast to man), for 

transmitting extracellular signals for growth and differentiation. It proceeds via a 

sequential cascade of protein kinase reactions; MARK is activated by MAR 

kinase kinase (MEK), which in turn, is activated by Raf or MEK kinase (see 

Blumer and Johnson 1994; Egan and Weinberg 1993 for reviews). The Ras 

protein (a small GTR-binding protein) is also involved in the growth and 

differentiation of cells by activating the MARK pathway (see Egan and Weinberg 

1 993). Activation of the m2 mAChR leads to activation of Ras, Raf, MEK and 

MARK (Winitz et aL 1993). The m l also activates this pathway by a ras- 

dependent mechanism (Crespo et aL 1994). MARK has also been shown to be 

activated by G-proteins, independently of Ras (Gupta A.K. et aL 1992).

1.3.1. The Rote of the G-Protein a andPy-Subunits in Activating
Effector Pathways.

The m l and m3 mAChRs activate the RTX-insensitive G-protein, Gq, (Offermans 

et aL 1994), which goes on to activate the phosphatidylinositol 4 ,5- 

bisphosphate-specific phospholipase C (Berstein et aL 1992b; Mullaney et a!. 

1993). The RTX-sensitive G-proteins, G  ̂ and G13, can also be activated by ml 

and m3, but only at high agonist concentrations. In contrast, the m2 mAChR 

activates G^, Gjg and Gĵ  at low agonist concentrations (Offermans et aL 1994). 

The m2 mAChR also couples to Ĝ  (Rarker et aL 1991) which has been shown 

to inhibit calcium channels (Kleuss et aL 1991; Hescheler et aL 1987).

The regulation of coupling to effector pathways is very complicated. Receptors 

are able to activate multiple G-proteins, and the a and y?K“Subunits of G-proteins 

are independently able to activate effector systems. Multiple receptors are also 

able to activate the same G-protein. These heterogeneities allow interaction, or 

cross-talk, between different pathways. For example, the m4 mAChR has been 

shown to activate a RTX-sensitive G-protein ( G j )  to inhibit adenylate cyclase 

(types I and III), and to couple to a RTX-insensitive G-protein (GJ to activate

 ̂ MARK is also known as extracellular-regulated kinase (ERK).
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adenylate cyclase (Dittman et a!. 1 994). These effects were not due to p y  

subunits. Activation of adenylate cyclase occurred only at high receptor density 

or in the presence of PTX, which may indicate that the m4 has a higher affinity 

for Gj than G, (Dittman at at. 1 994).

The y^K-subunits of G-proteins are also able to activate effectors, independently 

of the o-subunits; for example, y^K-subunits have been shown to activate the 

inwardly rectifying potassium channel (Yamada at al. 1993; Wickman at aL 

1994; Reuveny at al. 1994), to stimulate phospholipase Ag (Jelsema and 

Axelrod 1 987), and to activate phospholipase C-ŷ g (PL-Cygg) (Camps at ai. 1992; 

Katz at ai. 1 992) and PL-Cyffg (Park at ai. 1993). A very low level of PL-Cyff, 

activation by y^K-subunits was also observed (Camps at ai. 1992), although 

activation of this isozyme appears to be mainly due to Gq a-subunits (Taylor at 

ai. 1991). Two types of adenylate cyclase (types II and IV, but not types I or III) 

are also stimulated by yg^-subunits (Tang and Gilman 1991; Federman at ai.

1992).

1.4. The Regulation of G-Proteln-Coupled Receptor
Activity.

The activity of G-protein-coupled receptors can be regulated, by exposure to an 

agonist, in three distinct ways; desensitisation, sequestration and down- 

regulation (Campbell at ai. 1991 ; for review, see Hausdorff at ai. 1990a). 

Desensitisation is a fast (seconds to minutes) response involving 

phosphorylation and uncoupling of the receptor (Bouvier at ai. 1989), 

sequestration is a rapid (minutes) internalisation of the receptor, and down- 

regulation is a slower (hours) response involving degradation of the receptor 

(Campbell at ai. 1991 ; see Hausdorff at ai. 1990a).

1.4.1. Phosphorylation-Induced Desensitisation.

Phosphorylation of receptors is mediated by two types of kinases; second 

messenger kinases, such as protein kinase A (PK-A) and protein kinase C (PK-C), 

and second messenger-independent G-protein-coupled receptor kinases (termed 

GRKs).
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Second Messenger Kinases.

The yffAR was shown to be phosphorylated on serine residues by cyclic AMP- 

dependent Protein Kinase (PK-A) (Benovic et al. 1985). The rate of 

phosphorylation was increased in the presence of agonists and blocked by 

antagonists, and phosphorylation of the receptor was shown to result in a 

decreased functional response. These results demonstrate that phosphorylation 

of the receptor is a mechanism for regulating receptor activation (Benovic at at.

1985). The site of phosphorylation by PK-A in the /^gAR has been localised to 

the carboxyl-terminal end of the third cytoplasmic loop (Okamoto at al. 1991). 

The mAChR has also been shown to be phosphorylated by PK-A (Ho, A.K.S. at 

al. 1987; Rosenbaum at ai. 1987) and by PK-C (Haga at ai. 1990; Richardson 

and Mosey 1990). PK-C-mediated phosphorylation resulted in a disruption in the 

binding of GTPyS and the GTPase activity of Ĝ  (Richardson at ai. 1992).

Second messenger-induced phosphorylation is a negative-feedback mechanism 

in the signal transduction pathway. The rate of agonist-induced phosphorylation 

of the OiAR was increased by PK-C (a product of its activation) but not by PK-A, 

whereas at the yffjAR, the rate was increased by PK-A but not by PK-C (Bouvier 

at ai. 1987). Agonist activation of each receptor leads to increased 

phosphorylation by only the protein kinase linked to their own signal 

transduction pathway. Both kinases, however, were able to phosphorylate the 

OiAR and /^gAR, suggesting that a "cross system" phosphorylation mechanism 

also exists (Bouvier at ai. 1987).

G-Protein-Coupled Receptor Kinases (GRKs).

A number of GRKs have now been identified, including rhodopsin kinase (Shichi 

and Somers 1978), ŷ AR kinase (yffARK) (Benovic at ai. 1986), a different isoform 

of yffARK, #ARK2 (Benovic at ai. 1991), IT11 or GRK4 (Ambrose at ai. 1993), 

GRK5 (Kunapuli and Benovic 1993) and GRK6  (Benovic and Gomez 1993).

These have since been named GRK1 (rhodopsin kinase), GRK2, GRK3 (yffARKI 

and yffARK2), GRK4, GRK5, and GRK6  (Lefkowitz 1993). Some GRKs are 

expressed at high levels in particular tissues, suggesting that they have a 

specialised role. For example, GRK3 is preferentially expressed in olfactory 

epithelium and is important in the phosphorylation of odorant receptors 

(Schleicher at ai. 1993; Dawson at ai. 1993). In contrast, other kinases, such 

as GRK2 and GRK6 , have a wide distribution suggesting that they play a more
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general role in receptor phosphorylation (Benovic and Gomez 1993).

The mAChR has been shown to be a substrate for yffARK (Kwatra et al. 1989).

A )ffARK-like kinase, partially purified from porcine brain, was also shown to 

phosphorylate the mAChR (Haga and Haga 1990) at sites within the central part 

of the third intracellular (iS) loop (Nakata at si. 1994). It appears that an 

endogenous insect kinase is capable of phosphorylating the m 2 , but not the ml 

subtype, when the receptors are expressed in the Sf9 insect cells (Richardson 

and Hosey 1 992).

There is evidence that the phosphorylation pathways of second messenger 

kinases and GRKs may interact. Desensitisation of the odorant receptor requires 

phosphorylation by both PK-A and GRKS by a sequential mechanism (Schleicher 

et si. 1993). In contrast, phosphorylation of the /ggAR by second messenger 

kinases and yffARK occurs via distinct mechanisms, which do not interact (Pitcher 

et si. 1992a). Phosphorylation of the mAChR by PK-C and yffARK also occurs via 

distinct mechanisms, which are partially additive (Richardson and Hosey 1990). 

Phosphorylation by #ARK requires the presence of an agonist, whereas the PK- 

C-mediated phosphorylation appears to be agonist-independent (Richardson and 

Hosey 1 990).

GRKs phosphorylate only the active, agonist-occupied, form of the receptor 

(Benovic et ai. 1 986). Desensitisation of the phosphorylated receptor then 

requires the binding of an additional protein, arrestin (Wilden et ai. 1987) or p- 

arrestin (Lohse et ai. 1990), which inhibit rhodopsin and yffAR respectively. 

Arrestins interact with a phosphorylated receptor and prevent it from interacting 

with its G-protein. The sequence of )ff-arrestin shares regions of homology with 

the a-subunits of G-proteins, which might allow it to mimic G-proteins and bind 

to receptors (Lohse et ai. 1990). It appears that /ff-arrestin inhibits ^AR, but not 

rhodopsin, and that it is 20-40 times more effective in inhibiting phosphorylated 

^ARs than non-phosphorylated receptors (Lohse et ai. 1990).

Autophosphorylation of kinases also plays a role in regulating their activities. 

Buczytko et ai. (1991) report that autophosphorylation of rhodopsin kinase 

reduces its affinity for phosphorylated rhodopsin, allowing the rhodopsin kinase 

to dissociate and arrestin to bind to the phosphorylated receptor. In contrast,
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autophosphorylation of a different kinase, GRK5, is required for its own 

activation in phosphorylating the receptor (Kunapuli et al. 1994). The receptor 

phosphorylation cycle is terminated by the action of phosphatases. As the 

receptor becomes inactive, arrestin dissociates from the complex, allowing 

phosphatases, such as protein phosphatase 2A, to dephosphorylate the receptor 

(Palczewski at si. 1989a, 1989b).

The Roles of isoDrenviation and ig/-Subunit Interactions.

Although GRKs interact with membrane-bound receptors, several members of 

this family, such as rhodopsin kinase and ^ARK (GRK1 and GRK2), exist in the 

cytoplasm. Activation of the receptor leads to the translocation of the kinase 

from the cytoplasm to the plasma membrane (Chuang at si. 1992). Rhodopsin 

kinase is unique amongst the GRK family in that it is isoprenylated at a 

consensus CAAX sequence (where "C" is cysteine, "A" is an aliphatic amino 

acid) (Inglese at si. 1992a, 1992b). A farnesyl group (C1 5 ), attached to the 

cysteine of the sequence, is required for its translocation to the plasma 

membrane upon activation of rhodopsin (Inglese at ai. 1992a).

The other GRKs, however, are not isoprenylated, although some of them are 

translocated to the membrane in response to an agonist-activated receptor 

(Chuang at ai. 1992). Translocation of these GRKs involves the y^K-subunits of 

G-proteins (Haga and Haga 1992). The y^K-subunits have been shown to interact 

with the carboxyl-terminal region of recombinant #ARK (Pitcher at ai. 1992b; 

Kameyama at ai. 1993; Koch at ai. 1993). It has been shown that the 

subunit binding region of #ARK has significant homology to a pleckstrin 

homology or PH domain (Musacchio at ai. 1993). PH domains were originally 

detected as internal repeats in the platelet protein, pleckstrin (Tyers at ai. 1988) 

and consist of about 100 amino acids. Data base screening has shown them to 

exist in the sequences of many proteins, perhaps as a domain for protein-protein 

interactions (Mayer at ai. 1993; Haslam at ai. 1993; Musacchio at ai. 1993).

The binding site on yffARK includes the carboxyl-terminal portion of the PH 

domain, along with a sequence just distal to this (Touhara at ai. 1994). It has 

been suggested that this domain forms a coiled-coil with a two-stranded coiled- 

coil of the )ffK-subunits (Simonds at ai. 1 993).

Other GRKs, such as GRK3 (Boekoff at ai. 1994), also interact with yffK"Subunits.

27



Further evidence for the role of yffK-subunits arises from a study using a fusion 

protein containing only the 13 loop of the m2 mAChR. This fusion protein was 

phosphorylated by a GRK in the presence of mastoparan (a peptide which 

mimics the activated receptor (Higashijima et ah 1988)) and yffy-subunits, 

demonstrating that phosphorylation requires an activated receptor and py- 

subunits (Haga et al. 1994).

The region of yffARK that interacts with yffy-subunits has been used to distinguish 

between Go and mediated pathways, by inhibiting those stimulated by Gpy- 

subunits. Both m l and m2 mAChRs stimulate phospholipase C (PL-C) and m2 

inhibits adenylate cyclase. A peptide containing the py binding domain inhibits 

the activation of PL-C by m2 (mediated via y^K-subunits), but does not affect the 

activation of PL-C by m l (mediated via G^o) or the m2 induced inhibition of 

adenylate cyclase (mediated via GjO) (Koch et ai. 1994). This approach has also 

been used to distinguish between the PTX-sensitive inhibition of adenylate 

cyclase (mediated via GjO) and the PTX-sensitive activation of type II adenylate 

cyclase (mediated via Gfiy) (Inglese et ai. 1994).

The results from the above experiments show that isoprenylation is involved in 

targeting rhodopsin kinase to the membrane, and y^K-subunit interaction is 

involved for other GRKs, such as GRK2 and GRKS. GRK5, however, has no 

isoprenylation consensus sequence and receptor phosphorylation is not 

stimulated by y^K-subunits (Kunapuli and Benovic 1993; Premont et ai. 1994; Pei 

et ai. 1994). It does not undergo translocation from the cytosol to the 

membrane, but instead, appears to be associated with the membrane even in 

the absence of activated receptor (Premont et ai. 1994).

1.4.2. Sequestration or internaiisation.

Mutant yffARs were constructed which were not phosphorylated and did not 

undergo down-regulation. Nevertheless, they were sequestered normally 

(Campbell et ai. 1991), indicating that sequestration (or internalisation) of 

receptors proceeds by a distinct mechanism from those used for 

phosphorylation-induced desensitisation and down-regulation. Internalised 

receptors can then be re-cycled back to the plasma membrane. Agonist-induced 

sequestration of the ml mAChR involves the i3 loop of the receptor (Maeda et
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al. 1990). Multiple regions, rich in serine/threonine residues, within this loop 

have been shown to be important for internalising the receptor (Lameh et ai. 

1992; Moro et ai. 1993a; Lee and Fraser 1993).

Experiments using a mutant m4 mAChR, in which part of the i3 loop was 

deleted, showed that the mutant receptor was able to bind G, but had a reduced 

ability to inhibit adenylate cyclase and a reduced rate (but not maximum extent) 

of internalisation (van Koppen et ai. 1994). Mutant /ggARs, which do not 

activate G,, were sequestered normally (Campbell et ai. 1991; Hausdorff et ai.

1990b; Cheung et ai. 1 990). Internalisation of the ^AR, therefore does not 

appear to require activation of a G-protein. It has been suggested that a specific 

motif, asparagine-proline-X-X-tyrosine, in TMD VII, may play an analogous role 

to a homologous sequence in the LDL receptor required for targetting it to 

coated pits (Barak et ai. 1994). The results from a recent study on the >ffAR 

suggest that internalisation occurs by two distinct steps: (i) agonist-dependent 

early endocytosis, associated with the redistribution of the receptors into 

discrete areas of the membrane, and (ii) agonist-independent internalisation of 

the receptors (von Zastrow and Kobilka 1994).

1.4.3. Down-Regutation of Receptors and G-proteins.

Long-term desensitisation, in response to chronic agonist stimulation of the 

receptor, does not always require the receptor to be phosphorylated. Mutant 

/^gARs, which lack phosphorylation sites, become down-regulated to the same 

extent as wild-type receptors, although there is a delay of several hours (Bouvier 

et ai. 1989). Down-regulation, however, appears to require functional coupling 

to Ĝ ; mutant y^ARs that do not couple to the G-protein display impaired down- 

regulation, although they are sequestered normally (Campbell et ai. 1991).

Down-regulation of receptors appears to involve degradation of receptor proteins 

(Shapiro and Nathanson 1989) followed by a reduction in the mRNA levels 

(Habecker et ai. 1 992; Lee et ai. 1994). For the mAChRs, regions of the m l i3 

loop (Shapiro and Nathanson 1989) and threonine residues in the m3 carboxyl- 

terminal tail (Yang et ai. 1 993) have been shown to be required for down- 

regulation of the receptors. Down-regulation of the m2 and m4 mAChRs has 

been reported to be accompanied by a decrease in the levels of mRNAs for these
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receptors (Habecker et aL 1992). The half-lives of the mRNAs were unchanged, 

suggesting that regulation occurs at the level of gene transcription. At the ml 

mAChR, however, the stability of the mRNA was greatly reduced in response to 

chronic agonist exposure (Lee et sL 1994) suggesting that the mechanism of 

regulating mRNA levels may vary.

G-proteins also undergo down-regulation upon agonist-stimulation of a receptor. 

Rates of gene transcription, stability of mRNA, and degradation of the protein 

may all contribute to this regulation (review: Milligan and Green 1991). Agonist 

stimulation of the yffAR caused a 25%  reduction in mRNA of the G-protein, G^, 

(Hadcock et al. 1990), along with an increase in protein degradation of the 

protein (Hadcock et ai. 1990; McKenzie and Milligan 1990). Co-ordinated 

down-regulation of both receptor and G-protein by agonist activation appears to 

occur (Adie et ai. 1992; Mullaney et ai. 1993).

1.4.4. Regulation and Interaction between Different Pathways.

Down-regulation is not the only mechanism for controlling G-protein levels. 

Agonist activation of the )gAR results in a decrease in G^o but an increase, or up- 

regulation, of GjO (Hadcock et ai. 1990). There were increases in the levels of 

mRNA and the rate of protein synthesis, but no change in the half-life of the 

protein.

There is also evidence for interaction between the mAChR and other receptor 

pathways. For example, agonist activation of the /ffjAR/adenylate cyclase 

pathway results in desensitisation, internalisation and down-regulation of the ml 

mAChR (thought to be mediated via PK-A) (Lee and Fraser 1993), and activation 

of the Al adenosine and angiotensin II receptors results in down-regulation of 

the m2 and m4 mAChRs (Habecker and Nathanson 1992). This type of 

regulation, or cross talk (where activation of one type of receptor influences the 

function of another) is known as heterologous regulation, whereas agonist- 

specific regulation (where agonists cause desensitisation of only the receptors 

they interact with) is referred to as homologous regulation (reviewed in Sibley et 

ai. 1987).
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1.5. The Structure of G-Protein-Coupled Receptors.

Sequence and hydrophobicity analyses suggest that mAChRs are composed of 

the seven transmembrane domains, predicted to form o-helices, common to the 

entire family of G-protein-coupled receptors (Kubo et aL 1986a, 1986b; 

reviewed by Hulme at al. 1990). The mAChRs are encoded by a single exon 

(Kubo at al. 1986a), unlike some other G-protein-coupled receptors, such as the 

dopamine receptors, which have introns (Van Toi at al. 1991). The receptors 

are thought to be looped through the membrane (fig. 1 .2 ), having an 

extracellular amino-terminal region and a cytoplasmic carboxyl-terminal tail. An 

alignment of the m1-m5 sequences is shown in the appendix. This topology has 

been confirmed using antibodies against the loop sequences (Wang, H.Y. at al.

1 989) and by the systematic insertion of a specific epitope into the loops 

(Borjigin and Nathans 1994). The mAChRs characteristically have large i3 loops, 

in contrast to those of some other receptors, such as rhodopsin.

1.5.1. The Role of N-Glycosylation.

All five mAChR amino acid sequences contain at least two potential sites for N- 

linked glycosylation near to their amino-terminal ends (Bonner at al. 1988); the 

consensus sequence being Asn-X-Ser/Thr, where X can be any amino acid 

except for proline or aspartate (see Kornfeld and Kornfeld 1985). Peterson at al. 

(1986) report that the mAChR purified from heart is heavily glycosylated, 

containing approximately 26%  carbohydrate by weight. The three potential 

glycosylation sites of the m2 mAChR have been mutated to other residues and 

the mutant receptors expressed (van Koppen and Nathanson 1990). This group 

showed that these mutant receptors were non-glycosylated and furthermore, 

that glycosylation of the m2 mAChR was not required for cell surface 

localisation, ligand binding, stability against receptor degradation, or functional 

coupling of the receptor to adenylate cyclase inhibition.

The role of N-glycosylation may be different for different G-protein-coupled 

receptors. There have been reports that ligand binding to the yffAR is not 

affected by de-glycosylation and that glycosylation is not important for its 

function (George at al. 1986; Rands at al. 1990). Rands at al. (1 990) show 

that, whilst overall expression levels are not affected in mutant, non-
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Fig. 1.2. Structural features of the rat m l mAChR.

The mAChR is looped through the membrane, having an extracellular amino- 
terminus and an intracellular carboxyl-terminus. The two consensus sequences 

for asparagine-linked glycosylation in the amino-terminal domain and a 

consensus palmitoylation sequence in the carboxyl-terminal domain are shown. 
There is a disulphide bond between the first and second extracellular loops 

(Curtis et al. 1989) and a binding site for G-protein-receptor kinases (GRKs) in 

the i3 loop (Nakata at si. 1994). The aspartate in TMD III and threonine^®^ in 
TMD V have been high-lighted.
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glycosylated yffARs, the distribution is different to that of wild-type receptors; 

there is a 50%  decrease of receptors on the cell surface. They suggest that N- 

glycosylation is important for the correct trafficking of the yffAR. Mutation of the 

potential glycosylation sites of the lutropin/choriogonadotropin receptor also 

produced a non-glycosylated receptor which has high affinity for agonists but 

shows reduced levels at the plasma membrane (Liu et aL 1993).

However, there are G-protein-coupled receptors, such as an orggAR (Zeng et at.

1990), that do not contain consensus sequences for N-linked glycosylation. The 

Aza adenosine receptor is glycosylated (Barrington et al. 1990), although it does 

not contain consensus sequences near to the amino terminus. Instead, it has 

two potential glycosylation sites in the second extracellular loop. Tunicamycin 

treatment produced de-glycosylated receptors which retained both agonist and 

antagonist binding (Piersen et ai. 1994).

1.5.2. The Disulphide Bond.

A pair of cysteine residues in the first and second extracellular loops are almost 

completely conserved among members of the main rhodopsin-like family of G- 

protein-coupled receptors. Enzymatic digestion of the mAChR was shown to 

generate peptides that are linked by a disulphide bond to give one larger peptide 

(Curtis et ai. 1989). Reduction of this peptide caused the disulphide bond to be 

broken and generated smaller peptides. These experiments demonstrated the 

presence of a disulphide bond in the mAChR (Curtis et ai. 1989).

Labelling of reduced mAChRs with [^H]-N-ethylmaleimide, followed by peptide 

sequencing by Edman degradation, identified Cys®® (m l), in the first extracellular 

loop, as participating in the disulphide bond (Kurtenbach et ai. 1990a, 1990b).

It has been suggested that the second cysteine residue is likely to be Cys’ ®̂ 

(Kurtenbach et ai. 1990a). Mutagenesis of these two cysteines (Cys^® and 

Cys’ ®̂, m l mAChR) to serine residues resulted in a receptor which has no 

functional activity and does not bind the antagonist [^H]-quinuclidinyl benzilate 

(Savarese et ai. 1992), further evidence that both cysteine residues have an 

important role in receptor structure or function.

Disulphide bonds have also been shown to exist in the yffAR (Dixon et ai. 1987a)
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and rhodopsin (Karnik and Khorana 1990; Davidson et aL 1994). In rhodopsin, 

this bond has been shown to be important in signal transduction, by stabilising 

the conformation of metarhodopsin II (the form of rhodopsin capable of 

interacting with the G-protein) and enabling it to activate transducin (Davidson 

et sL 1 994). The disulphide bond may have a similar role in other G-protein- 

coupled receptors, that of stabilising the high affinity agonist-receptor complex, 

which is involved in recognising, binding and activating the G-protein.

1.5.3. The Predicted Three-Dimensional Structure.

A high degree of sequence homology exists across the rhodopsin-like receptor 

superfamily, particularly within the putative transmembrane regions, suggesting 

that the receptors share a common three-dimensional structure. Structure 

predictions for the G-protein-coupled receptor family have been largely based on 

the known structure of bacteriorhodopsin, a purple transmembrane protein found 

in Halobacterium halobium. Although bacteriorhodopsin is not coupled to G- 

proteins, and evidence suggests that there is no evolutionary link to G-protein- 

coupled receptors (Soppra 1994), it was thought to contain seven 

transmembrane domains. Electron microscopy has confirmed that 

bacteriorhodopsin is composed of a bundle of seven a-helices which span the 

membrane (Henderson and Unwin 1975; Henderson et al. 1990).

A low resolution projection map of the G-protein-coupled receptor, bovine 

rhodopsin, has also given evidence for the existence of a seven transmembrane 

helical structure (Schertler et ai. 1993a), although it is thought that the 

arrangement of the helices is not identical to that of bacteriorhodopsin. Four 

helices were shown to be perpendicular to the membrane and three, including 

one more buried than the others, appeared to be tilted. A detailed analysis of 

the putative transmembrane regions of 200 sequences of the G-protein-coupled 

receptor family has allowed the probable arrangement of a-helices within the 

membrane to be deduced (Baldwin 1993). This study showed that the third 

helix appears to be the most buried within the helical bundle, whereas helices I, 

IV and V are more exposed to the membrane lipid environment. It was also 

suggested, that because the loops between helices are only short in some 

receptors, the helices must be organised around the helical bundle according to 

their sequence order, helices I, II and III being tilted and helices IV-VII being
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perpendicular to the membrane, in this model, the intracellular ends of helices III 

and V are close together, with helix IV protruding further into the lipid bilayer, 

(Baldwin 1993), whereas in the bacteriorhodopsin model (Henderson et al.

1990), helix III and V are further apart with helix IV lying between them. Fig.

1.3 shows a helical wheel model of the probable arrangement of a-helices within 

the membrane, which was based on the low resolution projection map (Schertler 

et si. 1993a) and the sequence alignment studies (Baldwin 1993).

This arrangement of a-helices is supported by mutagenesis studies. Experiments 

using chimaeric m2/m5 receptors showed that TMDs I and VII needed to be 

derived from the same subtype in order for the receptor to be expressed, 

suggesting that these TMDs must be adjacent (Pittel and Wess 1994). 

Substitution of a residue in TMD VII of the yffjAR with a different residue, found 

at the homologous position in the ajAR, had a disruptive effect on the trafficking 

of the receptor (Suryanarayana et ai. 1992). Correct trafficking was restored 

when the TMDs I and II of the mutant /^gAR were also replaced with those from 

the OgAR, suggesting that the mutation in helix VII caused structural 

incompatibility between this helix and adjacent helices (Suryanarayana et ai.

1992). A similar study was carried out on the gonadotropin-releasing hormone 

receptor (Zhou et ai. 1994). There is a highly conserved aspartic acid residue in 

TMD II of the family of G-protein-coupled receptors and an asparagine residue in 

TMD VII. The gonadotropin releasing hormone receptor, however, is unusual in 

that it contains an Asn, rather than an Asp, in TMD II and an Asp in TMD VII. 

Zhou and colleagues examined the possibility that these two residues interact, 

by mutating the Asn to Asp. This mutation abolished ligand binding. However, 

the double mutation, to create a mutant receptor with the same arrangement 

found conserved across the receptor superfamily, restored high affinity agonist 

and antagonist binding. Therefore, although TMD II and VII are separated in 

sequence, this study showed that the helices must exist close enough to each 

other within the membrane for an interaction to form between the two residues. 

This is supported by an independent mutagenesis study on rhodopsin (Rao et ai. 

1994).

It has been shown that TMDs l-V and TMDs VI-VII are capable of folding 

independently of each other (Maggio et al. 1993a, 1993b). Expression of 

truncated m2 or m3 receptors, containing TMDs l-V, did not result in any
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Fig. 1 .3 . Models of the putative transmembrane domains of the rat 
m l mAChR.

(a) The seven transmembrane a-helices of the rat m l mAChR in antiparallel 
orientation showing important conserved residues. Amino acids that have been 

mutated in this study are coloured red. Residues thought to be involved in 

agonist binding are coloured yellow; those thought to be involved in antagonist 
binding are coloured blue.

(b) Helical wheel projection model of the rat m l mAChR showing the orientation 

of Asp^°®. The orientation of the helices was calculated from Fourier transform 

analysis of sequence variation, positioning non-conserved amino acids on one 

face of the a-helix (indicated by the arrow). The positions of the helices are 

based on the rhodopsin model (Baldwin 1993). Fully conserved amino acids are 

shown in bold. The colour-codes are the same as in (a).

(Figure supplied by E. Hulme, personal communication).
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detectable binding. Co-expression of the truncated receptors and a "tail" 

fragment, containing TMDs VI-VII resulted in wild-type levels of binding and 

functional response of the receptors (Maggio et al. 1993a). Chimaeric 

receptors, Og/mS and mS/Og, containing TMDs l-V and TMDs VI-VII from the 

different receptors, OgAR and the m3 mAChR, were also made. Expression of 

one type of chimaeric receptor alone did not result in any detectable binding for 

muscarinic or adrenergic ligands, but co-expression of and m 3 /o2 restored

both types of ligand binding (Maggio at si. 1993b). These results suggest that 

receptors may be composed of two separate domains, which are able to fold 

independently and recognise each other to form a functional protein.

1.6. Receptor Domains Involved In G-ProteIn
Interactions.

G-proteins, in the cytoplasm of the cell, are expected to interact with the 

cytoplasmic domains of the receptor. Mutagenesis experiments on rhodopsin 

suggest that relatively large sequences in both the second and third cytoplasmic 

loops are involved in the interactions with the G-protein, transducin (Franke at 

si. 1992). It has been shown that the carboxyl- and amino-terminal domains of 

the i3 loop of the m3 mAChR are critical for functional coupling; the remainder 

(217 of 239 amino acids) can be deleted with no effect (Kunkel and Peralta 

1 993). The i2 loop also appears to be important for coupling to G-proteins. A 

bulky hydrophobic amino acid in the middle of this loop is critical for stimulation 

of phosphoinositide hydrolysis by the ml mAChR and for the stimulation of 

adenylate cyclase by the yffjAR (Moro at si. 1993b). Therefore, this region 

appears to be important for activating G-proteins but not for selectivity of 

coupling.

Selectivity appears to require multiple domains. Substitution of the amino- 

terminal region (17 amino acids) of the i3 loop from m3 into m2 enables the 

chimaeric m2 receptor to stimulate phosphoinositide hydrolysis (Wess at si.

1 990). Stimulation requires the presence of an aromatic residue (tyrosine 254, 

m3 mAChR) in the amino-terminal region of this loop (Blüml at ai. 1994a). More 

generally, hydrophobic amino acids appear to be more important than hydrophilic 

amino acids in this position for G-protein activation (Cheung at ai. 1992). For 

the thyrotropin receptor, the first cytoplasmic loop is also important for
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selectively coupling to PI hydrolysis (Kosugi and Mori 1994). Different regions 

to these, however, are required for selectively coupling to the inhibition of 

adenylate cyclase (Wess et aL 1990; Kosugi and Moro 1994).

A peptide that mimicked the carboxyl-terminus of the i3 loop of the m4 mAChR 

was able to activate Gj and (Okamoto and Nishimoto 1992). Peptides of this 

type often contain BXB or BXXB sequences, where B is a basic amino acid, 

which may be important for G-protein activation. A chimaeric m l mAChR, 

containing the i3 loop of the y^AR, was shown to activate adenylate cyclase 

(probably by GJ as well as retain its ability to inhibit adenylate cyclase (by G j ) ,  

suggesting that regions other that the i3 loop are also involved in selecting Gj 

(Wong et a!. 1990). The i2 loop may be involved; peptides mimicking the 

carboxyl-terminus of this loop were shown to inhibit coupling to Gj (McClue et 

al. 1994; Okamoto and Nishimoto 1992). These experiments all indicate that 

multiple domains in the cytoplasmic loops are involved in the recognition and 

interaction with G-proteins, and that different regions are required for 

determining the selectivity of activation.

7.7. The Ligand Binding Domain.

For many G-protein-coupled receptors, experimental evidence available to date 

suggests that the ligand binding site resides within the transmembrane 

segments. The 11-c/s-retinal chromophore of rhodopsin was found to be 

covalently attached to the hydrophobic membrane-spanning regions of the 

receptor (Thomas and Stryer 1982). Retinal is attached via a Schiffs base 

linkage to a lysine residue in TMD VII. Mutagenesis, Fourier transform infrared 

spectroscopy and resonance Raman microprobe spectroscopy studies have 

demonstrated that the Schiffs base counterion is Glû ^̂  in TMD III, and that the 

chromophore lies parallel to the plane of the membrane (Jager et aiĵ  Lin et ai.

1 992). Rhodopsin is unique among the family of G-protein-coupled receptors, in 

that its "ligand" chromophore, retinal, is covalently attached to the receptor.

The ligands of other receptors are free-floating in the cytoplasm, but, due to the 

structural similarities between the receptors, it was speculated that their binding 

sites may also lie within the TMDs. The hydrophobic domains are also the 

regions of highest homology, suggesting that conserved residues have either 

structural or functional relevance, perhaps in G-protein recognition.
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Deletion of most of the hydrophilic extracellular and intracellular loops of the 

yffAR had little effect on the binding of agonists or antagonists, suggesting that 

the hydrophobic core does contain the ligand binding site (Dixon et al. 1987a,

1987b). A fluorescent antagonist of the yffAR has been shown to bind deep 

within the hydrophobic environment, inaccessible to the solvent (Tota and 

Strader 1 990).

There are exceptions, however; the extracellular domains, in addition to the 

TMDs, are required for the binding of ligands to some G-protein-coupled 

receptors, such as the neurokinin (Fong et si. 1992), vasopressin (Kojro et si.

1993), luteinising hormone and follicle-stimulating hormone (Moyle et ai. 1994) 

receptors. These receptors bind peptide hormone agonists, which are much 

larger than the small ACh-like neurotransmitters. The metabotropic glutamate 

receptor (mGluR) is also characterised by an extremely large extracellular domain 

(see Schoepp and Conn 1993). This domain shows homology to bacterial 

periplasmic binding proteins (O'Hara et ai. 1993) and has been shown to be 

involved in ligand binding (Takahashi et ai. 1993).

Since the extracellular domains of the )ffAR are not required for ligand binding, 

work is now being carried out to identify specific amino acids involved in the 

binding site within the TMDs. Many of the endogenous ligands of receptors 

have some structural similarities; for example, the cationic-amine class of 

neurotransmitters, such as ACh, adrenaline, noradrenaline, serotonin (5- 

hydroxytryptamine), histamine, and dopamine, all have a positively charged 

headgroup moiety (an onium group for ACh, an ammonium group for the others). 

Particular interaction points for the ligand, within the receptor, may also be 

conserved.

Experiments with chimaeric m2/m5 mAChRs (Wess et ai. 1992a) and chimaeric 

5 -HT2 / 5 -HT 1Ç receptors (Choudhary et ai. 1992) demonstrated that multiple 

domains and several TMDs are required for selectively binding different ligands. 

The results from mutagenesis studies have also suggested that residues in TMD 

II, III and V of the /ffARs (Strader et ai. 1988, 1989a, 1989b), the dopamine 

receptors (Mansour et ai. 1992; Pollock et ai. 1992), the 5-HT receptors (Ho,

B.Y. et ai. 1992), the histamine receptors (Gantz et ai. 1992) and the mAChRs 

(Wess et ai. 1991 ; Fraser et ai. 1989) may be important for the binding of
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agonists or antagonists. These studies, therefore, indicate that interactions with 

several TMDs are required for ligand binding. Ligands which have chemical 

moieties in common may interact with conserved residues on different 

receptors.

Helical wheel models of G-protein-coupled receptors suggest that the conserved 

residues of the family of G-protein-coupled receptors are mainly found on one 

side of the helices (Donnelly et a i 1989). The helices may be arranged so that 

the conserved residues face inwards, towards the centre of the helical bundle, 

whilst the non-conserved residues face towards the lipid bilayer (see Hulme et 

at. 1990, 1991). The a-helical representations of the TMDs were found to be 

amphipathic, with the hydrophilic surfaces of the helices facing inwards, 

towards the centre of the helical bundle, and the hydrophobic surfaces facing 

outwards, towards the lipid bilayer. A number of residues have been identified 

as important in maintaining the structure of the receptor, in ligand binding and 

for receptor activation (see fig. 1.3).

1.7.1. Residues Involved In Antagonist Binding.

Antagonists are ligands that bind to receptors but do not induce a functional 

response; their binding may competitively inhibit the binding of agonists to the 

receptor, or allosterically disfavour the agonist-induced conformational change. 

Muscarinic antagonists tend to have large bulky sidechains and, therefore, would 

not be expected to occupy exactly the same binding site as the smaller agonists. 

Site-directed mutagenesis studies have identified a number of residues as 

important for binding antagonists (see fig. 1.3). They are all found within the 

outer part of the TMDs or within the extracellular loops.

Mutation of a serine residue in TMD II of the m3 mAChR (Ser’ °̂ m3, 

corresponding to Ser̂ ® m l) to an alanine resulted in a receptor having a 1 0 -fold 

decrease in affinity for antagonists, although there was little affect on agonist 

binding (Wess et at. 1991). In TMD III, the mutation of aspartate’®® to 

asparagine (m l) produced a large decrease in affinity for the muscarinic 

antagonist, [®H]-quinuclidinyl benzilate (Fraser ef a/. 1989). Tryptophan®®® to 

phenylalanine (m3 mAChR, Trp®̂ ® m l), in TMD VI, produced a mutant receptor 

having a reduced affinity for two antagonists, [®H]-N-methylscopolamine (5-fold
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reduction) and 4-DAMP (4-diphenyl acetoxy-N-methylpiperidine methiodide) (24- 

fold), and also caused a reduction in agonist affinity (Wess et al. 1993). An 

asparagine in TMD VI (Asn^® )̂ is also involved in the selective binding of certain 

antagonists (Blüml et si. 1994b). Two tyrosine residues in TMD VII, Tyr®̂ ® and 

Tyr533 (corresponding to Tyr'̂ ®'̂  and Tyr"̂ °®, m l) also appear to be involved in 

antagonist binding. Mutation of either of these residues to phenylalanine in the 

m3 mAChR had a modest (5-6-fold) decrease in antagonist affinity and a larger 

(over 10-fold) decrease in agonist affinity (Wess et si. 1991).

Taken together, these experiments showed that mutation of different residues 

has different effects on agonist and antagonist binding. Mutation of the serine 

(TMD II) or the asparagine (TMD VI) generally produced a large reduction (10- 

fold) in antagonist affinity but little effect on agonist affinity, whereas other 

residues, such as the tyrosines in TMD VII, appear to be more important for 

agonist than antagonist binding. Therefore, although agonists and antagonist 

may share some interactions with the receptor, their binding sites are not 

identical. A second point to be noted is that mutation of some amino acids 

affects the binding of some antagonists more than others. Different antagonists 

must, therefore, make specific interactions with the receptor and their binding 

sites may be significantly different.

1.7.2. Residues Involved In Agonist Binding and Receptor 
Activation.

The headgroup region of ACh contains a positively charged onium group, which 

is important for binding. Pharmacological experiments have shown that 

substitution of the N'*" by a carbon atom produces a ligand which, although still 

acting as a partial agonist, shows a large (3170-fold) reduction in potency, 

relative to ACh, for contracting the guinea pig ileum (Burgen 1965). It was, 

therefore, speculated that the positively charged headgroup of ligands interacts 

with a negative charge on the receptor (Burgen 1965), that is, with an amino 

acid with a carboxylate sidechain (either aspartate or glutamate), or even with a 

phosphate group.

The Role of Aspartic Acid Residues.

Two aspartic acid residues, one in TMD II and the other in TMD III, have been
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considered as candidates for interacting with the group. These are 

conserved among the family of receptors that bind ligands containing a 

positively charged headgroup.

Mutation of Asp^® to asparagine in TMD II of the /ffAR (corresponding to Asp^  ̂

m l mAChR) had no effect on antagonist binding but reduced agonist affinity and 

almost abolished the functional response of the receptor (Chung et aL 1988). 

Strader at al. (1988) showed that maximum functional response was reduced 

(not abolished) but the potency was only reduced 1 0 -fold by the same mutation. 

At the mAChR, mutation of Asp^  ̂ to asparagine resulted in a receptor with 

unaffected antagonist binding but an increase in affinity for the agonist, 

carbachol. The functional response, however, was greatly diminished (Fraser at 

ai. 1989), suggesting that the residue was involved in the agonist-induced 

activation of the receptor. It was suggested that, rather than interacting directly 

with agonists, Asp^  ̂ (m1)/Asp^® (/ffAR) may be involved in maintaining the 

correct conformation of the receptor required for agonist-induced activation 

(Fraser at ai. 1 989; Strader at ai. 1988).

Hortsman at ai. (1990) showed that the homologous residue in the OgAR (Asp^®) 

is involved in the allosteric regulation of agonist interaction by sodium, perhaps 

by the direct interaction with sodium ions. Sodium ions may also be involve in 

the allosteric regulation of the dopamine Dj receptor (Neve at ai. 1991 ). This 

group showed that the decrease in agonist affinity for the mutant receptor 

(Asp®° to alanine or glutamate, Dg) appeared to be related to a reduced 

sensitivity of sodium and hydrogen ions. They suggested that the aspartic acid 

in TMD II plays an important role in regulating the receptor conformation by 

interacting with cations.

Receptors that bind ligands having a positively charged headgroup also contain 

an aspartic acid residue in TMD III (Asp °̂® ml mAChR). Previous work in our 

laboratory has shown that this residue is labelled by the affinity alkylating 

reagents, the agonist, [^H]-acetylcholine mustard (Spalding at ai. 1994), and the 

antagonist, [^H]-propylbenzilylcholine mustard (Kurtenbach at ai. 1990b). In 

these reagents, the onium headgroups of ACh and propylbenzilylcholine have 

been replaced with aziridinium groups, which are capable of forming an ester 

linkage with the carboxylate sidechains of amino acids. After reacting these
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radioactive analogues with the ml mAChR, the receptor was cleaved and 

subjected to Edman degradation; the resulting peak of radioactivity corresponded 

to Asp’°® in TMD III (Spalding et al. 1994; Kurtenbach at si. 1990b). These 

experiments provide strong evidence that the headgroups of muscarinic ligands 

interact with Asp °̂®.

The role for the homologous residue in other G-protein-coupled receptors has 

also been investigated. At the yffAR, Asp’ ’  ̂ has been mutated to asparagine and 

glutamate (Strader at ai. 1987, 1988). Both mutant receptors were capable of 

inducing a functional response, although the potencies were reduced by 8000- 

40 ,000  (Asn mutant) and 300 -1500-fold (Glu mutant); inhibition of the 

functional response revealed that these mutations caused a 1 0 ,0 0 0 -fold 

decrease in antagonist affinity (Strader at ai. 1988). Qualitatively similar results 

were found for the homologous mutation at the 0 2 aAR (Wang, C.D. at ai. 1991). 

In contrast, at the S-HT^A receptor, the homologous mutation (Asp"® to Asn) 

resulted in a decrease (60-100-fold) in agonist affinity but no change in 

antagonist affinity (Ho, B.Y. at ai. 1992), suggesting that the Asp in TMD III 

plays a different role in antagonist binding at the adrenergic and 5-HT receptors.

Another interesting observation is that mutation of Asp"^ to Glu in the /ffAR 

causes the mutant receptor to recognise two groups of antagonists as partial 

agonists (Strader at ai. 1989a). These antagonists are small; the larger 

antagonists do not show partial agonist activity, suggesting that there are steric 

constraints on the binding pocket (Strader at ai. 1 989a). It must also be noted 

that two of the antagonists in question are capable of causing down regulation 

of receptors (Neve at ai. 1985) suggesting that they may show partial agonist 

activity at wild-type receptors in some systems.

Further mutagenesis work on this residue in the yffAR has shown that mutation of 

Asp"^ to serine allows the mutant receptor to be activated by compounds that 

do not activate the wild-type receptor (Strader at ai. 1991). Compounds 

containing ester or ketone groups were able to activate the Ser"^ mutant 

receptor (but not the wild-type) probably by forming a hydrogen bond with the 

hydroxyl sidechain of the serine, suggesting that Ser"^ is in the binding site of 

the mutant receptor and that agonist binding to this residue may be required 

receptor activation (Strader at ai. 1991).
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The Role of Other Residues in Agonist Binding.

Mutation of a series of threonine (Thr^^\ Thr^^\ m3) and tyrosine (Tyr’"̂®, Tyr®°®, 

Tyr®̂ ®, Tyr®®®, m3) residues in the m3 mAChR produced mutant receptors having 

a large (over 1 0 -fold) reduction in agonist affinity and functional response, but 

no change in antagonist affinity (Wess et al. 1991). These residues are located 

on different TMDs (TMD III, V, VI, VII) (see fig. 1.3), but all at a similar depth 

within the membrane. It has been suggested that the hydroxyl groups of these 

residues are involved in an interaction with the ACh ester moiety and that Thr̂ ®"̂  

(TMD V, m3) and Tyr®°® (TMD VI), in particular, play a role in agonist-induced 

activation of the receptor (Wess et ai. 1992b) In view of the positions within 

the TMDs, however, it is also possible that these residues are involved in 

forming a network of hydrogen-bonds, rather than interacting with ACh directly, 

and that disruption of the network of bonds causes a disruption of the 

conformation in the agonist binding site (Wess 1993).

Agonist affinity is also decreased by mutation of two tryptophan residues (Trp’®̂ 

TMD IV and Trp®°® TMD VII, m3 mAChR) (Wess et ai. 1993). Mutation of these 

residues to phenylalanine affects both agonist and antagonist binding, but does 

not affect functional activation of the receptor (Wess et ai. 1993). Two 

cysteines in TMD VII have been shown to be involved in ligand binding and/or 

receptor activation (Savarese et ai. 1992). Mutation of Cys"̂ °̂  to Ser had a 

disruptive effect on the ligand binding and functional response at the ml 

mAChR. In contrast, mutation of Cys"̂ ’  ̂ to Ser caused an increase in the binding 

affinity and an increase in the potency of carbachol in inducing a functional 

response at the receptor (Savarese et ai. 1 992). Modelling studies on the ml 

mAChR have predicted that aromatic residues (Trp’°’ TMD lll;Trp®^® and Tyr®®’ 

TMD VI) may also be involved in ligand binding (Hibert et ai. 1991).

The Role of Proline Residues.

Proline residues are imino acids, rather than amino acids, and therefore lack 

amide protons in the backbone of the polypeptide chain. They are unable to 

donate protons to hydrogen bond acceptors. In a-helices, hydrogen bonds are 

formed between amino acids lying four residues apart, along the length of the 

polypeptide backbone. Proline residues are therefore disruptive to the formation 

of a-helices and are capable of introducing kinks into the structure (see 

Woolfson and Williams 1990).
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Proline residues in the TMDs of mAChR may play a role in maintaining the 

conformations of the receptor required for ligand binding and receptor activation 

(Wess et al. 1 993). In this study, mutation of Prô '̂ ,̂ Pro®°®, or Pro®'̂ ® (TMD V, 

VI, and VII of the m3 mAChR) to alanines reduced the levels of expression by 

35-100-fold. Prolines in o-helices would be able to introduce "kinks" into the 

TMDs, which may be required for correct folding of the receptor. The Pro®'̂ ® to 

Ala (TMD VII, m3) mutant showed a severely reduced functional activation but 

bound agonists with high affinity, suggesting that it plays a role in inducing the 

conformational changes of receptor required for activation. In contrast, the 

Prô °̂  to Ala (TMD IV) receptor was expressed at wild-type levels, was able to 

induce a full functional response, but had reduced affinity for agonists and 

antagonists. This residue is predicted to be located on the outward face of the 

helical bundle, facing the lipid bilayer (see fig. 1.3), and it was therefore 

suggested that its role in ligand binding may be indirect; it may be involved in 

maintaining the correct conformation of the receptor for high affinity binding 

(Wess at si. 1 993).

1.7.3. Allosteric Regulation of mAChRs.

An allosteric regulator is a compound that binds to a site distinct from the 

primary binding site and, in doing so, modulates the binding of agonists or 

antagonists to the primary binding site. The binding of these compounds can be 

identified in that it is not competitive, unlike the binding of agonists and 

antagonists (see Lee and El-Fakahany 1991). Most research on the allosteric 

regulation of mAChRs has been carried out on gallamine (Stockton at si. 1983; 

Ellis at si. 1991). [^H]-N-methylscopolamine ([^H]NMS) binding was inhibited, in 

a non-competitive manner, by increasing concentrations of gallamine; at higher 

[^HJNMS concentrations, the maximum inhibition by gallamine progressively 

decreased (Stockton at ai. 1983). Gallamine slowed down the dissociation rate 

and the association rate of [^H]NMS (Stockton at ai. 1983) with a rank order of 

m 2 > m 4 > m l > m 3 > m 5  (Ellis at ai. 1991). It has been suggested that regions 

in the third extracellular loop, and possibly TMD VI, are involved in the selective 

binding of gallamine to the m2 subtype (Ellis at ai. 1993; Leppik at ai. 1994).

The most selective allosteric agent identified so far for the m l mAChR is m1- 

toxin (Max at ai. 1993b) isolated from the venom of the Eastern Green Mamba,
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Dendroaspis angusticeps (Max et al. 1993a). This slowed both the association 

and dissociation rates of [^H]-antagonist binding, demonstrating that m l-toxin  

binds allosterically to the receptor, whether or not an antagonist has already 

bound (Max et ai. 1993b).

1.8. Mechanism of Activation of G^Protein-Coupled
Receptors.

Agonist-induced activation of G-protein-coupled receptors is thought to proceed 

via a cascade of events. The photobleaching of rhodopsin, for example, 

involves the formation of a number of intermediates, which can be distinguished 

by their spectral characteristics (for review, see Khorana 1992). Absorption of 

light catalyses the isomérisation of the bound ligand of rhodopsin, the 11 -c/s 

retinal chromophore, to the aW-trans isomer. A series of intermediate 

conformations of the receptor occur (photo-, batho-, lumi-, meta-rhodopsin I and 

II) (Khorana 1992), before the isomérisation process is complete.

Metarhodopsin II is the species capable of interacting with the G-protein, 

transducin (Bennett ef a/. 1982).

By analogy to rhodopsin, other G-protein-coupled receptors may also undergo a 

series of conformational rearrangements, upon binding the agonist, before 

recognising and binding a G-protein. Indeed, mutant m4 mAChRs have been 

isolated that are able to bind the G-protein, Gj, but are unable to activate it (van 

Koppen et ai. 1 994), indicating that binding and activation of a G-protein are 

two distinct steps. Mutant receptors that bind but fail to activate G-proteins 

have also been demonstrated for rhodopsin (Franke et ai. 1 990) and the 

(Hausdorff ef a/. 1990b).

Activation of the mAChR, and transmission of the response to the G-protein, has 

been shown to require an arginine residue (Arg^^ ,̂ m l mAChR) at the amino- 

terminus of TMD III (Zhu et ai. 1994; Jones, P.G.J. et ai. in press). This Arg 

residue is part of a triplet of amino acids (aspartate-arginine-tyrosine, (DRY)), 

which is extremely conserved (the Arg itself being 100%  conserved) among the 

family of G-protein-coupled receptors. As the Arg is located at the interface of 

TMD III and the cytoplasm, it has been suggested that it may act as a "switch" 

in the signal transduction process (Oliveira et ai. 1994). Binding of a ligand to
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the receptor may induce conformational changes, allowing the sidechain of Arg 

to move from the transmembrane region into the cytoplasm, where it interacts 

with G-proteins. A naturally occurring mutation of this Arg (Arg’^̂  to histidine) 

in the Vg vasopressin receptor produces a mutant receptor which shows normal 

vasopressin binding but is unable to activate the G-protein, G,, (Rosenthal et aL

1993). Individuals having this genetic mutation suffer from congenital 

nephrogenic diabetes insipidus, caused by an inability of the kidney to respond 

to vasopressin (Rosenthal at al. 1993).

G-protein-coupled receptor kinases phosphorylate only the active form of the 

receptor (Benovic at ai. 1986) but this active receptor-G-protein complex 

appears to exist in more than one conformation. A mutant rhodopsin, which 

was able to activate transducin constitutively, was not phosphorylated by 

rhodopsin kinase (Robinson at ai. 1994). The mutation was at the "ligand" 

chromophore attachment site of rhodopsin (Lyŝ ®®), suggesting that the receptor 

was able to undergo the conformational rearrangements necessary for G-protein 

activation, but that phosphorylation of the receptor required a different 

conformational state, one that the mutant receptor was unable to adopt.

Mutations at Lyŝ ®® of rhodopsin occur naturally; people carrying them suffer 

from autosomal dominant retinitis pigmentosa, which may be due to the 

continuous activation of rhodopsin and transducin. A large number of different 

point mutations in rhodopsin result in retinitis pigmentosa (Kaushal and Khorana

1994) and congenital night blindness (Rao at ai. 1994). It has been suggested 

that rhodopsin is constrained to the inactive state by formation of a salt bridge 

between Glû ^̂  and Lyŝ ®® (Robinson at ai. 1992).

Mutations leading to constitutive activity have also been demonstrated for other 

G-protein-coupled receptors, such as the oARs. Site-directed mutagenesis of an 

amino acid at the carboxyl-terminal region of the i3 loop (Alanine^^^, o q̂AR) to all 

possible alternative amino acids resulted in constitutive activation of the mutant 

receptors, in the absence of an agonist (Kjelsberg at ai. 1992). Of all 20 amino 

acids, only alanine at this position allows the receptor to be "switched off" in 

the absence of an agonist. For the OgAR, mutation of a threonine residue in the 

same region (Thr̂ "̂ ®, OgAR) to five different amino acids also resulted in 

constitutive activity (Ren at ai. 1993). In this study, co-expression of the
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mutant receptors with /ffARK resulted in phosphorylation of the receptor, even in 

the absence of an agonist, suggesting that the mutant receptors mimicked the 

active state of the wild-type receptor.

The results from all of these studies suggests that activation of G-protein- 

coupled receptors, in response to agonist, proceeds via a cascade of 

conformational rearrangements. Receptors are constrained to an inactive state; 

activation allows these constraints to be overcome. A number of intermediates 

are formed before the receptor is able to recognise, bind and activate G-proteins. 

The receptor is then phosphorylated, inactivated and the cycle begins once 

again.

1.9. Aims of this Project.

The aim of this project was to use a strategy of oligonucleotide-directed 

mutagenesis to deduce the roles of specific amino acids in ligand binding to, and 

activation of, the mAChR. As noted by Shortle (1992), interpretation of the 

results of mutagenesis studies must be carried out with caution as it is difficult 

to discriminate between the direct effects of the mutations on ligand binding and 

the indirect effects on the structure or conformational changes occurring within 

the receptor. It is also difficult to separate the effects of the mutations on 

binding to the ground state from those on binding to the activated state.

Despite the limitations on interpreting the results, however, it was hoped that 

information could be gained on the roles of specific residues in the binding of 

ligands to the receptor in the ground state and in the activated state.

R +  A RA RA*
ground activated 
state state

The first part of this project aimed to determine the role of the aspartic acid 

residue in TMD III (Asp’°® m1/Asp’°̂  m2) in both ligand binding and receptor 

activation for a variety of different ligands. At the outset of the project, it was 

known that Asp °̂® was labelled by the antagonist, [^H]-propylbenzilylcholine 

mustard (Kurtenbach et al. 1990b) and that mutation of Asp to Asn almost 

abolished the binding of the antagonist, [^H]-quinuclidinyl benzilate (QNB) (Fraser
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et al. 1989), although it was not known whether the Asp-Asn mutant receptor 

was expressed in a correctly folded state at the cell surface. It was therefore 

considered that the Asp residue was involved in antagonist binding, but its 

importance in agonist binding, in the ground state or activated state, was not 

known.

At the outset of this project, there were two unresolved questions; firstly, 

whether the TMD III Asp plays an equivalent role in the binding of agonists and 

antagonists, and secondly, whether this residue is the actual site of interaction 

of the ACh headgroup in the activated state of the receptor or whether the 

headgroup has to establish an interaction with a different residue in order to 

achieve activation. Since this is the only residue in the cationic amine binding 

receptors that has been shown, by affinity labelling, to participate directly in 

ligand binding, it seemed important to define its functional role as accurately as 

possible.

As the Asp-Asn mutation totally disrupted the binding of QNB (Fraser et ai.

1989), the initial aim was to carry out the most conservative mutation. Asp to 

Glu. In carrying out such a functionally conservative mutation, it was hoped 

that the indirect effects of the mutation on the structural integrity of the 

receptor would be minimal. It was also hoped that, by keeping the negative 

charge of the residue intact, the mutation would perturb the interaction between 

ligand and receptor, rather than abolish it entirely. It was considered that if the 

charge interaction was important, involving a specific ionic bond, then even a 

perturbation might have a large effect. At this time, there was no way of 

knowing whether any ligand binding would be detectable.

It was also hoped that it would be possible to relate the effect of the mutation 

on the binding states of the receptor to the effects on the functional response, 

and therefore go some way towards dissecting out the potential contribution of 

a given interaction to the various states of the agonist-receptor-G-protein 

complexes. It was hoped that the binding and functional assays for a number of 

different ligands would be measurable, and that it would be possible to deduce 

whether the structure of the ligand influenced its binding at the mutant 

receptors. It was also hoped that the effects of the Asp-Glu mutations on the 

ml and m2 subtypes could be compared. These two subtypes preferentially
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couple to different G-proteins and activation pathways (Offermans et al. 1994).

Subsequently, it was discovered that, although the Asp °̂® to Asn mutation 

produced such a large decrease in affinity for [^H]QNB, the affinity for a different 

radiolabelled antagonist, [^H]NMS, was less affected (T. Parries, personal 

communication). As this project showed that the Asp to Glu mutation had little 

effect on the binding of [^H]NMS, it was considered worthwhile to extend the 

study to examine the effects of the Asp-Asn mutation on the binding of a subset 

of the ligands.

These studies have left little room to doubt that the Asp residue in TMD III 

provides the anchor point for the ACh headgroup in the activated state of the 

receptor.

The object of the remainder of this project was to identify other residues 

involved in ligand binding. Results from the earlier part of the project showed 

that the methyl group on the sidechain of ACh is important for receptor binding 

and activation. ACh is a molecule of approximately 8.5 A in length (Schulman 

et si. 1983). The methyl binding pocket would therefore be expected to be 

located 10-12 Â from the Asp in TMD III that binds the ACh headgroup. As 

TMD V lies at approximately this distance from TMD III, a series of residues in 

the extracellular half of TMD V were systematically mutated (see fig. 1.3). The 

changes were designed, firstly, to remove functional groups which might take 

part in van der Waals bonding interactions with the ACh sidechain methyl group, 

and secondly, to introduce a new chemically reactive moiety, namely the 

sulphydryl group of cysteine, which could then be targetted by an alkylating 

affinity reagent. It was hoped that bromoacetylcholine (BrACh) could be used to 

specifically alkylate the mutant receptors.

BrACh contains a bromine substitution in the acetyl methyl group of ACh, where 

it is activated by the adjacent ester carbonyl group. Under certain conditions 

(pH> 8 .0 ), cysteine sidechains exposed to the solvent should exist as S". The 

cysteine S “ species is capable of mediating a nucleophilic attack on BrACh, 

liberating the bromide ion and forming an irreversible covalent attachment with 

the receptor.
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R-S" +Br-CH2-COO-CH2-CH2-N^(CH3)3 R -S-CH2-C00-CH2-CH2-N + (CH3)3 +  B r-

Only cysteine residues located in the correct position in the binding site would 

be expected to be accessible to react with BrACh. BrACh has been used 

previously to label a reduced disulphide bond in the nicotinic AChR (nAChR) 

(Silman and Karlin 1969). Cysteine scanning mutagenesis has also been used 

previously to identify amino acids that line the channel of the nAChR (Akabas et 

al. 1992). Residues were mutated to cysteines and small, sulphydryl-specific 

reagents were used to test for the irreversible inhibition of the ACh-stimulated 

conductance (Akabas ef a/. 1992).

The aim of this part of the project was to discover whether BrACh would 

irreversibly bind to cysteine mutants, and, if so, to identify residues located at 

an optimal distance for interacting with the methyl group of ACh in the receptor 

binding site. It was also hoped that probing the deletion mutations with an 

appropriate pair of ligands, such as ACh and its des-methyl derivative, 

formylcholine, might help to substantiate the results.
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Chapter 2: Experimental Procedures.

2.1. Materials.

Tissue culture reagents were obtained from GIBCO Laboratories, COS-7 cells 

were from E.C.A.C.C.. (-)[^H]-N-methylscopolamine (85 Ci.mmol'^) was 

purchased from N.E.N. or Amersham (UK) and [^H]-myo-D-inositol (80 Ci.mmol^) 

was from Amersham (UK). The In vitro mutagenesis kits were obtained from 

Amersham (UK) and the sequenase kits were from US Biochemicals. The 

G e n e c l e a n ® / /  Kit was from BIO 101, Inc, and the GELase™ (agarose Gel-digesting 

Preparation) was from Epicentre Technologies. Dowex AG-1X8 resin (100-200  

mesh size) and AG columns were from Bio Rad. The Oiagen kits were obtained 

from Oiagen Hybaid Ltd and the Magic™ Minipreps came from Promega.

Liquiscint scintillation fluid was obtained from National Diagnostics and GF-B 

filter paper from Whatman. Restriction endonucleases, T4 ligase and calf 

intestinal phosphatase were purchased from Promega or Boehringer Mannheim. 

HK™ Phosphatase was from Epicentre Technologies.

L660,863 and L658,903 were kindly provided by Dr. S. Freedman (Merck,

Sharp and Dohme); the N-ethyl-substituted ACh derivatives were a gift from Dr. 

R.B. Barlow. The (4-) and (-) -acetyl-yff-methylcholine isomers were provided by 

Dr. J.M. Young. Formylcholine chloride, ethoxyethyl-trimethylammonium iodide 

and the "reversed ester" derivative of acetylcholine (methyl-(N,N-dimethyl-3- 

amino)propionate methiodide) were synthesised in the laboratory by Dr. E.C. 

Hulme. Their identities were checked by NMR spectroscopy and formylcholine 

was dried to constant weight before use. Other ligands came from Sigma or 

Research Biochemicals Incorporated.

The pCD expression vector containing the entire coding region of the human m2 

(hm2) or rat m l (rm l) mAChRs were kindly provided by Dr. N.J. Buckley 

(Bonner et ai. 1987). The stable CHO cell line expressing the rm1-Asn’°® mutant 

receptor was a gift from Dr. C.M. Fraser.
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2.2. The Strategy for Site-Directed Mutagenesis.

2.2.1. The pCD-mAChR Constructs.

The pCD vectors are cloning and expression vectors designed to facilitate 

cloning of the full-length mRNAs by reverse transcription "in situ" and to select 

for large transcripts (Okayama and Berg 1982, 1983). They contain an SV40 

origin of replication, an SV40 promoter and an SV40 polyadenylation sequence 

(see fig. 2.1). The binding of the SV40 large T-antigen to the SV40 promoter 

drives replication of the plasmid. The pCD vector can therefore replicate to high 

copy number in mammalian cell lines that constitutively express the SV40 large 

T-antigen. The vector also contains a pBR322 origin of replication, which allows 

propagation of the plasmid in E.coH, along with an ampicillin-resistance (Amp") 

gene, which allows the plasmid to be maintained in E.coH by selection in the 

presence of the antibiotic, ampicillin.

The pCD vector drives high levels of transient expression of receptor genes in 

COS-7 cells, a line that has been SV40 transformed. It is also capable of driving 

low levels of expression in other cell lines, such as CHO or A9L cells. Co

transfection of the pCD vector with a selectable marker for mammalian cells 

allows stable cell lines to be generated. In this case, co-transfection with two 

plasmids is required and the overall efficiency of transfection is decreased.

While this is a practical disadvantage, the high levels of transient expression 

attained in COS-7 cells make pCD a reasonable choice for the initial 

characterisation of mutations.

2.2.2. The Basis of OUgonucieotide-Directed Mutagenesis.

The basis of this procedure is to anneal an oligonucleotide encoding the 

mutation to the complementary single-stranded DMA. It requires the mutant 

oligonucleotide to be hybridised adequately on either side of mutation. The 

mutant strand must be then synthesised in vitro, and the resulting double

stranded form of DNA isolated. This can be achieved by either in vivo selection, 

as in the Kunkel method, or in vitro selection, as in the Amersham kit. The 

Kunkel method, which was used to isolate the ml Asp’°^GIu mutant receptor, 

involves the synthesis of a uracil-enriched single-stranded template, by growing
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Fig. 2 .1 . Plasmid maps of the pCD vectors containing the coding
regions of the rat m l (pCD-C) and the human m2 (pCD-hm2) 
mAChRs.

The pCD-C plasmid contains a truncated rml sequence, where one Xmal site 
and part of the 3' untranslated region had been removed to facilitate cloning 
procedures. The plasmids contain an SV40 promoter, to drive high levels of 
transient expression in COS-7 cells, and a pBR322 origin of replication so that 
the plasmid can be replicated in E.coH. They also contain an ampicillin 

resistance gene (Amp^) to allow selection of the plasmid in E.coH.
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recombinant M l 3 phage, into which the gene of interest has been cloned, in a 

strain of E.coH which has been genetically altered to increase dUTP levels. The 

mutant strand containing the usual nucleotide, thymine, is then synthesised in 

vitro. The uracil-substituted strand is destroyed in vivo by transformation of the 

DNA into a uracil-N-glycosylase^ strain of E.coH so that the progeny phage are 

preferentially derived from the mutant sequence (described by Sambrook et ai. 

1989).

This procedure has since been replaced by more efficient methods, such as 

those of the Amersham kit, which was developed by Eckstein and colleagues 

(see Sayers et si. 1988). Using the Amersham kit, phosphorothioate nucleotides 

are incorporated into the mutant strand of DNA. The non-mutant strand can be 

nicked in vitro by a restriction endonuclease that does not digest 

phosphorothioate DNA, and digested by an exonuclease. A second strand of 

DNA, also containing the mutation, must then be made by in vitro 

repolymerisation, to generate double stranded DNA containing the mutation in 

both strands. Fig. 2.2 describes the strategy used.

One disadvantage of using these methods is that the double-stranded DNA 

sequence from the expression vector must be subcloned into a vector capable of 

generating single-stranded DNA. Unless ideally placed unique restriction sites 

can be found in both vectors, the subcloning procedures can be complicated. 

Enough double-stranded DNA, containing the mutation, must then be generated 

to allow the DNA fragment to be cloned back into the expression vector. More 

recently, the use of PCR based methods has allowed large amounts of mutant 

sequences to be synthesised in vitro. One major disadvantage of these 

methods, however, is that the PCR products have a higher frequency of random 

mutations introduced during the synthesis of the second strand. As a result, the 

Amersham phosphorothioate method is still useful, especially with sequences 

that lend themselves readily to the subcloning procedures.

2.2.3. The Strategies for Subcioning of the m l and m2 mAChRs.

The rat m l sequence was chosen as previous work in this laboratory, for 

example, the affinity labelling work (Spalding et ai. 1994; Kurtenbach et ai. 

1990b), was carried out on mAChRs purified from rat brain. The original rml
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Fig. 2 .2 .  The strategy for oligonucleotide-directed m utagenesis, 
following the Amersham phosphorothioate protocol.

(Adapted from the Amersham Oligonucleotide-Directed Mutagenesis Kit).
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sequence in pCD was modified in our laboratory by removal of part of the 3' 

untranslated region. At the outset of the project, the rat m2 sequence was not 

available from Dr. Buckley, and so the human sequence was chosen instead. 

There are very few differences between the rat and human sequences; none of 

these occur within the transmembrane domains or in parts of the sequence 

critically concerned with G-protein recognition.

The m l mAChR.

The DNA containing the coding sequence of the rml mAChR was subcloned 

from the pCD-C vector into M13mp18, in our laboratory, using the strategy 

explained in fig. 2.3. The original pCD-rmI sequence contained two Xmal sites, 

one in the i3 loop and the other close to the 3' BamHI site. The most 3' site 

was removed by oligonucleotide-directed mutagenesis by Dr. T.A. Spalding and 

Dr. P.O. Jones, resulting in a coding sequence containing unique Xmal and Sad  

sites. This allowed the excision of a 488 bp Sacl-Xmal cassette, which was 

cloned into the M l 3mp1 8  vector (in the sense orientation). The 488  bp 

fragment contains the sequence from TMD II to TMD V inclusively. The Sacl- 

Xmal fragment was then used for further manipulations. Single-stranded DNA 

was prepared and the mutations carried out by annealing a mutant 

oligonucleotide to this single-stranded DNA (see later).

The m2 mAChR.

The hm2 mAChR was subcloned into the M l 3mp18 vector, using the strategy 

explained in fig. 2.4. A more complicated subcloning procedure was used as 

unique restriction sites were not found in suitable places. A 1187 bp Pstl-Xmal 

restriction fragment was subcloned from pCD-hm2 into a holding vector, 

pUCI 8 . The pUCI 8-hm2 construct was then digested with BamHI, which cut in 

the first TMD and the i3 loop. The 710 bp BamHI-BamHI fragment, containing 

the sequence ranging from midway through TMD I to TMD V, was inserted in 

the anti-sense orientation into M l 3mp18.

2.3. OUgonudeotide-Directed Mutagenesis.

The m l Asp^°^GIu mutant was made initially by the Kunkel method (C.A.M.

Curtis and Dr. E.C. Hulme), whilst all the other mutant receptors utilised in this 

project were made using the Amersham phosphorothioate method.
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Fig. 2 .3 . The strategy for sub-cloning part of the m l sequence from 
pCD-C into M 13m p18.

A 488 bp cassette, having unique Sad and Xmal restriction site, was made by 
removing the most 3' Xmal site (Dr. P. Jones and Dr. T. Spalding). This allowed 
the cassette to be removed from pCD-C, by digestion with Sad and Xmal, 
isolated and ligated into the M13mp18 vector, which had also been digested 
with Sad and Xmal. The M13mp18 was used to make single-stranded DNA. 
Oligonucleotide-directed mutagenesis was carried out on the single-stranded 
template of DNA (see Fig. 2.2). Double-stranded DNA was then synthesised, 
containing the mutation in both strands, and the DNA digested with Sad and 

Xmal. The resulting 488 bp mutant fragment was religated into the 
complementary fragment of pCD-C to generate the sequence for the entire 
mutant receptor.
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Fig. 2 .4 . The strategy for subcloning part of the m 2 sequence from  

pCD-hm 2 into M 13m p 18 .

Unique, ideally placed, restriction sites could not be found in pCD-hm2 and 

M l 3mp18. Subcloning the fragment of sequence from pCD-hm2 into 

M13mp18 had to be carried out in two stages, involving the use of a holding 

vector, pUCI 8 . Digestion with the restriction enzymes was carried out as 

described in the text.

Mutagenesis was carried out on the single-stranded template of DNA from 

M l 3mp18. The plaque isolated for mutagenesis contained the sequence in the 

antisense orientation. Double-stranded DNA, containing the mutation in both 

strands was then isolated and subcloned back into the complementary pCD- 
hm2, via pUCI 8 . The Hindlll and Nhel sites on pUC18-hm2 are labelled. These 

restriction sites were used to determine the orientation of the BamHI-BamHI 
fragment, after subcloning the 710 bp mutant fragment from M l 3m p18 back 

into pUCI 8 .

As digestion of pCD-hm2 with Pstl and Xmal gives three fragments, a partial 
digestion was carried out using these enzymes, and the 4708  bp fragment 
isolated. The mutant 1187 bp was isolated from pUCI 8-m2, after digestion 

with Pstl and Xmal, and ligated to the 4708 bp fragment of pCD-hm2.
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2.3.1. The Design of Mutant Oligonucleotides.

The design of mutant oligonucleotides was based on the recommendations 

provided with the Amersham mutagenesis kit. The oligonucleotides had a length 

of approximately 25 nucleotides with the site of the mutation being roughly in 

the middle. For this project, only single-site mutations were made. The 

oligonucleotides were designed to mutate the amino acid by changing the lowest 

number of nucleotides. When more than one nucleotide required changing, the 

oligonucleotide was often longer to ensure that the annealing process was 

efficient. It was also important that the oligonucleotides were not unnecessarily 

long, as this would increase the risk of mis-priming.

It was important that the nucleotide at both the 5' and 3' was a C or a G, as 

these are the most strongly hybridising base pairs. The 5' end, in particular, 

was CG-rich to ensure that efficient annealing to the template took place so that 

strand displacement during second strand synthesis did not occur. Overall, it 

was aimed that the total CG to AT ratios were approximately equal to ensure 

that the melting temperature of the oligonucleotide was appropriate, 35-40°C .

2.3.2. OUgonucieotide-Directed Mutagenesis using the Amersham 
Phosphorothioate Kit.

The Asp^°  ̂ to Glu °̂  ̂ mutation was introduced into the hm2 gene using the 

oligonucleotide:

5'-GGCTAGCCCTGGAGTATGTGGTCAGC-3' 

to convert GAC to GAG, (Asp^°  ̂ to Glu).

The following oligonucleotides were used to make the ml mAChR mutants:

5'-GGCTGTGCCAAAACAGATGATGGGTTGG-3' Thr’^^Cys

5'-CGGCCATGGCIGCGCCAAAAGTGATG-3' Thr'^^AIa

5'-GGCGGCCATGGCGCAGCCAAAAGTGATGATGGG-3' Thr^^^Cys

5'-GGCGGCCATGÇÇTGTGCCAAAAGTG-3' Ala’^^GIy

5'-GCCGGCCATGCATGTGCCAAAAGTG-3' Ala’^^Cys

5'-GGGAGGTAGAAGÇÇGGCCATGGCTG-3' Ala’®®Gly

5'-GGGAGGTAGAAGCAGGCCATGGCTGTGC-3' Ala'®®Cys

5'-GGTAGAAGGCGCACATGGCTGTGCC-3' Ala’^^Cys
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The Amersham method involved annealing the mutant oligonucleotide to the 

single-stranded DNA template of M13mp18 followed by the in vitro synthesis of 

the mutant DNA strand (see fig. 2.2). A second primer (the -40 M l 3 primer) 

was used to increase the efficiency of the reaction. During the extension 

reaction, dCTPorS was incorporated into the mutant strand in place of dCTP.

The restriction enzyme, Neil, which cleaves 3' to the sequence to be mutated 

and is unable to cleave phosphorothioate DNA, was used to nick the non-mutant 

strand. The non-mutant strand was digested by exonuclease III, from the site of 

the nick, and the mutant strand used as a template to synthesise double

stranded, closed-circular DNA containing the mutation in both strands.

Recombinant double-stranded M13m p18 was used to transform a competent 

strain of E.coii, T G I . Competent cells are those in which the cell wall and 

membrane has been weakened so that the cell is better able to take up plasmid 

DNA.

2.4. Preparation of Competent Cells.

TGI,

TGI cells were made competent by a modified version of the method described 

by Hanahan (1983). Bacterial stocks were stored in 15% glycerol at -80°C .

TGI was grown overnight at 3 7 °C by streaking onto a plate of minimal agar, 

containing 1 mM thiamine, 0.4%  glucose, 1 x M9 salts (0.1 % (w/v) NagHPO^, 

0.3%  (w/v) KH2 PO4 , 0 .05%  (w/v) NaCI, 0.1 % (w/v) NH4 CI). A single colony, 

picked from the minimal plate, was used to inoculate 50 ml L-broth medium and 

shaken at 3 7 °C (300 rpm) until the OD5 5 0  was approximately 0 .45.

The culture was placed on ice for 5 min and then spun at 4000  rpm, 4 °C  

(bench top centrifuge) for 10 min. The pellet was resuspended in 20 ml ice-cold 

transformation buffer 1 (30 mM KOAc, 100 mM RbCI ,1 0  mM CaClg, 50 mM 

MnClg, 15% (v/v) glycerol, pH 5.8 (acetic acid), filter sterilised). After standing 

on ice for 5 min, the sample was re-centrifuged (4000 rpm, 10 min) and the 

pellet resuspended in 2 ml ice-cold transformation buffer 2 (10 mM MOPS,

75 mM CaClg, 10 mM RbCI , 15% (v/v) glycerol, pH 6.5 (KOH), filter sterilised). 

The suspension was allowed to stand on ice for 1 5 min before being divided into 

1 0 0 //I aliquots. These were used immediately or stored at -80°C .
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DH5a.
A colony of DH5a, grown on a plate of L-agar, was used to inoculate 2 ml L- 

broth and shaken overnight at 3 7 °C in a rotary shaker, 300 rpm. 50 ml L-broth 

was inoculated with 500 fj\ overnight culture and shaken at 3 7 °C until the OD5 5 0  

was 0 .3 -0 .5  (approximately 2 h). The DH5a were then made competent by 

following the same procedure as above.

2.5. Transformation of Competent Cells.

TGI.

The E.coH strain, T G I, gives high levels of transformation efficiency with 

phosphorothioate DNA. The TG I was grown on a plate of minimal agar to 

select for the presence of the F-plasmid. The F-plasmid contains a gene 

encoding the F-pilus, which is required for infection of the host by M l 3. M l 3, a 

male specific bacteriophage, infects its host by adsorbing to the F-pilus and 

penetrating the cell. The F-plasmid also contains a gene for proline synthesis. 

T G I, itself, is unable to synthesise proline. Therefore, the growth of TG I on a 

plate of minimal agar, in the absence of proline, selects for the F-plasmid and 

ensures that the host cell contains the F-pilus required for infection.

A colony of T G I, taken from a plate of minimal agar, was used to inoculate 

50 ml L-broth. This was shaken at 37°C , 300 rpm, for approximately 3 h to 

produce a stock of plating bacteria (early log phase £ .co //TG I). Plating bacteria 

were then used immediately or stored at 4 °C  for up to a week.

DNA from the polymerisation and ligation step of the mutagenesis strategy was 

used to transform competent TG I cells. The DNA (1 /yl or 5 //I) was added to 

the competent cells and incubated on ice for 40 min. These then underwent a 

heat-shock reaction for exactly 2 min at 42°C  in eppendorf tubes, followed by 

5 min on ice. The transformed cells, along with 300 fj\ of plating bacteria, were 

added to 3.5 ml molten top agar, maintained at 4 5 °C. This was rapidly mixed 

and poured onto a plate of L-agar. After setting, the plates were incubated at 

37°C  overnight.
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DH5a.
The DNA was added to competent DH5a, incubated on ice for 40  min, and 

given a heat-shock for 2 min, 42 °C  in eppendorf tubes. 5 0 0 //I SOC medium 

(Sambrook et al. 1989) was added and the cells were incubated at 3 7 °C for 30- 

60 min. A longer recovery period was required for DH5a than T G I, to ensure 

that the ampicillin-resistant gene was being expressed. 2 0 0  fj\ of the solution 

was plated onto L-agar plates, containing 50 //g .m l'’ ampicillin, and the plates 

were incubated at 37°C  overnight.

2.6. Purification of M13mp 18 Singie-Stranded DNA.

Samples of 1.5 ml L-broth, plus 4 0 //I plating bacteria, were inoculated with 

single recombinant plaques and shaken at 3 7 °C (rotary shaker, 300 rpm) for 

5 h. These were transferred to microfuge tubes and centrifuged (12 ,000  rpm) 

at 4 °C  for 5 min. The supernatant contained the M l 3 phage DNA. Part of this 

was taken for purification of the single-stranded DNA, the remainder (phage 

stock) was stored at 4°C .

The single-stranded recombinant M l 3 DNA was purified using polyethylene 

glycol (PEG) and phenol extraction. 0.2 ml 20%  PEG 8000, 2.5 M NaCI was 

added to 1 ml supernatant and incubated at room temperature for 15 min. This 

was centrifuged for 5 min (12,000 rpm), 4°C , and the supernatant removed.

The centrifugation was repeated to remove the final traces of PEG and the pellet 

taken up in 1 0 0 //I TE (10 mM Tris/HCI, 1 mM EDTA, pH 8.0). A phenol 

extraction was carried out using 100 fj\ phenol, equilibrated with Tris. After 

centrifuging for 2  min ( 1 2 , 0 0 0  rpm) at room temperature, the aqueous phase 

was removed into 300 //I NaOAc/ethanol (3 M NaOAcil 00%  ethanol, 1:25) and 

the DNA precipitated by incubating the tubes on dry ice for 30 min. The 

pelleted DNA was collected by centrifuging for 10 min (12 ,000  rpm), 4°C , and 

washed twice in 70%  ethanol. After drying, the pellets were taken up in 20 tj\ 

of TE.

2.7. Determination of the DNA Sequence.

The entire fragment within M l 3mp18 was sequenced by the dideoxy chain 

termination protocol of Sanger a t  si. (1977), using the Sequenase kit, to
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ensure that only the desired mutations had occurred.

2.8. Purification of Doubie-Stranded DNA from 
M13mp18.

Phage stock (300 //I of supernatant containing single-stranded recombinant 

M l 3) was allowed to infect plating bacteria (2.5 ml, log phase £.co//TG 1) at 

room temperature for 5 min. This was added to 250 ml L-broth and shaken for 

5 h at 3 7 °C on a rotary shaker, 300 rpm. The bacterial pellet, containing the 

double-stranded replicative form of the M13mp18 phage, was collected by 

centrifuging at 8000  rpm, 5 min, 4 °C  in a JA-10 rotor, Beckman J2-21 

centrifuge. Samples of supernatant (containing single-stranded M l 3 phage) 

were kept and stored at 4°C .

The bacterial pellet was washed once in STE (100 mM NaCI, 10 mM Tris/HCI,

1 mM EDTA, pH 8.0) and re-centrifuged, 8000 rpm, 5 min, 4 °C . The DNA was 

then purified using either the alkali lysis protocol described by Sambrook, Fritsch 

and Maniatis (1989) ("Molecular Cloning - A Laboratory Manual, 2nd ed.") or the 

"Oiagen plasmid purification procedure" Oiagen Hybaid Ltd. Both procedures 

involve briefly lysing the bacteria in 0.1 M NaOH, 1 % SDS (sodium dodecyl 

sulphate) in the presence of RNase A. The SDS causes the cellular proteins to 

become denatured whilst the NaOH denatures chromosomal and plasmid DNA. 

This solution is neutralised by adding acidic KOAc. The salt causes the 

chromosomal DNA to be co-precipitated with the bacterial cellular debris and 

SDS, leaving the short plasmid DNA in solution. Plasmid DNA is then separated 

from bacterial debris and purified by either phenol/chloroform extraction followed 

by purification on an FPLC MonoO column, or by passing through a Oiagen Tip.

2.9. Cloning the Mutant DNA from Doubie-Stranded 
M13mp 18 into pCD.

2.9.1. m2 Mutant Asp^°^Giu Receptor.

A 710 bp fragment of DNA was cleaved out of M l 3mp18 using the restriction 

enzyme, BamHI. The digested DNA was run on a 1 % low melting point agarose 

gel and the 710 bp band excised. The DNA bands were visualised by staining
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the gel with ethidium bromide and viewing on an ultraviolet light box. At the 

same time, the pUC18 vector containing the 1200 bp BamHI-BamHI fragment of 

hm2 was also digested with BamHI, run on a gel and the 3200 bp fragment 

excised. This 3200  bp fragment contained pUC-hm2 with the 710 bp wild-type 

fragment removed. DNA was extracted from the gel using the G e n e c l e a n ® / /  Kit, 

BIO 101 Inc.. This involved dissolving the gel at 50°C  in Nal and binding the 

DNA to G l a s s m i l k ® , a silica matrix, which allowed it to be separated from the 

contaminants. After a washing procedure, the DNA was eluted into sterile 

distilled water.

The S' phosphate of the 3200  bp pUCI 8  fragment was removed, using HK™ 

Phosphatase, to ensure that self-ligation of the vector did not occur. HK™ 

Phosphatase was heat inactivated by incubating at 6 5 °C for 30 min. The 

710 bp fragment was ligated into the 3200 bp pUCI 8  vector. This was carried 

out by incubating the DNA fragments in the presence of T^-DNA ligase, ligation 

buffer and additional 1 mM ATP, at 16°C  for approximately 15 h. The ligation 

mixture was used to transform competent DH5a E.coH cells.

Single colonies were grown in 1.5 ml L-broth in the presence of ampicillin 

(5 0 //g .m r’ ), shaken at 37°C  overnight. DNA was purified from these cultures 

using either the CTAB protocol (Del Sal et al. 1988), Magic™ Minipreps 

(Promega) or the QIAprep-spin Plasmid Kit (Oiagen Hybaid Ltd).

As the BamHI-BamHI 710 bp fragment contains the same restriction sites at 

each end, it can be subcloned into the pUCI 8  vector in either orientation. 

Analysis of the pUCI 8  sequence containing the 710  bp fragment revealed the 

presence of two unique restriction sites, Hindlll and Nhel. The orientation of the 

BamHI-BamHI fragment within pUCI 8  was then determined by digesting the 

DNA with Hindlll and Nhel. Digestion of the DNA with these enzymes gave 

different sized fragments, depending on the orientation of DNA in the cloning 

site. For 710 bp fragments in the correct orientation, digestion with Hindlll and 

Nhel gave two fragments of sizes 343 bp and 3532 bp. Incorrectly oriented 

fragments gave products of sizes 641 bp and 3234  bp.

pUCI 8  containing the mutated m2 sequence in the correct orientation was 

digested with Pstl and Xmal to generate a 1185 bp fragment. This was excised
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from a 1 % low melting point agarose gel, and the DNA extracted using the 

G e n e c l e a n ® // kit.

pCDhm2 contains two Pstl sites and one Xmal site (see fig. 2.4). Digestion 

with Xmal and Pstl therefore generates three fragments of sizes 11 85, 1310  

and 3398 bp. The mutated Pstl-Xmal 1185 bp fragment from pUC could be 

subcloned into the pCD vector by following one of two different methods.

Firstly, after digesting pCDhm2 with Pstl and Xmal, the mutated 1185 bp 

fragment from pUC and the original 1310 and 3398 bp fragments could be 

ligated together in a three-part ligation. Alternatively, the pCDhm2 could be 

digested fully with Xmal and partially with Pstl to generate a selection of full and 

partial digestion products. As the products of the partial digestion could be 

easily resolved on a 0 .7%  low melting point gel, the second method was chosen 

for the subcloning procedure. The pCDhm2 was subjected to a full digestion 

with Xmal, 3 7 °C overnight, to linearise the plasmid, followed by a partial 

digestion with Pstl, 3 7 °C for 10-15 min. This produced fragments of 5900  bp 

(linearised plasmid), 4708  and 2495 bp (only one Pstl site digested) and 3398, 

1310 and 11 85 bp (the products of the full digestion), which were separated on 

a 0.7%  low melting point agarose gel. The 4708  bp fragment was excised from 

the gel and the DNA extracted using the G e n e c l e a n ®  // kit.

The mutated 1185 bp Pstl-Xmal fragment from pUCI 8  was ligated into the 

complementary 4708  bp fragment of pCDhm2 and the ligation mixture used to 

transform competent DH5a.

2.9.2. m l Mutant Receptors.

The mutated 488 bp cassette was excised from the double-stranded M13mp18  

by digestion with the restriction enzymes, Xmal and Sad. This fragment was 

cut out of a 1 % low melting point agarose gel and the DNA extracted using 

GELase^". The Xmal-SacI fragment was ligated into the pCD vector and the 

ligation mixture used to transform competent DH5a cells.

2.10. Plasmid Preparation.

Large scale preparations of wild-type and the mutant plasmids were initially
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made following the chloramphenicol amplification and the alkali lysis protocols 

described by Sambrook, Fritsch and Maniatis (1989) ("Molecular Cloning - A 

Laboratory Manual, 2nd ed."). The resulting plasmid preparation was further 

purified by FPLC anion-exchange chromatography on a MonoO column. These 

procedures separate the plasmid DNA from the chromosomal DNA, RNA and 

protein of the bacteria. Subsequently, the "Oiagen plasmid purification 

procedure", Oiagen Hybaid Ltd, was used after chloramphenicol amplification. 

The basis underlying both of these protocols was described earlier (Preparation 

of double-stranded DNA from M l3 m p 1 8^section 2 S ).

2.11. Cell Culture.

COS-7 cells, (African Green Monkey kidney cells), were used to transiently 

express the receptors. The cells were maintained in a-MEM (Gibco) 

supplemented with 1 0 % newborn calf serum in the presence of a mixture of 

antibiotics (penicillin and streptomycin) and 2 mM L-glutamine. The cells were 

incubated at 37°C , 5% COg, in a humidified incubator. Every 4-7 days, cells 

were subcultured by trypsinisation (in the presence of EDTA), followed by 

dilution in culture medium.

CHO cells, expressing the rat wild-type ml and Asn °̂® ml receptors, were 

maintained in the same medium as COS-7 cells, also at 3 7 °C, 5% COg, and 

subcultured regularly.

2.12. Transfection of Cells.

COS-7 cells were seeded into 10 cm plates and grown until 60-75%  confluent. 

Transfection was carried out initially by the modified calcium phosphate 

precipitation procedure described by Chen and Okayama (1987). Following this 

protocol, 15 /yg plasmid DNA (per plate) was added to 0.5 ml of 250  mM CaClg, 

made up in filtered MilliO water. To this, 0.5 ml of 2xBBS, (50 mM BES (N,N- 

bis[2-hydroxyethyl]-2-aminoethanesulphonic acid), 280 mM NaCI, 1.5 mM 

Na2 HP0 4 .2 H2 0 , pH 6.96), was added. The mixture was incubated at room 

temperature for 1 0 - 2 0  min before being added, dropwise, to the 1 0  cm plates of 

cells. The pH of the 2xBBS solution was critical to ensure that a fine precipitate 

of the calcium phosphate-DNA complex developed under conditions of low CO2
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concentration, to fall gradually onto the cells. The cells were incubated at 

3 7 °C, 3%  CO2 , overnight. Twenty-four hours later, the medium was replaced 

and the cells left to grow for a further 48 h at 3 7 °C, 5% COg, before being 

harvested. These were found to be the optimum conditions for the maximum 

levels of expression of the receptors.

Transfection using the modified calcium phosphate precipitation procedure was 

found to give adequate levels of expression for binding studies to be carried out 

on membrane preparations. PI responses could not be measured in cells 

transfected using this method, however, so an alternative transfection procedure 

was attempted, and subsequent transfections were carried out by 

electroporation, based on the procedure described by Chu et al. (1987).

For electroporation, growing cells, almost confluent, were removed from the 

surface of the flask by adding a small volume of trypsin/EDTA, diluted in culture 

medium and spun gently (2000 rpm, 2 min, 4°C ) in a bench-top centrifuge. 

These were washed in ice-cold a-MEM, re-spun and taken up in a small volume 

of ice-cold a-MEM. 0.8 ml cells (4x10^ cells) were added to 1 0 /vg DNA in a 

cuvette (0.4 cm electrode gap) and electroporated with a single pulse of 180 

volts, 960 microfarads, in a Bio Rad Gene Puiser™. The voltage used for the 

electroporation was found to be critical in accordance with Chu at ai. (1987); 

the optimum was 1 80 volts. Cells were allowed to stand at room temperature 

for 10 min before being plated into tissue culture dishes and incubated at 37°C , 

5% CO2 . Cells were left to grow for 72 h at 37°C , 5% CO2 , the culture 

medium being changed 24 h after transfection.

Transfection by the calcium phosphate method gave average expression levels 

of 0 .4  pmol.mg^ (receptor binding sites per mg protein) for both m l and m2 

wild-type mAChRs. Using electroporation, the levels were 1-2 pmol.mg^ 

protein. The Glu mutant receptors were expressed at approximately 80%  of 

these levels. The patterns of expression of the m l wild-type and mutant 

receptors were investigated by Dr. J. Pavia using antibodies directed against the 

m l mAChR. This showed that, in general, the calcium phosphate transfection 

procedure resulted in very high levels of expression in a few cells; only 5-10%  

of the cells were transfected (Dr. J. Pavia, personal communication). High 

densities of receptors were seen internally, around the nucleus and in the golgi
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apparatus, as well as on the membrane surface. In the electroporated cells, a 

lower level of expression was found in more cells, resulting in higher levels of 

expression overall.

2.13. Membrane Preparation.

Transfected COS-7 cells were washed twice in phosphate buffered saline (PBS), 

to remove traces of medium. They were scraped into ice-cold harvesting buffer 

(20 mM HEPES, 10 mM EDTA, pH 7.5), which causes the cells to swell. The 

cells were homogenised using 1 0 - 2 0  strokes of a glass-in-glass homogeniser. 

Disruption using a Polytron was found to produce membrane preparations with 

the same properties. The membranes were pelleted by centrifugation at 

20 ,000  rpm for 30 min (Beckman JA-20 rotor) and re-homogenised in binding 

buffer (20 mM HEPES, 100 mM NaCI, 1 mM MgClg, pH 7.5). Aliquots were 

frozen and stored at -70°C . The same procedure was used for the preparation 

of membranes from CHO cells stably expressing rml and Asp’°^Asn mAChRs.

Membranes prepared from COS-7 cells were assayed for acetylcholine esterase 

activity according to the method of Ellman et al. (1961). No activity was seen 

(results not shown).

Protein assays were performed according to the Lowry protocol (Lowry, 1951), 

after precipitation of the protein in 10% trichloroacetic acid (Strange and 

Williamson 1 990).

2.14. Binding Assays.

Binding assays were carried out in 20 mM HEPES, 100 mM NaCI, 1 mM MgClg, 

pH 7.5. These are approximately physiological conditions of ionic strength, pH 

and magnesium concentration. Membrane aliquots were thawed, centrifuged 

and the membrane pellets re-homogenised to improve the homogeneity of the 

preparations. The membranes were diluted to 5 -1 5 //g.ml \  The Asn °̂® ml 

mutant mAChRs were used at ten times higher protein concentrations because 

the expression level were low (0.3 pmol.mg ’ protein) and the [^H]NMS affinity 

was low. In direct [^H]-N-methylscopolamine ([^H]-NMS) binding studies, 9 

concentrations, ranging from 10'̂  ̂ M to 3x10  ̂ M, of (^H]-NMS were used. For
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agonist inhibition assays, [^HJ-NMS was used at final concentrations of 

3x10 '° M (ml Asp'°^ Glu'°®), 5 x 1 0 '°  M (m2 mAChRs) or 10° M (m l Asn'°®) 

with varying concentrations of agonist. Non-specific binding was determined in 

the presence of 10 ° M quinuciidinyl benzilate (QNB), a potent non-selective 

antagonist.

Assays were carried out in a total volume of 1 ml and incubated at 30°C  for 

60 min, which was shown to be sufficient time, and indeed the minimum time, 

for the system to reach equilibrium under all conditions, even in the presence of 

competing agonists. Control experiments showed that [°H]NMS binding was the 

same within experimental error after 60 and 1 2 0  min of incubation, in the 

absence or presence of the agonist, carbachol. The shortest possible incubation 

time was used to minimise the potential for ligand hydrolysis. The membranes 

were rapidly filtered through a Brandell cell harvester onto Whatman GF/B, glass 

fibre filters, pretreated with 0 .15%  polyethylenimine to reduce the amount of 

non-specific binding of [°H]NMS to the filters (Bruns et al. 1983). The filters 

were washed three times, taking a total time of 10-15 s, with ice-cold distilled 

HjO (m l) or ice-cold 100 mM NaCI (m2). Ice-cold washing solutions were used 

because the dissociation rate of [°H]NMS decreases sharply as the temperature 

decreases, thereby reducing the risk of losing the specific [°H]NMS binding 

during the washing procedure. There is evidence that under low ionic strength 

conditions the coupling of m2 mAChRs to G-proteins is enhanced (Hulme et ai.

1 981). This can lead to a reduced affinity constant for [°H]-NMS with the risk 

of a faster dissociation rate. For this reason, filters were washed with 100 mM 

NaCI in assays involving the m2 mAChRs. For assays involving the Asn'°° 

mutant receptor, the filters were pre-cooled and only two washes (distilled HgO) 

were used. After washing, the radioactivity on the filters was extracted with 

5 ml Liquiscint scintillation fluid and counted on a Wallac 1409 counter.

Assays were carried out in quadruplicate (Asp'°°Glu/Asp'°°Glu mutants) or 

triplicate (ml TMD V mutants).

2.15. Phosphoinositide Hydrolysis Assays.

Phosphoinositide (PI) hydrolysis assays were carried out essentially following the 

method of Oldham (1990), which was based on the method of Berridge et ai.
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(1983). This involves labelling growing COS-7 cells with [^H]-m/o-D-inositob 

which becomes incorporated into phosphatidyl inositol 4,5-bisphosphate (PlPg) 

within the cell. G^-mediated activation of phospholipase causes PIPg to be 

converted into two second messengers, diacylglycerol (which activates protein 

kinase C) and myo-inositol 1,4,5-triphosphate (IP3), which mobilises calcium 

from internal stores. IP3 is broken down, via a number of routes, to inositol 

monophosphates, which can be separated from any remaining inositol by ion- 

exchange chromatography. Lithium is included in the assay to inhibit inositol 

monophosphatase and allow the [^H]-inositol monophosphates to accumulate.

Growing COS-7 cells were transfected with receptors, seeded into 12-well 

plates and incubated at 3 7 °C, 5% COg. After 24 h, 1 //C i.ml*’ [^H]-myo-D- 

inositol was added to the culture medium and the cells incubated at 3 7 °C, 5%  

COg, for a further 48 h. The inositol-containing medium was then removed and 

the cells incubated in Krebs-bicarbonate medium (120 mM NaCI, 3.1 mM KCI, 

1.2 mM MgSO^, 2.6 mM CaClg, 10 mM glucose and 25 mM NaHC0 3 , pH 7.4), 

containing 10 mM LiCI, for 30 min. Following this, agonists were added for a 

further incubation of 30 min at 37°C , 5% COg. A 30 min incubation time was 

shown to be within the linear range of the assays (P. Jones, personal 

communication).

Stimulation of PI hydrolysis was terminated by removal of the medium and 

addition of 0.5 ml ice-cold 5%  perchloric acid. After 20 min at 4 °C , 0 .4  ml of 

the lysate was added to 0.1 ml 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-trichloro- 

trifluoroethane (freon). After mixing, the samples were centrifuged at 3000 rpm 

for 2 min (bench-top centrifuge) and 300 //I of the neutralised aqueous phase 

was added to columns containing 1 ml AG 1-X8 resin (formate form, dry mesh 

size 100-200). The columns were washed with 10 ml water, followed by 10 ml 

25 mM NH4COOH, and total [^H]-inositol phosphates eluted with 10 ml 1 M 

NH4COOH, 0.1 M HCOOH. 10 ml Liquiscint scintillation fluid was added to 1 ml 

eluent and the amount of radioactivity determined by counting on a Wallac 1409  

counter.
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2.16. Data Analysis.

The data from ligand binding and functional assays was analysed on SigmaPlot 

version 5,0, Jandel Scientific.

2 . 16.1. The One-Site Mode! of Binding.

This model was used either for direct binding experiments using [^H]NMS or 

when an unlabelled ligand was found to compete with [^H]NMS for binding to a 

homogenous population of binding sites, generating one affinity constant. It 

applied to the binding of antagonists and some partial agonists. In the case of a 

single ligand, the binding follows the equilibrium:

K
A + R AR

where: R =  receptor
A = ligand

[RJ = total receptor concentration 
K = affinity constant

[AR] = K[A][RJ; 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:

[Rt] = [R] +  [AR]

Rearrangement gives:

[RJ
[R] = --------------  (1)

1 +  K[A]

and hence:
[RJK[A]

[AR] = ----------------- (2)
1 + K[A]

Fitting the data to this model yields an affinity constant, K. In fitting, ligand 

concentrations and affinity constants were expressed in the form 1 or 

1 0 ‘°̂  respectively.

Direct Binding Assays.

For direct binding assays, using [^H]NMS, the computer programme used 

allowed the non-specific and specific binding to be fitted simultaneously
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(described by Hulme and Birdsall 1992). This programme also explicitly took 

into account ligand depletion, which was minimal (less than 2 %) in these 

experiments.

Inhibition Assays.

For inhibition assays, the affinity of the receptor for [^HJNMS also has to be 

taken into account.

KK
A + RL L + R + A

Where:

RA + L

[L*]
[A]
[R]
[RJ

K*
K

[RA] = K[A][R]

[RL‘] = K‘ [L*][R]

[RJ = [R] +  [RA] +  [RL*]

[R]
[RJ

1 + K*[L‘] +  K[A]

K*[L*][RJ
[RL*] =

1 +  K*[L*] +  K[A]

When [A] = 0, [RL*] becomes [RL*

[RL* ] =
K*[L*][RJ

1 + K*[L*]

= radiolabelled ligand concentration 
= competing ligand concentration 
= receptor concentration 
= total receptor concentration

= affinity of receptor for L*
= affinity of receptor for A
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In the presence of [A]

[RL']

K‘[L'][RJ 

1 +  K‘ [L*]

1 + K[A]

1 +K*[L*]
Let K

K
app

1 +K*[L']

[RL']
[RL%

1 + K_[A ]
(3)

which has the same form as equation ( 1 ). [RL’^^J is the specific binding in the 

absence of competing ligand. In fitting, this equation was expressed in the 

form:

dpm = (Btot-Bns) / (I +  1 Kapp + log[A]|) +

Values of total binding (B^ot)/ non-specific binding (B̂ g) and log K̂ pp were all 

determined by the data. The log affinity constants so derived (log K̂ pp) were 

finally corrected for [^H]NMS affinity by the addition of the Cheng-Prusoff 

correction factor (Cheng and Prusoff 1973):

Log K = Log K̂ pp +  Log (1 H- Knms[NMS])

2.16.2. The Two-Site Mode! of 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.

[RL'] = K'[L'][RJ X
Frn FrL

1 + K '[L '] -H K h [A ] 1 -h K‘[L']-h KJA]

Frn and Fr̂  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 also applicable for the two-site model.
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2 .16 .3 . The Ternary Complex Mode! o f Binding.

low affinity 
AR binary complex

high affinity '"^ere:
ternary complex

R = Receptor
A = Agonist
G =  G-protein

[RJ =  Total receptor concentration
[GJ = Total effector concentration

The basis for this model is that the agonist (A) can bind to the free receptor (R) 

with low affinity (affinity constant, K), or to a receptor-G-protein (RG) complex 

with high affinity (affinity constant, termed K l. Only the agonist-receptor-G- 

protein (ARG, ternary) complex is functionally active.

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 affinity 

constant, K.

[RG] = Kq[R][G]; where [RG] represents the concentration of pre-coupled

receptor in the absence of agonist (basal activity); Kq 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:

[GJ = [G] -k [RG] +  [ARG]

=  [G] -f- Kg[R][G] + K*Kg[A][R][G]

[G,]
[G] = ----------------------------------

1 Kg[R] + K ‘ Kg[A][R]
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[RJ = [R] +  [AR] +  [RG] +  [ARG]

[RJ = [R] +  K[A][R] +  KJR][G] +  K*Kq[A][R][G]

Kq[R][GJ K*KJA][R][GJ
[RJ = [R] +  K[A][R] + ------------------------------  +

1 + KJR] +  K*Kq[A][R] 1 +  Kq[R] +  K'Kc[A][R] 

Rearrangement of this equation gives the following:

[R]2(1+K[A])(Kg +  K*Kq[A]) +  [R]{1+K[A] +  (GrRt)(KG + K*KQ[A])} - R̂  = 0

[R] can be expressed as a fraction of [RJ:

([R]/[RJ)' (1 +K[A]) ( Kq[RJ + K‘Kq[RJ[A] )

+ ([R]/[RJ) { 1 +K[A] +  ([GJ/[RJ -1)(Kg[RJ + K'Kg[RJ[A]) } - 1 = 0

This is a quadratic equation of the form: a[R]^ + b[R] +  c = 0,

which can be solved to give [R]: [R] = { -b +  V(b^-4ac) } / 2a

For competition assays, the inhibition of [^H]NMS binding was measured in the 

presence of unlabelled agonist. The amount of radioactivity measured (dpm) 

follows the equation:

[R] +  [RG]
dpm = X (Bjox - Bfjg) + Bfgs

[RJ

where Bjot and B̂ g are the total and non-specific binding of [^H]NMS. In the 

system we used (mAChRs expressed in COS-7 cells), it was found that the 

amount of pre-coupling (the amount of receptor-effector complex formed in the 

absence of agonist) was negligible; antagonists had no effect on the basal levels 

of PI hydrolysis (P. Jones, personal communication). During the fitting 

procedure, the affinity constant, Kg[RJ was, therefore, set at a low number,

1 0 \
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Using this model , three parameters can be derived:

K; the affinity constant for the agonist-receptor binary complex.

K*Kq[R̂ ]; termed K \ the composite parameter governing formation of the 

ternary (agonist-receptor-G-protein) complex.

[GJ/[R^1; the apparent ratio for total receptor-accessible G-protein to 

total receptor.

On fitting the binding of different agonists to this model, the ratio, [GJ/[[RJ, was 

found to have an average value of 0 .38. Data were then re-analysed by fixing 

[GJ/[RJ to 0.38. The computer programme was written in a style to accept log 

agonist concentration and generate the log values for the apparent affinity 

constants (log K̂ pp and log K\pp). Addition of the Cheng-Prusoff factor 

(logd -I-KnmsINMS]) was also applicable to correct the log K̂ pp and log K\pp 

values derived using the ternary complex model of binding.

2.16.4. Analysis of the PI Data.

PI data was 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])""
dpm = (dpmtot " basal) -------------------- -f basal

n H1 + (K[A1)

where dpm̂ ^̂  is the total dpm, basal is the basal level of PI hydrolysis, K is the 

association constant and nH is the slope factor.

2.16.5. Statistical Analysis.

When necessary, the "goodness of fit" to the model was determined by the 

"extra sum of squares" and the "run" tests, as described by Wells (1992).
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Chapter 3: Mutation of Asp to G!u in the Third
Transmembrane Heiix o f the m 1 and m2 
mAChRs.

3.1. Introduction.

A high degree of conservation exists across the family of G-protein-coupied 

receptors, especially within the putative membrane-spanning regions. In 

particular, an aspartate (Asp °̂® m l, Asp’°̂  m2) in the third TMD is conserved 

amongst all receptors that bind cationic amine ligands, such as the yffARs, the 

mAChRs, the 5 HT, the histamine, and the dopamine receptors. Previous work in 

our laboratory had shown that this residue was labelled by the affinity alkylating 

reagent, [^H]-propylbenzilylcholine mustard (Kurtenbach et al. 1990b). Other 

results showed that mutation of Asp’°® to an asparagine in the m l mAChR 

sequence abolished [^H]GNB binding (Fraser et ai. 1989), although it was not 

known at the time whether the mutant receptor was properly processed and 

expressed. Mutation of the homologous residue in the yffAR to an asparagine or 

glutamate had been shown to affect both agonist and antagonist binding 

strongly (Strader et ai. 1988).

Thus, at the outset of this project, it was assumed that the Asp residue was 

important for antagonist binding and for ground state agonist binding. However, 

there was no proof that the carboxylate sidechain defined the locus of the 

agonist headgroup in the active state of the receptor, indeed, it had been 

suggested that a different residue, such as the Asp in TMD II (Saunders and 

Freedman 1989), might need to contact the agonist headgroup in order to 

achieve activation.

The mAChRs are unique amongst the G-protein-coupled receptors in that they 

can be activated by very simple ligands, such as tétraméthylammonium (TMA) 

ions. TMA consists of only the headgroup moiety of ACh and has an ionic 

radius of approximately 2.1 A. Localised interactions with the ligand headgroup 

with at least two TMDs are therefore likely to be important in receptor 

activation. Identification of these interactions might provide information about 

the activation mechanism. A study on rhodopsin, for example, has shown that
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disruption of an ionic bond between the Schiffs base nitrogen and the Glu 

counterion in TMD III leads to constitutive activity (Robinson et al. 1992). As 

the Asp residue in TMD III of the mAChR was the primary candidate for binding 

the headgroup of ACh, it seemed important to try to determine its role in the 

activation of the receptor as completely as possible.

At the outset, it seemed possible that the ionic interaction might not contribute 

equally to the binding of all ligands. Evidence from pharmacological studies had 

suggested that the ionic interaction could be is less important for the binding of 

antagonists than agonists (Burgen 1965). Such differences might contribute to 

the different modes of binding implied by studies on the titration of ionisable 

groups linked to ligand binding (Birdsall et si. 1989) and could have implications 

for the design of selective ligands.

The aim of this study was to investigate the importance of the third TMD Asp 

residue (Asp °̂® m l ; Asp^°  ̂ m2 ) in ligand binding to and activation of the 

muscarinic receptors. A strategy of site-directed mutagenesis was used. 

Interpretation of the results from mutagenesis studies may be complicated by 

changes in the local structure or even the global folding of the protein in 

question. Such possibilities can only be addressed fully by the determination of 

an atomic resolution structure. Mis-folding could have been the reason for the 

inactivity of the Asp to Asn mutant receptor, although in the end this turned out 

not to be the case.

For this reason, a decision was made to investigate a more functionally 

conservative mutation. Asp to Glu, in the first instance. The rationale was that 

a strong, direct bond between the ligand headgroup and the Asp carboxylate 

group should be strongly disrupted, even by a conservative mutation, while 

weaker, or less direct, interactions might be less affected. It was hoped that 

some insight might be gained into the contribution of the putative ionic bond to 

the different binding states of agonists, for instance to formation of agonist- 

receptor binary and agonist-receptor-G-protein ternary complexes, and to 

receptor activation. Even the Asp-Glu mutation carried its risks. Extrapolation 

from the results of mutagenesis studies on the ^AR (Strader et si. 1989), 

suggested a definite possibility that [^H]-antagonist binding might not be 

detectable at the Glu mutant receptor.
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3.2. Antagonist Binding at the m1 and m 2 mAChRs.

After transient expression of the receptors in COS-7 cells, direct binding assays 

were carried out using the classical potent antagonist, (-)[^H]-N- 

methylscopolamine ([^H]NMS). The binding curves conformed to the simple 

Langmuir isotherm, indicating that the antagonist bound to a single homogenous 

set of binding sites. The binding constants for [^H]NMS at the wild-type 

receptors were in excellent agreement with previously published values 

(reviewed by Hulme et al. 1990).

3.2.1. The Effect of the Asp-Giu Mutation on Antagonist Binding.

The Asp to Glu mutation resulted in only a 2-3-fold reduction in the affinity of 

both m l and m2 for [^HINMS (table 3.1, fig. 3.1). The retention of high affinity 

[^H]NMS binding made it possible to study the binding of unlabelled ligands to 

the mutant receptors by competitive inhibition of [^H]NMS binding. This enabled 

a more detailed study of the functional role of the binding site Asp to be 

undertaken than has been possible for most other cationic-amine binding 

receptors. The structures of the antagonists used are shown in fig. 3.2.

The effect of the mutation on the binding of other antagonists was also 

investigated. The stereoisomer of [^H]NMS, (-I-)NMS, had approximately 40-fold 

lower affinity than (-)[^H]NMS for both the ml and m2 wild-type receptors. The 

Asp-Glu mutation reduced the affinity of the (4-) isomer by about 4-fold at both 

subtypes (table 3.1, fig. 3.3), an effect similar to that seen on the binding of 

[^HINMS. Both (-)[^H]NMS and (-l-)NMS have a slightly (approximately 3-fold) 

higher affinity for the m l than the m2 subtype. This subtype selectivity was 

maintained at the mutant receptors.

Two other subtype-selective, antagonists were used; AQRA741, which is 

selective for m2 over m l, and pirenzepine, selective for m l over m2. The 

mutation caused a 4-fold reduction in the affinity of AQRA741 for both the ml 

and m 2  subtypes, the m 2  selectivity being maintained at the mutant receptors. 

For pirenzepine, the mutation had different effects on the two subtypes. At the 

m l, the affinity was reduced 7.4-fold, whereas for the m2, the mutation had no 

effect (table 3.1; fig. 3.3). Thus, the selectivity of pirenzepine was reduced, but
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ml (Log K) m2 (Log K)

Asp’°® (wt) Glu'°® Asp’°̂  (wt) Glu’ °̂

[^H]NMS 1 0 . 1 0 ±
0.04

9.66 ±
0.06

9 .7 5 ±
0 . 1 0

9 .3 7 ±
0 . 0 2

Pirenzepine 8.26 ±
0.06

7 .3 9 ±
0.03

6 .7 7 ±
0 .04

6 .97  ±
0.05

( + )NMS 8.53 8 . 1 0 8 .04 7.50

AQRA741 7.88 7.28 8.91 8 .28

Table 3 .1 . Log affinity constants for the binding of antagonists to the
m l and m2 , w ild-type and Glu’ °®/Glu^“  ̂ m utant, receptors.10 3

Binding assays were carried out on membrane preparations of the COS-7 cells 

expressing the wild-type and Asp’°®/Asp °̂  ̂ to Glu mutant receptors of the ml 
and m2 subtypes. Assays were carried out as described in "Experimental 
Procedures". [^H]NMS binding was measured both directly and by competition; 
(-f-)NMS, pirenzepine, and AQRA741 binding was measured by competition 

against a fixed concentration of [^H]NMS, and the affinity constants corrected 
for the affinity of [^H]NMS by the addition of a correction factor (according to 

Cheng-Prusoff 1973). Data were analysed using a one-site model of binding to 

derive the log value of the affinity constant, K.
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Fig. 3 .1 . Saturation curves for the binding of [^H]NMS to m l and m 2  

w ild-type and Glu^°®/Glu^°^ mutant receptors.

Binding was performed in 20 mM HEPES, 100 mM NaCI, 1 mM MgClj, pH 7.5. 
Membranes were prepared after transient expression of the wild-type receptors 

(O ), or the Glu’°® (m l) / Glu’ °̂  (m2) receptors (# )  in COS-7 cells. Receptors 

were expressed at levels of 0 .5 -1 .0  pmol.mg'^ protein (wild-type receptors) and 

0.4-0 .75  pmol.mg ’ protein (mutant receptors). After incubating with [^H]NMS 

at 30°C , 60 min, membranes were filtered through a Brandell cell harvester and 

the filters washed three times with ice-cold HjO (m l) or 100 mM NaCI (m2). 
Non-specific binding was determined in the presence of 10 ® M QNB. Assays 

were performed in quadruplicate and at least two independent experiments were 

carried out for each subtype, giving reproducible affinity constant values. Data 

represent specific binding, as a percentage of the fitted value of B̂ ĝ , the mean 

±  standard deviation, of two experiments (m2 ) or a representative experiment 
(m l). The experiments were analysed by SigmaPlot, Jandel Scientific. Near 
identical affinities were obtained by inhibition of the binding of [^H]NMS, at a 
concentration giving 10% saturation, by unlabelled (-)NMS.
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Fig. 3 .2 . The structures of some mAChR antagonists.
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Fig. 3 .3 . inhibition of [^H]NMS binding to the m l and m 2 mAChRs by 

the antagonists, pirenzepine, ( +  )NM S, and A Q R A 741 .

Binding assays were carried out on membrane preparations by competition 

against a fixed concentration of [^H]NMS, 3x10^° M (m l) or 5x10^° M (m2). 
Incubation was at 30 °C , 60 min, in binding buffer; 20 mM HEPES, 100 mM 

NaCI, 1 mM MgClg, pH 7.5. Non-specific binding was determined in the 

presence of 10 ® M QNB. Binding curves were analysed by SigmaPlot and were 

fitted to a one-site model of binding. Data were plotted as percentage of 
specific binding in the absence of antagonist, after being corrected for [^HJNMS 

affinity (according to Cheng and Prusoff 1973). Binding affinity constants are 

shown in table 3.1. Data shown are a representative experiments; error bars are 

the standard errors of the four replicates.

(a) Inhibition by pirenzepine, (b) inhibition by (4-)NMS, (c) inhibition by 

AQRA741. The following symbols are used: O m l wild type, #  m l Glu’°®, v 
m2  wild-type, ▼ m 2  Glu’°̂  receptors.
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not abolished.

These results suggest that the precise position of the charged carboxylate group 

at position Asp’°VAsp^°^ with respect to the helix axis is not generally critical for 

antagonist binding and that, in all the cases which were studied, it could be 

relocated with relatively little effect on the binding of the ligand. It is interesting 

that the mutation at the ml and m2 mAChRs had differential effects on the 

binding of pirenzepine. This may indicate that different epitopes are involved in 

binding ml and m 2  selective antagonists, as has been suggested previously 

(Brann et at. 1 993).

3.3. Agonist Binding and Activation of the Receptor.

3.3.1. Agonist Binding to the WUd-Type Receptor.

Classical, full agonists (that is, agonists of high efficacy such as ACh), bound to 

the m l and m2 wild-type mAChRs with characteristic "flat" multi-component 

binding curves, indicative of the presence of high and low affinity binding states. 

Partial agonists (agonists unable to elicit a full functional response) gave steep 

binding curves at the wild-type receptors. Fig. 3 .4  shows the structures of 

some mAChR agonists.

The high and low affinity binding states are thought to represent the binding of 

agonists to different receptor complexes. Agonists are able to interact with free 

receptor to generate a low affinity, agonist-receptor complex. Alternatively, 

agonists may bind to a receptor that interacts with other membrane-bound 

macro-molecules, generating a high affinity ternary complex.

The precise identities of the receptor-complexes producing high affinity agonist 

binding are not known for certain, but there are a number of candidate 

macromolecules that are likely to be involved. Activation of mAChRs is 

mediated via guanine-nucleotide-binding proteins (G-proteins), which interact to 

generate an agonist-receptor-G-protein complex (Ehlert 1985). The y^K-subunits 

of G-proteins have recently been shown to have a direct role in the activation 

pathways of receptors (for example, Yamada et al. 1993; Wickman et ai. 1994; 

Reuveny et ai. 1 994) and these might also interact with an agonist-receptor
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Fig. 3 .4 . The structures of some mAChR agonists.
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complex to cause the agonist to bind with higher affinity. The y^K-subunits have 

been shown to form a ternary complex with receptors and receptor kinases 

(Haga and Haga 1992). Higher order complexes may also be involved, for 

example, a complex involving receptor, G-protein and an effector enzyme, such 

as phospholipase-C-)^i, resulting in the generation of second messengers 

(Berstein et al. 1992b). It has also been suggested that receptors can form 

dimers or multi-receptor complexes (Potter et ai. 1991 ; Chidiac and Wells 

1992), or that they may bind to cytoskeletal elements or be co-localised with 

other components in membrane structures, such as caveolae (Neubig 1994). All 

of these processes might affect agonist binding in some way.

3.3.2. The Effect of Guanine Nucleotides, Magnesium ions, and
Pertussis Toxin on Agonist Binding.

Activation of G-proteins by an agonist-receptor complex leads to the release of 

GDP, from the G-protein or-subunit, followed by the binding of GTP (see Onaran 

et ai. 1993 and references therein). Magnesium ions are essential for the 

activation of G-proteins by the receptor (Shiozaki and Haga 1992). Addition of a 

non-hydrolysable analogue of GTP, such as GTPyS, to the agonist binding assay 

would be expected to activate all of the G-protein, causing the G-protein to 

dissociate from the agonist-receptor complex, and converting the agonist binding 

to the low affinity state. However, the effect of adding guanine nucleotides has 

been shown to vary, depending on the type of receptor and the tissue or cell line 

used to express the receptor.

In this study, GTP analogues had only a modest effect on the binding of 

agonists to the wild-type receptors expressed in COS-7 cells. The m l and m2 

(fig. 3.5) mAChRs only showed a 3-fold shift at maximum, a shift which was 

not always reproducible, especially at high receptor expression levels. Elevated 

Mg^^ concentrations (3 mM) had no effect on the magnitude of the GTP shift 

(data not shown). Previously, the m l subtype in the brain was shown to be 

modestly, yet consistently, affected by guanine nucleotides (Birdsall et ai.

1984). A large GTP shift has been reported for the m2 subtype in cardiac 

membranes (Berrie et ai. 1979) and expressed in CHO cells (S. Lazareno, 

personal communication). GTP shifts of these magnitudes have not been 

reported in COS-7 cells. Efforts to expose occluded GTP binding sites by
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Fig. 3 .5 . ACh inhibition of specific [^H]NMS binding to the m 2 m AChR  

in the absence and presence of GTP, GTPyS or pertussis 

toxin.

Binding assays were carried out by competition of unlabelled ACh against 
5x10^° M [^H]NMS, as described in "Experimental Procedures". Membranes 

expressing the m2 wild-type (O , • )  or Glu’°̂  mutant (v, t ) receptors were 

incubated in the absence (O , v) or presence ( • ,  ▼) of (a) 10‘® M GTPkS, or (b) 
5 x 1 M GTP, during the binding assay. For (c), cells expressing the receptors 

were incubated in the absence (O , v) or presence ( # ,  ▼) of 0.1 //g.ml ’ 
pertussis toxin, for 24 h before harvesting and making membrane preparations. 
Data were analysed by SigmaPlot, using either a ternary complex or a one-site 

model of binding. These are representative experiments, each carried out in 

quadruplicate. Error bars are standard errors of the replicates.
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permeabilisation of the membranes with saponin (Mick et at. 1988) or 

alamethecin (Jones, L.R. et al. 1980) did not improve the GTP shift, but did 

perturb binding (results not shown). The ml mAChR expressed in either U293 

cells (Maeda et ai. 1990) or in mouse Y1 adrenal cells (Shapiro et ai. 1988), is 

also unaffected by the GTP analogue, GppNHp, although the receptor is able to 

induce a functional response in both cell lines. The reason for the varying GTP 

shifts in different expression systems is not clear, but the same phenomenon 

has been reported for other receptor types.

Szele and Pritchett described high affinity agonist binding to cloned 5- 

hydroxytryptamineg (S-HTg) receptors, which is insensitive to GTP analogues 

when the receptor is expressed in the 293 human embryonic kidney cell line 

(Szele and Pritchett 1993). They compared it to the 5-HT,a receptor, also 

expressed in 293 cells, which is sensitive to GTP analogues. Furthermore, the 

5 -HT 2 receptor shows GTP shifts when expressed in a different cell line (mouse 

NIH3T3 cells) and this receptor is fully functional in both cell lines. They 

suggested that, in the 293 cells, the S-HT; receptor binds to a G-protein which 

is insensitive to GTP analogues. Emerit and colleagues reported that high 

affinity binding to S-HTi^ receptors in the rat hippocampus was only partially 

sensitive to GTP analogues (Emerit et ai. 1991 ). They discovered that the GTP- 

insensitive component of high affinity agonist binding was increased by 

exposing the membranes to air, or by preincubating the solubilised receptor with 

oxidising reagents. In contrast, it was reduced by preincubation of the soluble 

receptor with dithiothreitol. They suggested that the GTP-insensitive component 

of high affinity binding is due to an oxidised state of the receptor.

In order to further investigate the interaction of mAChRs and G-proteins, the 

COS-7 cells expressing the m2 mAChR were grown in the presence of pertussis 

toxin (PTX). The m2 subtype couples preferentially to PTX-sensitive G-proteins, 

such as Gj and G„ (Offermans et ai. 1994). Incubating the cells expressing this 

subtype with PTX would, therefore, be expected to uncouple the receptor from 

its G-protein. The effect observed was similar to that of adding GTP analogues 

to binding assays (fig, 3.5).

There appeared to be no correlation between high-affinity agonist binding and 

sensitivity to inhibition by GTP analogues, in the sense that although the binding

95



curves for high-efficacy agonists were "flatter" for the m 2  than for the ml 

subtype, the m2 did not appear to be more sensitive to GTP. However, this 

study showed that there is a relationship between the efficacy of an agonist to 

elicit a functional response and its ability to distinguish between high and low 

affinity binding states. The receptors expressed in COS-7 cells were able to 

induce a PI response (see later), suggesting that at least a proportion of the 

agonist-occupied receptors interacts with Gq or G^ to form a ternary complex. 

For this reason, agonist binding curves have been analysed using a ternary 

complex model of binding to distinguish between the high and low affinity 

binding states of the receptor.

3 .3 .3 . Analysis o f  Agonist Binding Curves.

Partial agonists often displayed steep binding curves, particularly at the ml 

subtype, and these were analysed using a one-site model of binding (Hulme et 

at. 1978). When the binding curve deviated from a one-site model (for some 

partial agonists and all full agonists), a two-site (Birdsall at al. 1978) or a ternary 

complex (De Lean at ai. 1980; Ehlert 1985) model of binding was used.

The Ternary Complex Model of Binding.

Activation of the receptor involves transmitting a signal across the membrane to 

an effector. The basis for this model is that the activated state of a receptor is, 

in the simplest case, a ternary complex made up of agonist, receptor and G- 

protein. This model can be extended to take other factors, such as the 

participation of separate a- and jgy-subunits, into account (Onaran at ai. 1993).

An agonist is able to bind with low affinity to free receptor to generate an 

agonist-receptor, binary complex. Alternatively, an agonist-receptor-G-protein 

ternary complex may be formed; either an agonist binds to a receptor-G-protein 

complex, or a G-protein binds to an agonist-receptor complex. In each case, the 

second component binds with higher affinity to the receptor complex than it 

does to the free receptor. Other groups have reported that, under certain 

conditions, a significant degree of pre-coupling between receptor and G-protein, 

in the absence of ligand may exist, particularly for the m2 subtype (Hilf and 

Jacobs 1992; Costa at ai. 1992; Chidiac at ai. 1994). However, we have found 

no evidence of pre-coupling of mAChRs to G-proteins in COS-7 cells. GTP has
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no effect on the binding of antagonists to the receptor, and the basal levels of PI 

hydrolysis were not decreased in the presence of antagonists (Dr. P.G. Jones, 

personal communication), indicating that formation of an activated complex 

occurs only in the presence of agonists. Three parameters can be derived by 

fitting the data to this model:

K. This is the low affinity constant governing the binding of the

agonist to the free receptor, R, producing the agonist-receptor 

binary complex.

K‘ Kq[R̂ 1. (or K )̂. This is a composite parameter consisting of the product of

the affinity of the agonist for the receptor-G-protein complex (K*), 

the affinity of the free receptor for the G-protein (Kq), and the total 

concentration of receptor (RJ. This composite constant, K̂ , has 

the same dimensions as a simple affinity constant (such as K), 

having units of M‘V

[Gj]/[R^]. This is the ratio between the accessible G-protein and receptor. It

determines the maximum fraction of receptor that can participate 

in formation of the agonist-receptor-G-protein ternary complex, 

which determines the fraction of high affinity binding.

For a more detailed description of the equations used in fitting the data to this 

model, see "experimental procedures" (chapter 2). In the case of high-efficacy 

agonists, such as ACh, the values derived by fitting the data to the ternary 

complex model are almost identical to those derived using the two-site model; 

the affinity constant, K, is similar to the low affinity constant of the 2-site 

model, is similar to the high affinity constant and [GJ/[RJ is similar to the 

fraction of high affinity binding sites. Although the values derived are 

numerically almost identical, the two-site model does not provide a mechanistic 

basis for the distinction between the low and high affinity binding sites. In the 

ternary complex model, the high affinity binding represents formation of the 

agonist-receptor-effector ternary complex, and only this complex is predicted to 

be functionally active. As the affinity constant, K̂ , governing formation of this 

complex is well correlated with the functional data (see later), the utilisation of 

the ternary complex model appears justifiable, at least as the basis of a working 

analysis.
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3.3 .4 . The Effect of the Mutation on Agonist Binding.

The mutation had two major effects on the binding of ACh; the curve shifted 

towards lower affinity and it steepened (fig. 3.6). The overall reduction in 

affinity was substantial, the IC5 0  values increased by 26-fold (m l) and 1 0 0 -fold 

(m 2 ), whereas the steepening of the curve showed a reduced ability of the 

agonist to discriminate between the high and low affinity binding states. It was 

possible to derive a measure of the slope (or steepness) of the curve by using 

the Hill equation to define a value of the Hill coefficient, n .̂ The Asp-Glu 

mutation caused the n̂  values to increase from 0.79  to 0 .93 for the ml and 

from 0.5 to 0.7 for the m2.

Using the ternary complex model of binding to analyse the binding curves, it 

was possible to derive fitted values for the low affinity binding constant (log K), 

for formation of the putative ternary complex (log K l, and for the [GJ/[RJ ratio. 

Binding curves were well-fitted by a [GJ/[RJ ratio of 0.38. This value, which 

was estimated by fitting the mean of seven (m2) or four (m l) independent ACh 

binding curves to the model, was found adequately to fit the binding of all full 

agonists to the wild-type and mutant receptors. The extremes of the range of 

[GJ/[RJ in individual experiments were 0.28 to 0 .75 , but, in general, the fits 

were not significantly improved by the use of [GJ/[RJ ratios different to those 

determined for the average curves. Therefore, the values of log K and log 

given in tables 3.2 and 3.3 were determined with [GJ/[RJ fixed at 0 .38 . The 

ml Glu °̂  ̂ mutant receptor gave mean values of 3.6 and 4 .0  for log K and log 

respectively; the m2 Glu’°̂  gave 3.6 and 4.8. In accord with the steepening of 

the binding curves, the mutation caused a greater reduction in (m l 90-fold, 

m2 300-fold) than in K (ml 20-fold, m2 100-fold).

Although the simple ternary complex model was felt to give an adequate 

description of the data in general, in a few experiments on the m 2  receptor, 

there were hints of the presence of a minor class of higher affinity binding sites. 

In the context of ternary complex models, these sites might be accounted for by 

the presence of a second minor class of G-proteins with a higher affinity for the 

receptor.

Steepening of the binding curve was observed for all agonists tested at the
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Fig. 3 .6 . Competition of specific [^H]NMS binding to w ild-type and 

Glu^°®/Glu’ °  ̂ m utant m l and m 2 mAChRs by ACh and 
O xoM .

Binding assays were carried out by competition against a fixed concentration of 
radiolabelled antagonist, 3x10^° M (m l) or 5x10^° M (m2). Binding assays 

were carried out as described in "Experimental procedures". Data were analysed 

by SigmaPlot, Jandel Scientific, using either a one-site model (OxoM binding to 

the Glû °® / Glu’°̂  receptors) or a ternary complex model (ACh binding to all 
receptors, OxoM binding to the wild-type receptors) of binding. When fitting to 

the ternary complex model, the [GJ/[RJ ratio was fixed at 0 .38. Dotted lines 

represent a one-site model of binding passing through the IC5 0 , showing how the 

ACh binding curves deviate from a one-site model.

At least 4-8 independent experiments were carried out, in quadruplicate, for 
each ligand at each receptor. The points are the mean values for independent 
experiments; error bars are standard errors. The data has been corrected for 
[^H]NMS affinity by addition of the Cheng-Prusoff correction factor (see 

"Experimental Procedures"). The following symbols are used: O wild-type m l / 
m2 mAChR, #  Glu'°® / Glu^°\
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Table 3 .2 . A ffin ity constants, log K and log K^, derived from the
analysis of the binding of a number of agonists to the m l 
and m2 , w ild-type and Glu^°® / Glu^°^ m utant, receptors.

Agonist binding was by competition against a fixed concentration of [^H]NMS; 
3x10^° M ml or 5x10^° M m2, as described in "Experimental Procedures". 
When appropriate, data were analysed using a one-site model of binding, to 

derive a log affinity constant, log K. When data deviated from this model, a 

ternary complex model of binding was used, to derive log K, the log affinity 

constant for binding in the low affinity binary complex, and log K \ a composite 

parameter governing binding in the high affinity ternary complex (see "Data 

Analysis"). Using the ternary complex model of binding, the G/Rt ratios were 

fixed at 0 .38, as this was found to be the average ratio determined when the 

parameters were allowed to float.

Data are the mean values for 3-8 independent experiments, all carried out in 

quadruplicate, ±  the standard errors.
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ml mAChR m2 mAChR

Wild type Asp ’°® Glu °̂^ Wild type Asp^°^ Glu’°̂

Log K Log Log K Log Log K Log K" Log K Log

Acetylcholine 4.87  ±
0.03

5.92 ± 
0.07

3.59 ± 
0 . 0 2

3.98 ± 
0 . 1 1

5 .6 0 ±  
0 . 1 1

7.33 ± 
0 . 1 2

3 .58  ± 
0 . 1 1

4 .84  ±
0 . 2 1

Carbachol 3 .8 7 ±
0.08

4.96  ±
0.09

3.32  ±
0.05

- 5 .5 2 ±
0 . 2 0

7 .0 2 ±
0.30

3 .26  ±
0.13

4 .43  ±
0.03

Oxotremorine-M 5.09 ±
0.04

5.96 ±
0.04

5.09 ±
0.05

- 5 .7 8 ±
0.15

7 .6 0 ±
0 . 1 2

4 .8 9  ±
0.07

-

Methyl Furmethide 5 .0 2 ±
0.03

5.89 ±  
0 . 0 2

4.67  ±
0.03

- 5 .3 9 ±
0.05

6.67 ±
0 .50

4 .7 2 ±
0.08

-

L660,863 5.93 ± 
0.04

- 4.71 ±
0.08

- 6 .0 2 ±
0.06

7.67 ±
0 . 1 1

4 .9 4  ±
0.09

-

L658,903 6.42  ±
0 .04

7 .5 8 ±
0 . 0 2

5.37 ± 
0.08

- 6 .55  ±
0 . 2 2

8.24  ±
0 . 1 2

5 .5 2 ±
0 . 0 1

-

MCN-A343 5.53 ±  
0 . 0 2

- 5.31 ±
0.09

- 4 .8 5  ±
0 . 1 0

6.03  ±
0 . 1 0

4.91 ±
0.05

-

Pilocarpine 5.69 ±
0.03

- 5.24  ± 
0 . 0 1

- 5 .5 8 ±
0.06

6 .82  ±
0 .30

5.00 ±
0.04

-

Tétraméthylammonium 3.45  ± 
0 . 0 2

- 3 .43  ±
0 . 1 1

- 3 .27 - 3.20 -

Tetraethylammonium 4.20  ±
0.05

- 4 .23  ±
0 . 1 1

- 4 .19 - 4 .12 -



Table 3 .3 . A ffin ity  constants for the binding of ACh analogues to the  
m l and m2 , w ild-type and Glu^°® /  Glu’ °  ̂ m utant, receptors.

Binding assays were carried out by competition against 3 x 1 0 ’° M (m l) or 
5x10 ’° M (m2) concentrations of [^H]NMS, as described in "Experimental 
procedures". Data were analysed according to a one-site model of binding, 
where applicable, to derive the log value for one affinity constant, K. When the 
binding curve deviated from a one-site model, a ternary complex model of 
binding was used. Analysis using this model gave two parameters, log K and 

log (see "Data Analysis"), which govern binding of the agonist in the low 

affinity, binary, complex and the high affinity, ternary, complex respectively.

Screening studies were carried out to determine whether choline, acetyl-homo- 
choline, or the reversed ester of ACh were capable of binding with much higher 
affinity at the Glu mutant than at the wild-type receptor. These ligands all 
appeared to be unable to discriminate between the high and low affinity states 

at the mutant receptors, and therefore, these experiments were not repeated.

All other experiments were carried out at least three times, in quadruplicate; 
values represent the means of independent experiments ±  standard errors. The 
binding of { +  ) and (-) isomers of AyffMeCh at the m2 receptors (#) was not 
investigated due to a lack of availability of these isomers.
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ml mAChR m2 mAChR

Wild type Asp^°^ Glu °̂^ Wild type Asp^°^ Glu'°^

Log K Log Log K Log Log K Log Log K Log K"̂

Acetylcholine 4.87 ±
0.03

5.92 ±
0.07

3.59 ±
0.04

3.98 ±
0 . 1 1

5.60 ±
0 . 1 1

7.33 +
0 . 1 2

3.58 ±
0 . 1 1

4 .84  ±
0 . 2 1

{+  ) Acetyl-yff- 
methylcholine

4 .85  +
0.07

6 .0 0 ±
0.25

3.84 ±
0 . 0 2

- # # # #

{-) Acetyl-yff- 
methylcholine

3 .7 2 ±
0 . 1 1

- 3 .55 +
0 . 1 0

- # # #

Choline 3.06 - 3.14 - 2.93 - 2.56 -

Formylcholine 3.67 ±
0.07

- 3.42 ±
0 . 1 0

- 4.23  ±
0.13

5.46 ±
0.50

3.31 ±
0.06

-

Acetyl-homo-choline 4 .53  ±
0 . 0 1

- 3.86 - 4 .50 6.46 3.94 -

Reversed ester of ACh 4.60 6.13 3.78 - 5.23 7.21 3.79 -

ACh-NEt 4.88  ±
0.13

5 .7 3 ±
0.23

4 .1 9 ±
0 . 0 2

- 5.68 ±
0 . 2 0

7.41 ±
0.30

4 .08  ±
0 . 1 0

5.28 ±
0 . 2 0

ACh-NEtz 4.58  ±
0.07

- 4.37  +
0.08

- 4 .66  ±
0 . 1 1

5.91 ±
0.18

4 .52  ±
0.07

-



mutant receptors; thus, was always reduced more than K (tables 3.2, 3.3), 

and this effect was larger for the m2 than the m l . In general the m2 mAChR 

showed flatter binding curves, consistent with previous reports of the binding 

of agonists to m2 mAChRs from tissues (Birdsall and Hulme 1989). The effect 

of the mutation on binary complex formation, indicated by the reduction in K, 

varied, depending both on the structure of the agonist and on the receptor 

subtype. The largest effect was observed for ACh itself. Although both wild- 

type and mutant binding curves were adequately described by a ratio of [GJ/[RJ 

of 0.38, the possibility of a mutation-induced change in this parameter cannot 

be entirely excluded.

Oxotremorine-M (OxoM; fig. 3.4) is a synthetic muscarinic agonist having high 

affinity and high efficacy at wild-type mAChRs. It has always been considered 

comparable to ACh in binding as well as in evoking a functional response. 

However, in this study, the Asp to Glu mutation only caused a 2-fold (m l) and 

8 -fold (m2) reduction in K (table 3.2, fig. 3.6), in contrast to the 20-fold and 

100-fold reductions observed for ACh binding. Carbachol, another high affinity, 

high efficacy agonist, had only a small (3.5-fold) reduction at the m l Glu’°® 

mutant, whereas at the m 2  receptor, the mutation caused a reduction in affinity 

comparable to that of ACh. The binding of several partial agonists, such as 

pilocarpine, McNA343 and tétraméthylammonium (TMA), was not greatly 

affected by the mutation (tables 3.2, 3.3).

In contrast, the binding of some agonists, especially those emulating the 

interactions of ACh, was greatly perturbed by the mutation, particularly for the 

m2 subtype. Acetoxy-ethyl-N-ethyl-N,N-dimethyl ammonium (ACh-NEt, ACh 

containing an ethyl group substituted onto its headgroup) and ( -I- )-acetyl-;g- 

methylcholine (AyffMeCh) resemble ACh in their binding to wild-type and mutant 

receptors (table 3.3). The K values for the two potent quinuclidine oxadiazole 

analogues, L660,863 and L658,903 (see fig. 3.4 for the structures), were also 

greatly reduced (table 3.2). These oxadiazole analogues were designed to 

emulate the sidechain interactions of ACh (Saunders and Freedman 1989).
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3.3.5. The Effect of the Asp^°  ̂to Glu Mutation on the m l Receptor
Functional Response.

ACh was able to elicit a near maximum PI response at the mutant receptor but 

showed a large (1000-fold) reduction in potency (fig. 3.7 table 3.4), consistent 

with the large effect on observed in binding assays. Other agonists that were 

able to evoke PI hydrolysis underwent large reductions in their maximum 

responses (table 3.4). OxoM was only able to induce 20%  of the response seen 

at the wild-type receptor (fig. 3.7). Formylcholine and partial agonists such as 

pilocarpine, M cNA343 and TMA, were unable to elicit any response at the 

mutant receptor. The large effect of the mutation on the functional response to 

these agonists contrasts drastically with the small effects observed in binding 

studies (fig. 3.8).

3.3.6. The Relationship Between Binding and Functional Response.

The ability of an agonist to induce a functional response can, in principle, be 

predicted from the binding data. The functional response depends upon 

formation of the agonist-receptor-G-protein complex. Analysis of binding assays 

for full agonists generated a low affinity constant, K, and a high affinity 

constant, K \ which the model attributes to formation of the active ternary 

complex. The log value of for full agonists, or log K for partial agonists 

(where binding data was unable to distinguish between high and low affinity 

constants) was plotted against the -log ECgo values for the functional response 

(fig. 3.9). This showed that there is a very good relationship between ECgo 

values for PI hydrolysis and affinity constants of different agonists generated 

from analysis of the binding assays (correlation coefficient 0.93). Empirically, 

therefore, analysis of binding assays using a ternary complex model of binding is 

capable of giving a good indication of agonist potency in the functional 

response.

The -log ECgo values for the wild-type PI response were approximately one log 

unit higher than the log values determined in binding studies. This may be 

due to a spare receptor effect, reflecting amplification of the signal downstream 

of the G-protein; only a small proportion of the receptors may need to be 

activated in order to elicit a maximum response. At the mutant receptor,
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Fig. 3 .7 . The effect of the Asp-Glu mutation on the ability of ACh and 

OxoM  to induce a PI response at the m l mAChR.

COS-7 cells expressing the ml wild-type (O ), or Glu’°® ( • ) ,  receptors were 

seeded in 12-well plates and incubated in the presence of [^H]inositol. PI assays 

were carried out 72 h after transfection. Growing cells were stimulated for 
30 min with agonist. The cells were lysed by the addition of 0.5 ml 5%  

perchloric acid. 0.4 ml of the lysate was added to 0.1 ml 10 mM EDTA, and the 

acid neutralised by adding 0.5 ml 1:1 tri-n-octylamine : 1,1,2- 
trichlorotrifluoroethane. 0.3 ml of the aqueous phase was added to columns 

containing 1 ml AG 1-X8 resin (formate form) and total [^HJinositol phosphates 

eluted with 10 ml 1 M NH^COOH, 0.1 M HCOOH.

The specific response is plotted as a percentage of the maximum response 

elicited at the wild-type receptor by ACh; (a) ACh-induced PI hydrolysis, (b) 
OxoM-induced PI hydrolysis. The -log ECgo and maximum response are shown 

in table 3.4. At least three independent experiments were carried out for each 

agonist. Data shown is a representative experiment; error bars are standard 

errors of three replicate values.
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Wild-Type (Asp’°®) Glu'°®

-Log EC5 0

Max.
Response

(%)
-Log EC5 0

Max.
Response

(%)

Acetylcholine 7 .2 5 ±
0 . 2 2

( 1 0 0 ) 4 .27  ±
0 .04

( 1 0 0 )

Carbachol 6 .42  ±
0 .14

95 ±
1 1

3.01 ±
0.14

3 7 ±
9

Oxotremorine-M 6 .8 9 ±
0 . 1 2

93 ±
6

4 .78  ±
0.18

25 ± 
4

Methyl-Furmethide 6 .8 5 ±
0.30

61 ±
6

4 .42  ±
0.03

40 ±
15

L658,903* 8 . 2 0  ±
0.30

69 ±
16

- 2 0  ±
2

Formylcholine 5.09 ±
0 .30

98 ±
3

- 0

M cNA343 6.40  ±
0 .30

56 ±
15

- 0

Pilocarpine* 6 . 1 0 ±
0.30

69 ±
1 0

- 6 ±
6

Tétraméthylammonium 4 .3 0  ±
0 . 0 1

60 ±
3

- 0

C4 -TMA 5.39 92 - 0

Table 3 .4 . The -log EC50 values and maximum responses determined for 

agonist-induced PI hydrolysis of the m l w ild-type and Glu’ °® 
m utant receptors.

PI hydrolysis assays were carried out on COS-7 cells expressing the m l wild- 
type or Glu °̂® mutant receptors as described in "Experimental Procedures". Data 

analysis was carried out using a four parameter logistic function model, as 

described in "Data Analysis", to generate -log EC5 0  and maximum response 

values. The EC5 0  values represent the concentration of agonist required to elicit 
half the maximum response. Values are the means of at least three independent 
experiments, carried out in triplicate, ±  standard errors. The one exception to 

this is C4 -TMA. This was a screening experiment, carried out twice to determine 

whether any activation of the mutant receptor could be detected. PI hydrolysis 

experiments using agonists marked with an asterisk were carried out in the 
laboratory by Dr. P. Jones.
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Fig. 3 .8 . Comparisons of the effects of the Asp-Glu mutation on the  

binding and the functional responses induced by the tw o  

partial agonists, T M A  and M cN A 343  at the m l mAChR.

Binding assays were carried out on membrane preparations, by competition with 

3x10 ’° M [°H]NMS. Data were analysed using a one-site model of binding. PI 
assays were carried out on growing COS-7 cells transiently expressing the wild- 
type (O), or Glu’°® mutant ( • )  receptors. The assay protocols and the models 

for data analysis are described in "Experimental Procedures".

(a) TMA binding, (b) TMA-induced PI hydrolysis, (c) M cNA343 binding, (d) 
McNA343-induced PI hydrolysis. Data represent the mean values of at least 
three independent experiments, error bars are standard errors. Binding data are 

plotted as a percentage of the specific binding of [°H]NMS, PI data represent 
the percentage of the maximum specific PI hydrolysis induced by ACh at the 

wild-type receptor. No PI hydrolysis was detected in cells expressing the 
mutant receptor.

1 1 0



5

13
C
3
O

ÛÛ

00

1 0 0

80

60

40

20 ■ TMA
0

9:? 100

rv: 60

(D 100
McN

80CL

60

40

20

0
4

[L igand ] (Log M) 

1 1 1



(D
CO
C
o
Û_
co
0

cr

o
m

O

en
O

9

8

7

6

5

4

3
7 8 9

T
Log K (TC Binding)

Fig. 3 .9 . Correlations between the log values derived by analysis of 
the binding data and -log EC50 values derived by analysis of 
the PI functional data.

Binding data for full agonists was analysed using a ternary complex to generate 

a low affinity constant, K, and a high affinity, composite constant, (see "Data 
Analysis"). For partial agonists, where the binding data was unable to 

distinguish between the low and high affinity states, a one-site model of binding 

was used. Log for full agonists, or log K for partial agonists, was plotted 

against the -log EC5 0  value of the PI response, for both the wild-type ml 
receptor (O), and the Glu’°® receptor ( • ) .  Each point represents the mean value 

of at least three independent experiments (except C4 -TMA, see table 3.4). Error 
bars are the standard errors for the -log EC5 0  values generated by PI assays.
Data are taken from tables 3.2, 3.3, and 3.4.

The correlation coefficients were calculated to be 0 .96  (wild-type) and 0.93  
(Glu'°®).

1 1 2



however, the log and -log EC5 0  values were approximately equal, suggesting 

that the spare receptor ratio was reduced. An alternative possible explanation is 

that the parameter may be a composite reflecting the participation of a mixed 

population of G-proteins, each having a different affinity for the activated 

receptor. The PI response may be due to a minor population of G-proteins 

having "superhigh" affinity for the activated receptor, which is not resolved in 

binding studies on the ml mAChR.

The differences between the effect of the mutation on binding and function for 

different agonists were predicted from the analysis of the binding curves. The 

reduction in for ACh binding is 100-fold at the m l Glu °̂® mAChR. For other 

agonists, such as OxoM, cannot be measured at the Glu’°® receptor, but if we 

assume that the reduction is actually similar to that seen for ACh, becomes 

less than K, suggesting that binding to the mutant receptor should now 

correspond to formation of the low affinity, binary complex, rather than the 

active ternary complex. Thus, although the low affinity constant, K, for the 

binding of OxoM is little affected by the mutation, very little high affinity ternary 

complex is formed, suggesting that the maximum functional response of the 

receptor should be greatly reduced. This was confirmed by observation (fig.

3.7).

The results from both binding and functional assays suggest that the precise 

position of the charge of Asp^°VAsp^°^ is more important for binding the ligand 

in the activated state than in the ground state of the receptor. The effect of the 

mutation on binding in the low affinity ground state was variable.

3.4. The Effect of the Asp-Glu Mutation on the
Structure-Activity Relations of Acetylcholine 
Analogues.

The binding of ACh to the mAChRs was unusual, especially for the m l subtype, 

as the mutation caused a larger effect on its low affinity binding, reflecting 

binary complex formation, than was seen for other potent high efficacy 

agonists, such as OxoM. In order to probe the interactions made by ACh in the 

binding site of the wild-type and mutant receptors, a variety of ACh analogues, 

which have altered sidechain moieties (see fig. 3.10), have been used.
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Fig. 3 .1 0 . The structures of some analogues of ACh.
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3.4 .1. The Effect o f Altering the Length o f the ACh Sidechain.

Ing observed, over 40  years ago, that a sidechain of five atoms in length was 

critical for the achievement of maximum pharmacological potency by ACh 

analogues (Ing 1949). Binding, and in some cases functional, assays were 

carried out on the wild-type and mutant receptors, to determine whether it was 

possible to compensate for the Asp to Glu mutation by manipulating the 

sidechain of ACh. In agreement with the classical 5-atom rule (Ing 1949), a 

ligand with a sidechain of 5 atoms (ACh itself) was optimal for binding to the 

wild-type receptor. The mutation of Asp to Glu is simply the addition of one 

CHg group to the sidechain of Asp. It was therefore considered possible that an 

analogue of ACh having a different sidechain length (for example, 4 or 6  atoms) 

may be optimal for binding to the mutant receptor.

The Effect of the Mutation on the Binding of Acetvl-homo-choline.

The analogue, acetyl-homo-choline (CH3 -COO-CH2 -CH2 -CH2 -N(CH3 )3 ), contains 

one more CH2 group than ACh in its sidechain (see fig. 3.10). It was considered 

possible that the presence of this additional CH2 group might be able to 

compensate for the Asp-Glu mutation. The homologous Asp to Glu mutation in 

the yffAR caused the mutant receptor to recognise some antagonists, which had 

an enhanced sidechain-headgroup distance relative to agonists, as partial 

agonists (Strader et a!. 1989a). This observation was not reproduced in the 

present study. Acetyl-homo-choline had a lower affinity for the mutant receptor 

than the wild-type receptor (log K values reduced almost 4-fold (m l) and 5-fold 

(m2); table 3.3).

The Effect of the Mutation on the Binding of Choline.

Choline, having a 3-atom sidechain, had a greatly reduced affinity, compared 

with ACh, at both wild-type and mutant receptors (table 3.3). The affinity 

constants (log K: 3.1 ml wild-type; 3.1 ml Glu’°®; 2.9 m2 wild-type; 2.6 m2 

Glu °̂ )̂ were lower than those for the "isolated" ACh headgroup, TMA. Choline 

contains the ether oxygen atom of ACh but is capable of acting as a hydrogen 

bond donor as well as an acceptor. This large decrease in affinity may therefore 

be due to the hydroxyl group of choline forming inappropriate hydrogen bonds 

with the receptor, or hydrogen bonding to the solvent water, diminishing its 

tendency to partition into the receptor binding site.
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The Effect of the Mutation on Binding and PI Response to Formylcholine.

Removal of the methyl group from the end of the sidechain of ACh produces a 

ligand, formylcholine (FCh; fig. 3.10), having a 4-atom sidechain. Removal of 

this methyl group from ACh caused a large decrease in affinity for the wild-type 

receptors (table 3.3, fig. 3.11). FCh had a 16-fold (m l) or 23-fold (m2) lower 

affinity than ACh, measured by the binary affinity constant, K. These results 

indicate that the methyl group of ACh is important for binding to the wild-type 

receptor.

Although the Asp-Glu mutation caused a large inhibition on ACh binding, its 

effect on the binding of FCh was much smaller; the K values were reduced 1.8- 

fold (m l) and 8.3-fold (m2). The differences in affinity between FCh and ACh 

were much less for the mutant than for the wild-type receptors. Thus, the 

terminal methyl group makes a less important contribution to ACh binding to the 

mutant than to the wild-type receptors.

PI assays on the m l wild-type mAChR showed that the potency of FCh was 

greatly (145-fold) decreased compared to that of ACh (fig. 3 .11 , table 3.4). 

However, FCh was still able to elicit almost a 100%  response. In contrast, no 

PI hydrolysis could be detected for the mutant receptor. Therefore, if the 

headgroup interactions are disrupted (by the Asp-Glu mutation) or the sidechain 

interactions weakened (by removal of the ACh methyl group), the ligand- 

receptor complex remains able to induce a functional response. However, the 

simultaneous disruption of both headgroup and sidechain interactions abolishes 

the functional response.

These results suggest that efficient activation of the receptor requires productive 

interactions of both the headgroup and acetyl methyl group with the binding 

site. In the binary complex, both sets of bonds may be disrupted by the Asp-Glu 

mutation, implying that their formation depends upon the precise position of the 

Asp^°^/Asp’°̂  carboxylate group within the binding site. In the ternary complex, 

the positive cooperativity between agonist and G-protein may be sufficient to 

overcome the dislocation of the headgroup interaction in the case of ACh, where 

all the other contact points are intact, but not in the case of FCh, where the 

important methyl group interaction has been lost.
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Fig. 3 .1 1 . Comparisons of the binding of FCh and the PI hydrolysis 

evoked by FCh at the m l w ild-type and Glu^°® m utant 
receptors.

(a): The binding of FCh to the wild-type (O) and mutant ( • )  receptors. Binding 

was carried out by competition against 3x10‘ °̂ M [^H]NMS, as described in 

"Experimental Procedures". Data were analysed using a one-site model of 
binding and plotted as a percentage of total specific [^H]NMS binding, after 
addition of the Cheng-Prusoff correction factor (see "Data Analysis" in 

"Experimental Procedures"). Each point represents the mean value of three 

independent experiments, each carried out in quadruplicate; error bars are 

standard errors.

(b): The FCh-induced PI hydrolysis at the wild-type receptor. No activity was 

detectable in cells expressing the mutant receptor. Data are plotted as 

percentage of the maximum specific response induced by ACh at the ml 
mAChR. Each point is the mean value of three independent experiments, carried 

out in triplicate; error bars are standard errors.
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3.4.2. The Effect of the Mutation on the binding of (+ )  and (-)
A cetyi-p-Methyicholine isomers.

Substitution of a methyl group onto the yff-carbon atom of ACh produces a ligand 

with a chiral carbon atom (fig. 3.12). This gives rise to a pair of optical isomers, 

the ( + ) and (-) isomers of acetyl-yff-methylcholine (Ay^MeCh). There is a well- 

established stereoselectivity for the ( 4- ) isomer over the (-) isomer in producing 

muscarinic receptor-induced contractions in the guinea-pig ileum (Ringdahl 

1 986), the ( + ) isomer having a similar potency to ACh. It is thought that ACh 

takes up an anticlinal conformation when bound to mAChRs, a conformation 

which the ( +  ) isomer, but not the (-) isomer, is able to adopt (Ringdahl 1986). 

These isomers have been used to determine whether the enantioselectivity is 

retained at the mutant receptors.

The affinity constants derived from the binding of ( +  )AyffMeCh to the ml wild- 

type receptor were found to be 4.85 (log K) and 6 .00  (log (fig. 3 .12, table 

3.3). These are very similar to the values determined for ACh, showing that the 

yff-methyl group of (-i-)A)ffMeCh does not interfere with binding. In contrast, the 

(-)Ay&MeCh binding curve fits to a one-site model at the ml wild-type receptor, 

with a log K value of 3.72. This is 13-fold lower than the affinity constant for 

the binding of ( -h )AyffMeCh indicating that the >ff-methyl group of the (-) isomer 

does interfere with binding. The steric hindrance between the yff-methyl group of 

the (-) isomer and either the onium headgroup of the ligand or the receptor is 

thought to cause the sidechain interactions to be disrupted. This result is 

consistent with previous reports (Ringdahl 1986).

The Glu °̂® mutant m l mAChR shows little stereoselectivity for AyffMeCh binding 

(fig. 3 .12, table 3.3). The binding of both isomers fits to a one-site model; the 

(-I-) isomer having a similar affinity to the (-) isomer. These affinities are also 

similar to the affinity of the (-) isomer at the wild-type receptor.

Thus, the binding of the active (4-) isomer of AyffMeCh to the mutant receptor 

becomes equivalent to the binding of the inactive (-) isomer of Ay^MeCh to the 

wild-type receptor. Neither ligand is able to form the full set of interactions 

which characterise the active anticlinal bound conformation. This is consistent 

with the carboxylate group of Asp °̂® providing the crucial anchor point for this
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Fig. 3 .1 2 . The effect of the Asp^°®Glu mutation in the m l mAChR on 

the binding of the ( +  ) and (-) isomers of A^M eCh.

Binding was carried out by competition against 3x10 ’° M [°H]NMS, as described 

in "Experimental Procedures". Data are plotted as percentage of specific 

[°H]NMS binding. Each point represents the mean value of three independent 
experiments, all carried out in quadruplicate; error bars are standard errors. Data 

has been corrected for [^HINMS affinity by addition of a correction factor (see 

"Data Analysis"). The following symbols have been used: (O) the ( + ) isomer at 
the m l wild-type receptor, analysed using a ternary complex model of binding; 
( • )  ( +  ) isomer at the Glu’°® mutant receptor, analysed using a one-site model; 
and the (-) isomer at the (v) wild-type and (▼) Glu’°® mutant receptor, both 

analysed using a one-site model of binding.

M e \

H  ""yp M e

H  O

{ +  ) A fiM eC h

M e

0

1 2 0



set of interactions.

3.5. The Effect of the Asp-Glu Mutation on Activity
versus Chain Length in the Aikyi-TMA Series.

There is a well-established relationship between efficacy and chain length of n- 

alkyl-trimethylammonium (TMA) compounds, as determined by pharmacological 

(Stephenson 1956) and binding (Hulme et at. 1975) studies. C,- (TMA itself), 

Cj- and C3 -TMA all have low efficacy. There is a large increase in efficacy for 

C4 - and Cg-TMA, and a decrease for Cg-TMA. The aim of these experiments 

was to determine whether the characteristic relationship between chain length 

and agonist binding for the wild-type receptor was maintained at the mutant 

receptor.

As the length of the sidechain of the alkyl-TMA series increased (up to Cg), the 

affinity of the ligand for the wild-type ml and m 2  receptors also increased (fig.

3.13). At the m2 wild-type mAChR, in particular, the C4 - and Cg-TMA binding 

curves were "flatter" than those of the C,-, Cg-, C3 - or Cg-TMA analogues (fig.

3.13). In general, as we have seen, the ability of an agonist to bind selectively 

to high affinity sites is a good indication of its ability to induce a functional 

response. This suggests that, at the wild-type receptor, there is an increase in 

efficacy for the C4 - and Cg-TMA analogues, as compared to the other analogues.

Screening studies showed that all of the TMA analogues (C^-Cg) were able to 

functionally activate the wild-type m l mAChR (data not shown). These results 

were consistent with those of the binding assays; C4- and Cg-TMA were full, 

high efficacy agonists, whilst the other analogues were partial agonists.

These results suggest that C4 - and Cg-TMA may be able to bridge the space 

between the site of the headgroup interaction, the Asp in TMD III, and a 

different site, perhaps the presumptive methyl binding pocket, most likely on a 

different TMD. The Asp-Glu mutation preserves the carboxylate charge but 

extends the amino acid sidechain by one CHg group. As the TMA analogues are 

simple compounds, the sidechains being extended by one CHg group as the 

series is ascended, it was considered possible that an analogue with a different
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Fig. 3 .1 3 . inhibition of specific [^HINMS binding to m 2 w ild -type and
mAChRs by T M A  analogues.

Ligands were competed against a fixed concentration of [^H]NMS (5x10'^° M) 
and binding assays were carried out as described in "Experimental Procedures". 
Ligands had the structure: H-(CH2 )n-N(CH3 )3 , where n is 1-5; O TMA, #  Cg- 
TMA, V C3 -TMA, ▼ C4 -TMA, □  Cg-TMA, ■  Cg-TMA. The TMA analogues were 

used for screening purposes, to determine whether any analogues displayed high 

affinity binding at the Glu °̂  ̂ receptor. Where "flat" binding curves were seen at 
the wild-type receptor (C4 - and Cg-TMA), at least three independent 
experiments, which gave the same results, were carried out on both wild-type 

and mutant receptors. The data shown are from representative experiments; 
error bars are the standard errors of four replicates. C4 - and Cg-TMA at the wild- 
type receptor were analysed using a ternary complex model of binding; the 

remaining curves were analysed using a one-site model (see "Data Analysis).
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length sidechain might be optimal to bridge the space between the TMDs. This 

would be evident by the "flatness" of the curve in binding studies, particularly 

for the m2 subtype, and the maximum response of PI assays.

The results from these studies showed that the Asp-Glu mutation did not have a 

large effect on the low affinity binding of the TMA analogues, particularly at the 

m l subtype (fig. 3.14). The binding curves were all steep, even at the m2 

Glu °̂  ̂ receptor (fig. 3.13), suggesting that the analogues were unable to 

distinguish between the low affinity binary and high affinity ternary complexes. 

This was confirmed by the functional data; no PI hydrolysis was detected at the 

mutant receptors for any of the analogues (data not shown). Therefore, as with 

other partial agonists, it appears that although the binding of these compounds 

is little, if at all, affected by the mutation, their ability to induce a functional PI 

response is abolished.

Fig. 3 .14 shows the relationship between binding affinity constants and chain 

lengths for the series of alkyl-TMA compounds and for the series of ACh-like 

compounds. This shows that the correlation of increased chain lengths and 

increased affinities of the alkyl-TMA series observed for the wild-type receptors 

is maintained at the mutant receptors. In contrast, the relationship of chain 

lengths and affinities for the ACh-like analogues is not maintained at the mutant 

receptors. At the wild-type receptors, there is a large increase in the affinity of 

the 4-atom analogue, (formylcholine) compared to the 3-atom analogue (choline) 

and a further increase in the affinity of the 5-atom analogue (ACh). The affinity 

of the 6 -atom analogue (acetyl-homo-choline) is lower. The affinity constants 

are plotted as log values; any differences are therefore much larger than appear 

on the log scale. At the mutant receptors, the large increases in affinity 

between the 3- to 4-atom and the 4- to 5-atom analogues do not occur.

The progressive increases in affinity as the chain length increased from 3- to 6 - 

atoms for the ACh-like compounds at the mutant receptors is very similar to 

those of the alkyl-TMA analogues. The striking feature of fig. 3 .14  is that ACh 

(and to a lesser extent, FCh) binds with a much higher affinity than the other 

analogues to the wild-type receptors. This suggests that the specific productive 

interactions made by the ester group and terminal methyl group of ACh with the 

wild-type receptor are not made with the mutant receptor. Consistent with the
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Fig. 3 .1 4 . Comparisons of the m 1/m 2 log K values, from ligand binding 

studies, and the ligand chain length for ACh and T M A  

analogues.

Binding assays were analysed by SigmaPlot, Jandel Scientific, and fitted to 

either a one-site or a ternary complex model of binding, to generate a log K 

value representing the low affinity binding constant. The log K values are 

plotted against the chain length of either ACh analogues (compounds with an 

ACh-like sidechain; TMA, Cg-TMA, choline, FCh, ACh, A(CH2 )Ch) or alkyl-TMA 

analogues (compounds with an n-alkyl sidechain; Ci-Cg-TMA). The plots show 

the m1/m2 wild-type mAChRs (O) and the Glu’°® / Glu °̂  ̂ mutant mAChRs ( • ) .
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A)ffMeCh binding results, it appears that the cooperative interactions made by 

both the headgroup and sidechain of ACh with the wild-type receptor are 

disrupted by the Asp-Glu mutation.

3.6. The Effect of the Mutation on the Binding of /V-

ethyi-Substituted Anaiogues of ACh.

The optimum bond length between the headgroup of ACh and the charged 

residue is considered, from calculations and modelling studies, to be 

approximately 3Â (Schulman et a!. 1983). In order to probe the interaction of 

the ACh headgroup with the Asp (wild-type) or Glu (mutant) receptor, binding 

assays were carried out using N-ethyl-substituted analogues of ACh.

Substitution of methyl by ethyl groups in the headgroup of ACh produces 

ligands with bulkier headgroups than those of ACh (fig. 3.10). Di- and tri-ethyl 

substitutions (ACh-NEtj and ACh-NEtg), in particular, would directly prevent the 

headgroup forming an optimal ionic interaction with the carboxylate group of 

either Asp or Glu, due to the steric hindrance by the bulky headgroup. As the 

size of the headgroup of the ligand increases, we would therefore expect its 

affinity for the wild-type receptor to decrease.

The results from binding assays on the ml and m2 wild-type receptors were as 

expected; increasing the number of substitutions on the headgroup of ACh 

caused a decrease in affinity of the ligand for the receptor (fig. 3 .15, table 3.3).

The mono-ethyl substituted analogue bound with affinities similar to those of 

ACh, in terms of log K and log K \ to both m l and m2 mAChRs. Thus, the 

replacement of one methyl by an ethyl on the headgroup still allowed a tight 

ionic interaction to be formed between the positively charged headgroup of the 

ligand and the negatively charged carboxylate group of Asp. The ethyl group on 

the headgroup of ACh can rotate out of the way, still allowing the headgroup to 

form the optimal ionic interaction with the Asp of the receptor. Only one degree 

of rotational freedom for the binding of the ligand is lost as a result.

Two (fig. 3.15) or three (data not shown) substitutions of ethyl groups caused a 

larger disruption of binding to the wild-type receptor. The binding curves also 

steepened, suggesting that ternary complex formation was inhibited. The
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Fig. 3 .1 5 . The effect of the Asp^°®Glu mutation on the binding of N- 
ethyl-substituted analogues of ACh to the m l mAChR.

Competition binding assays were carried out against a fixed concentration 

(3x10'^° M) of [^H]NMS, according to the protocol described in "Experimental 
Procedures". Data are plotted as percentage of specific [^HJNMS binding, in the 

absence of unlabelled ligand, after correction for the affinity of [^H]NMS 

(according to Cheng and Prusoff 1973). Each point represents the mean of 
three independent experiments, each carried out in quadruplicate; error bars are 

standard errors. The following symbols are used: ACh at the wild-type (O ) and 

mutant ( • )  receptors; ACh-NEt at the wild-type (v) and the mutant (▼) 
receptors; ACh-NEtz at the wild-type (□ )  and the mutant (■ )  receptors. The 

binding data was analysed using a ternary complex model (O , # ,  and v) or a 

one-site model (▼, □ ,  and ■ )  of binding.
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enlarged headgroup of these ligands would be expected to force the ligand 

further away, preventing the optimal ionic interaction from being formed.

In contrast, increasing the number of substitutions on the ACh headgroup 

actually increased the affinity of the ligand for the mutant receptors (table 3.3, 

fig. 3.15). The log K values for di-ethyl substituted ACh increased by 6 -fold 

(m l) to 9-fold (m2) over those for ACh. This analogue bound with similar 

affinity to the wild-type and mutant receptors, indicating that di-ethyl 

substitution almost abolished the effect of the mutation. The net effect of di- or 

tri-ethyl substitution on the headgroup is similar to, and non-additive with that of 

the Asp-Glu mutation, suggesting that both perturbations affect the binding of 

ACh in similar ways. These results also suggest that the N-ethyl-substituted 

analogues are able to make interactions with the mutant receptors, which are 

additional to those made by ACh.

3.7. Investigation of the Subtype Selectivity of Agonists
at mAChRs.

Some ligands show a small selectivity between subtypes of mAChRs, binding 

with higher affinity to the m l or m2 mAChR. Most of the subtype-selective 

ligands are antagonists, such as the two antagonists already mentioned in 

section 3 .2 .1 ., AGRA741 (having a higher affinity for m2 than ml ) and 

pirenzepine (selective for m l over m2). The subtype selectivity of the 

antagonists was maintained, partly or completely, at the mutant receptors.

The partial agonist, M cNA343 (an oxotremorine-M derivative; see fig. 3.4) also 

displays a small subtype selectivity, having a higher affinity for m l than m 2 . 

Presumably, this selectivity results from a different set of interactions made by 

the sidechain of the ligand at the different subtypes. To determine whether the 

subtype selectivity of M cNA343 is maintained at the mutant receptors, binding 

studies were carried out on the ml and m2  wild-type and mutant receptors.

3.7.1. The Effect of the Mutations on the Binding of McNA343.

M cNA343 also retains its selectivity, having a higher affinity for the ml mutant 

than the m2 mutant receptor (fig. 3 .16, table 3.2), suggesting that at least
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Fig. 3 .1 6 . The effect of the Asp-Glu mutation on the binding of the m l 
subtype-selective agonist, M c N A 3 4 3 , to  the m l and m 2  

w ild-type and m utant receptors.

Binding was carried out by competition of McNA343 against a fixed 

concentration of [^HJNMS (3x10^° M m l, 5x10’’° M m2). Data are plotted as 

percentage specific [^H]NMS binding after correction for [^HJNMS affinity (see 

"Data Analysis" and "Experimental Procedures"). Each point represents the 

mean of at least three independent experiments, all carried out in quadruplicate. 
Error bars represent standard errors, (a) McNA343 binding curve for the wild- 
type m l (O) and m2 (# )  receptors. The data for the m l wild-type curve was 

analysed on SigmaPlot using a one-site model, whereas the m2 wild-type curve 

was analysed using a ternary complex model of binding (see table 3.2). (b) 
M cNA343 binding curve for the m l Glu’°® (v) and m2 Glu’°̂  (▼) receptors. Both 

curves were analysed using the one-site model of binding. Dotted lines 

represent the plots for the binding of the wild-type receptors, taken from (a).
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some of the sidechain interactions responsible for the subtype selectivity of 

M cNA343 are probably maintained when it binds to the mutant receptors.

M cNA343 is the only agonist studied which shows a selectivity towards the ml 

subtype. Other agonists often show a higher affinity towards the wild-type m2 

mAChR but this selectivity is lost in the Glu mutant receptors. Any m2 

selectivity is probably due to an intrinsic property of this subtype; for instance, 

agonist binding may cause a conformational rearrangement, even in the absence 

of a G-protein. In contrast, the selectivity of McNA343 is also retained at the 

mutant mAChRs, suggesting that McNA343 owes its selectivity to different 

interactions of its sidechain with the two subtypes, interactions which are not 

disrupted by the mutation. The Glu mutant receptors could therefore be 

valuable for the screening of prospective subtype-selective drugs; these 

receptors would reveal differences in binding between the subtypes, unobscured 

by differences in agonist efficacy.

If McNA343 maintains the same interactions at the wild-type and mutant 

receptors, the same may be true for the binding of other ligands, especially 

those where binding is not affected by the mutation, such as OxoM and the 

alkyl-TMA series.

3.8. The Effect of Mutating to an Asparagine
Residue.

3.8.1. Introduction.

The experiments described so far imply that the precise position of the charge of 

Asp’°VAsp^°^ within the binding site is more important in the high affinity 

binding state, leading to activation, than in the low affinity binary complex.

There is also the possibility that ligands have different modes of interactions in 

the binary complex. It is unclear, from those experiments, however, what 

contribution the charge on the GIu^°VGIu °̂̂  makes in the binding of ligands. For 

instance, in contrast to the strong effect on ACh binding, the binding of the 

alkyl-TMA compounds to either m l or m2 receptors was little, if at all, affected 

by the mutation of Asp-Glu, and the mutation also had surprisingly little effect
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on the binding of OxoM. There are at least two possible explanations to 

account for this insensitivity:

(i). Binding of ligands such as the alkyl TMA compounds is less dependent 

on the ionic interaction with Asp’°®/Asp’°̂  than on hydrophobic 

interactions involving their alkyl sidechains. These agonists may bind to 

a site further away from the Asp residue than the ACh binding site and 

the binding therefore be less disrupted by the mutation.

(ii). The positively charged headgroup of these ligands may make similar, 

ionic interactions at both the Asp and at the Glu receptors. This is 

particularly plausible in the case of TMA itself, which is a very small 

compound, consisting of only the headgroup moiety of ACh. More 

generally, the ionic interaction may be maintained, but the non-ionic 

interactions of ligands could be rearranged in such a way as to maintain 

the overall binding energy.

In each case, the implication is that these ligands are capable of alternative sets 

of interactions with the mutant receptor, which ACh is unable to make.

To try to differentiate between these possibilities, experiments were carried out 

on a mutant receptor in which the charge of Asp’°® had been deleted. The semi

conservative mutation of Asp’°® to Asn removes the carboxylate charge but 

retains the bulk and some of the hydrogen bonding potential of the residue. 

During the course of this study, it became evident that it was possible, with 

difficulty, to measure direct binding of [^H]NMS to the Asn’°® receptor. 

Competition binding assays using ACh, OxoM, TMA and TEA could therefore be 

carried out.

TMA corresponds to the headgroup moiety of ACh, whereas TEA (tetraethyl- 

ammonium) is the headgroup of ACh containing ethyl groups in place of the 

methyl groups. Like the di- and tri-ethyl substituted analogues of ACh, TEA 

should be unable to form an optimal ionic interaction with the Asp residue as its 

bulk should force the bond length to be increased. Asp °̂® would therefore be 

anticipated to be less important for the binding of TEA than for the binding of 

ACh, and we should expect to see less disruption of its binding when the charge 

is deleted. TMA, however, is not sterically hindered from making a tight 

interaction with Asp^°^, and it may therefore also be capable of making an

132



equally tight interaction with the Glu carboxylate group. If that was the case, 

we would expect its binding to be more disrupted than that of TEA by the 

mutation to Asn. The effect of the Asp to Asn mutation on TMA binding might 

resemble the effect on ACh binding if both onium groups form equivalent ionic 

bonds. If, however, the ionic interaction with Asp °̂® is less important for the 

binding of TMA, then deletion of the charge might affect its binding less than it 

affects the binding of ACh.

These experiments were carried out on the receptors stably expressed in CHO 

cells, rather than COS-7 cells. No differences in wild-type receptors expressed 

in either COS-7 cells or CHO cells were detected for binding studies (data not 

shown).

3.8.2. The Effect of the Asp^°^Asn Mutation on Ligand Binding and
Functionai Pi Hydroiysis.

[^HJNMS and ACh affinities were reduced by 100-fold and 220-fold, 

respectively, by the Asp’°®Asn mutation (fig. 3 .17, table 3.5). The Asp-Asn 

mutation also caused the binding curve for ACh to steepen considerably. These 

effects were qualitatively similar to those of the Glu mutation, but more 

extreme. No PI activity was detected for the Asn mutant receptor, even using 

ACh as the agonist.

The Binding of OxoM.

As seen for the Asp-Glu mutation, the Asp-Asn mutation affected the binding of 

ACh more than the binding of OxoM (fig. 3.17). The log K values for the 

binding of OxoM were 5.06 (wild-type) and 3 .40 (Asn^°® mutant receptor), 

showing a 43-fold reduction in affinity (table 3.5). OxoM bound with a higher 

affinity than ACh (log K: 2.64) to the Asn °̂® mutant receptor. This suggests 

that OxoM can make interactions with the receptor, which are different from 

those made by ACh, and which allow it to retain a higher affinity after abolition 

or dislocation of the charge interaction.

The Binding of TMA and TEA.

The Asp to Asn mutation caused a reduction in affinity of 220-fold for ACh 

binding but only 26-fold for TMA binding, almost 10-fold less than the reduction
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Fig. 3 .1 7 . The effect of mutating Asp^°® to Asn, in the m l m AChR, on 

the binding of AC h, O xoM , T M A , and TEA.

Binding assays were carried out on membrane preparations from CHO cells 

stably expressing the m l wild-type (O), or Asn’°® mutant { • ) ,  receptors 

(supplied by Dr. C. Fraser, Fraser et al. 1989). Binding was by competition 

against a fixed concentration of [^H]NMS (3 x 1 0 ’° M ml wild-type, or 10'® M m l 
Asn’°® receptor), as described in "Experimental Procedures". The data represent 
the mean values from at least three independent experiments, all carried out in 

triplicate; error bars are standard errors. The Cheng-Prusoff correction factors 

(see "Data Analysis") have been added to the data to correct for [^HJNMS 

affinity, and the data plotted as percentage of specific [^H]NMS binding in the 

absence of unlabelled ligand. The binding of ACh and OxoM to the wild-type 

receptor was analysed using a ternary complex model; all other curves have 

been analysed using a one-site model of binding.
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Log K K(Asp'°®)/
K(Asn'°®)

AspT°s Asn °̂®

[^H](-)N-Methylscopolamine 1 0 . 1 0 ±
0.04

8 . 1 0 ±
0 . 2 0

1 0 0

Acetylcholine 4 .99  ±
0.03

2 .64  ±
0 .04

2 2 0

Oxotremorine-M 5.06 ±
0.04

3 .40  ±
0 .24

43

Tétraméthylammonium 3 .3 8 ±
0.07

1 .9 6 ±
0.04

26

Tetraethylammonium 4.21 ±
0.04

2 .94  ± 
0.07

19

Table 3 .5 . The log values of the low affinity constants, for the binding 

of ligands to the w ild-type and Asp^°®Asn m utant receptors.

[^H]NMS affinity was determined by carrying out direct binding assays and also 

by competition assays using unlabelled NMS. The affinity constants for the 

binding of the other ligands were deduced from competition assays using a fixed 

concentration (3x10'^° M wild-type, or 10'® M Asn^°®) of [^H]NMS (see 

"Experimental Procedures"). Data were analysed on SigmaPlot, using either a 

one-site model or a ternary complex model of binding to deduce an affinity 

constant, K, for the low affinity binding ("Data Analysis"). Values are the 

means from at least three independent experiments, carried out in quadruplicate, 
±  standard errors.
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in ACh binding (fig. 3 .17, table 3.5). TEA binding was only inhibited 19-fold by 

the mutation. This suggests that the charged sidechain of Asp’°® is less 

important for the binding of either TMA or TEA to the receptor than it is for the 

binding of ACh.

TEA bound to the wild-type receptor with a 10-fold higher affinity than TMA and 

this increased affinity was retained at the Asn’°® mutant receptor. This may 

reflect enhanced van der Waals interactions from the longer alkyl chains of TEA 

in both the wild-type and mutant binding sites. A working hypothesis is that 

both of these simple onium compounds interact with a more hydrophobic 

binding site, which may be slightly further away from the Asp carboxylate group 

than is the primary binding site of the ACh headgroup.

The effect of the Asp-Asn mutation on the binding of OxoM, TMA and TEA, is 

larger than the effect of the Asp-Glu mutation. Therefore, although the Asp 

residue may make a smaller contribution to binary complex formation than it 

does in the case of ACh, the binding of OxoM, TMA and TEA is still influenced 

by the carboxylate negative charge.

3.9. Conclusions.

The major conclusions drawn from this part of the study are summarised below:

(i) The precise position of the carboxylate charge of the Asp residue is more 

important for the binding of agonists in the active state of the receptor 

than for the binding of ligands in the inactive ground state of the receptor.

(ii) The charge interaction is important for the binding of ACh in the binary 

complex, but makes a variable contribution for the binding of other ligands.

(iii) The cooperative interactions of both the headgroup and sidechain of ACh 

with the receptor are required for its activation. The precise position of 

the Asp carboxylate group is critical for these productive interactions to be 

formed in the active conformation of the receptor.

(iv) The sidechain interactions made by certain other ligands, however, do not 

appear to be disrupted by the Asp-Glu mutation; the stereo- and subtype-
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selectivity of some ligands is maintained at the mutant receptors.

(v) There appears to be an alternative set of binding interactions that are 

insensitive to the precise location of the carboxylate sidechain.

These observations are consistent with the Asp sidechain providing the 

counterion to the headgroup of ACh and other agonists in their active bound 

conformation, and therefore fulfilling the role of the oxyanion counterion 

postulated in pharmacophoric models of the ACh binding site (Burgen 1965; 

Schulman et a i 1983). They also suggest that for many agonists an alternative 

set of interactions exists, in which the headgroup is differently orientated with 

respect to the Asp sidechain.

Fig. 3.1 8  shows the simplest mechanistic hypothesis to account for the 

behaviour of ligands. An agonist can bind to a receptor to form an agonist- 

receptor (AR) complex. This may undergo an isomérisation step, involving 

conformational rearrangements of the receptor, allowing it to be "primed" (AR*) 

for G-protein recognition. There may be a number of additional steps involving 

conformational rearrangements of the receptor before recognition and 

recruitment of the G-protein occurs. An alternative binding site may exist, 

termed RA or the "S" site in the model, in which the ionic interaction with 

Asp^°^/Asp’°̂  is less important. The binding of ligands to this site may be less 

disrupted by the Asp-Glu or Asp-Asn mutations. Activation of the receptor, 

however, may require that the ionic interactions of the AR "A" site are formed.

ACh appears to be unable to make the alternative interactions that other ligands 

are able to make with the receptor. It appears that, not only has the receptor 

evolved so that it is specific for ACh, but it also has evolved to ensure that ACh 

is unable to make non-productive interactions before activating the receptor.

The major disadvantage of mutagenesis studies is that it is difficult to dissect 

the direct effects of a mutation on ligand binding from the indirect effects on the 

conformation of the receptor. The ambiguity of the interpretation of 

mutagenesis studies has been emphasised by Shortle (1992). In the context of 

this model, the mutation could affect K, governing the binding of the ligand, or 

K', governing the isomérisation step of AR to AR*. An extended version of the 

ternary complex model has been proposed by Samama et al. (1993), which
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Mechanistic Scheme

"S" site 
Subsidiary Interactions

R ^ ----------- ► arW ^ ar*+g W V ar*g
^ "A" site "primed" complex activated

G-protein recognition complex

Fig. 3 .1 8 . A  mechanistic hypothesis to account for the behaviour of 
ligands.

Ligands can bind to a receptor (R) to form a ligand-receptor complex (AR, or the 
"A" site). They may also be capable of forming alternative, subsidiary 

interactions, and bind to site "8 " (RA). These interactions appear to be less 
disrupted by the Asp’°® / Asp^°  ̂ to Glu/Asn mutations than the interactions 

made at site "A". The results suggest that the ionic interactions between the 

ligand headgroup and the Asp sidechain are more important for the binding of 
ligands to site "A" than to site "8 ". Activation of the receptor requires the AR 

complex to be isomerised to an activated state, AR*, which is "primed" for G- 
protein recognition and binding. Evidence for this isomérisation step comes from 

mutagenesis studies carried out by 8 amama et al. (1993). There may be a 

number of conformational rearrangement steps before G-proteins are recognised, 
bound and activated. Activation of the receptor requires that agonists bind to 

the receptor in the "A" site, which appear to involve a specific ionic interaction 

with Asp^°®/Asp’°̂ . Therefore, although the binding of ligands, which bind 

predominantly to the "8 " site, is little affected by the Asp-Glu mutation, these 

ligands may be less likely to make the interactions required for binding in the 

"A" site and therefore, less able to activate the receptor. In contrast, ACh 

appears less able to make non-productive interactions with the receptor.
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includes the isomérisation of the receptor from an inactive into an active form.

It has been shown that if the mutation affects only K% there would be a direct 

correlation between the effect of the mutation on the affinity of the ligand and 

the efficacy of the ligand (Samama et aL 1993).

For the Asp °̂® to Glu mutation, there does not appear to be any consistent 

relationship between the effect of the mutation on ligand affinity and the 

efficacy of the ligand. The affinity of ACh, a high efficacy agonist, was greatly 

reduced by the mutation, whereas the affinity of another high efficacy agonist, 

OxoM, was little affected. Of the low efficacy agonists, the mutation had a 

large effect on the binding of some, such as L658,903 and L660,863, but little, 

if any, effect on the binding of most others. These results imply that the 

mutation does not solely affect K', but that the primary effect is likely to be on 

K. Kg governs the binding of the ligand to the postulated "S" site, which is 

insensitive to the Asp-Glu mutation. K, is therefore unaffected by the Asp-Glu 

mutation, but is probably reduced by the Asp-Asn mutation.

If the major effect of the Asp-Glu mutation is on K, the magnitude of this effect 

would be proportional to the occupancy of the conventional "A" binding sites, 

as opposed to the alternative "S" binding sites, when the receptor is saturated 

with agonist. This implies that the binding of ACh in the binary complex 

involves mainly the "A" sites. Similarly, this may also be the case for the Merck 

compounds, L660,863 and L658,903, whose sidechains were optimised to 

emulate the hydrogen-bonding interactions of ACh (Saunders and Freedman 

1989), and whose binding in the binary complex was also greatly affected by 

the mutation.

In contrast, other ligands, such as OxoM, appear to favour the "S" sites in the 

binary complex of the ml mAChR. According to this hypothetical model, only 

occupancy of the "A" sites leads to the activated form of the receptor, capable 

of binding the G-protein. Thus, occupancy of "S" sites at the expense of "A" 

sites is a factor having a negative effect on agonist efficacy. Indeed, OxoM 

does have a lower efficacy than ACh at the ml mAChR (Dr. S. Lazareno, 

personal communication). The functional consequence of this difference, 

however, may be attenuated by the large affinity of the G-protein for the AR* 

complex. It is also notable that ACh and OxoM binding are affected differently
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by the mutation of an asparagine residue in TMD VI (Blüml et al. 1994b), 

supporting the hypothesis that OxoM and ACh have different modes of binding 

in the binary complex.

It is possible that different agonists with similar K and K, values, may have 

variable K' values, and therefore different abilities to activate the receptor. This 

could apply to the Merck oxadiazole compounds as compared to ACh. The 

binding of 1660,863 and L658,903 in the binary complex was greatly affected, 

like that of ACh, suggesting that these compounds favour the "A" site rather 

than the "S" site. Both compounds, however, are only partial agonists. It is 

interesting that the azanorbornane derivatives of L660,863 and 1658,903 have 

been reported to have higher efficacies, comparable to that of ACh (Saunders 

and Freedman 1989). In these derivatives, the quinuclidine headgroup was 

replaced with an azanorbornane group, thereby reducing the size of the 

headgroup. These observations are in agreement with the hypothesis that there 

is more restriction around the agonist headgroup in the activated state of the 

agonist-receptor complex than there is in the ground state. This might also 

explain why the Asp-Glu and Asp-Asn mutations disrupt ternary complex 

formation and activation of the receptor more than binary complex formation.

The "A" and "S" sites appear to have quite different structure-activity relations. 

The "A" sites appear to depend primarily on polar interactions with the ACh 

headgroup and sidechain. The highly selective binding of the terminal methyl 

group also appears to be important. These interactions are thought to be 

emulated by all high-efficacy muscarinic agonists. Binding to the "S" sites, 

however, appears to be favoured by ligands that have hydrophobic substitutions 

on the headgroup or sidechain. These interactions are thought to be less 

specific. It has been postulated that a number of aromatic and other non-polar 

residues surround the third TMD Asp residue (Hibert at ai. 1 991 ); these may 

contribute to the less specific "S" interactions of many ligands.

Although the evidence is far from conclusive, there is no indication that the 

receptor can be activated from a relocated ligand headgroup position. Indeed, of 

the ligands studied, only ACh itself was able to elicit a near wild-type PI 

response at the Glu mutant receptor. The ACh molecule may have to take up 

the same spatial position in the mutant as in the wild-type receptor in order to
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activate it, and this would therefore require that it makes as many of the original 

bonds as possible, despite the dislocation of the headgroup interaction. In this 

respect, the terminal methyl group appears to play an important role, since FCh 

was unable to activate the Glu mutant receptor. Although the interaction 

between the Asp and the ligand headgroup does appear to exist in the activated 

state of the receptor, it is not clear whether the ionic bond plays a part in 

transducing the energy required for formation of the activated state from the 

ground state. The long range and non-directional nature of the electrostatic 

bond may not lend itself to this kind of role.

This study has revealed that many ligands appear to favour the subsidiary 

interactions in their binary complexes. In contrast, ACh appears to favour the 

"A" site. The stereoselectivity for ( + )AyffMeCh over (-)A/WeCh was not 

maintained at the mutant receptor, suggesting that the ( + ) isomer bound to the 

"A" site in the wild-type receptor. In contrast, the stereoselectivity for (-)NMS 

over (-i-)NMS was maintained at the mutant receptor, suggesting that these 

interactions were made at the "S" sites. The headgroup interaction may also 

contribute to the selective binding of certain ligands. The m1/m2 subtype 

selective binding of pirenzepine was attenuated at the Glu mutant receptors, by 

a differential effect on the m l with respect to the m2 receptors. In this case, 

the ml selectivity may be partly due to a different orientation of the headgroup 

with respect to the aspartate sidechain. The m1/m2 subtype selectivity of 

McNA343, however, appears to arise primarily from the "S" interactions rather 

than the "A" interactions. These alternative interactions may therefore be 

potentially important pharmacological targets.
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Chapter 4 : Mutations in the Fifth Transmembrane
Heiix o f the m 1 mAChR.

4.1 . Introduction.

The results from the first part of this project showed not only that the 

interactions between the headgroup of ACh and the conserved Asp residue in 

the third TMD of the receptor are important for binding and activation, but that 

the sidechain interactions of ACh with the receptor are also important. Deletion 

of the sidechain methyl group of ACh, to give formylcholine, caused a large 

reduction in the affinity of the ligand compared with ACh and a large reduction 

in potency in inducing a functional response at the wild-type receptor. 

Formylcholine, unlike ACh, was unable to elicit a PI response at the Glû °® 

mutant receptor (see section 3,4.1).

These results show that the methyl group on the sidechain of ACh is important 

for the binding of the agonist to the receptor and for activating the receptor. 

Receptor activation appears to require productive interactions of both the ACh 

headgroup and sidechain with the receptor. Modelling studies of the G-protein- 

coupled receptors suggest that the TMDs form a bundle within the membrane 

(Baldwin 1993) and that residues in TMD V are located at an appropriate 

distance from TMD III for them to be candidate residues involved in binding the 

ACh sidechain.

Certain residues found in specific regions of TMD V are also thought to be 

characteristic of particular ligand-receptor interactions (Oprian 1992). The 

presence of Ser or Thr residues in TMD V appears to be well correlated with the 

presence of hydrogen-bond donors or acceptors in the ligand (Oprian 1992). For 

instance, the catecholamine receptors, such as the orARs, the yffARs and the 

dopamine receptors, have three conserved Ser residues in TMD V (see fig. 4.1). 

As the ligands for these receptors contain two hydroxyl groups, it has been 

suggested that two of these Ser residues are involved in hydrogen-bonding to 

the hydroxyl groups (Strader et at. 1989b). The 5HT receptor also has a Ser in 

TMD V, along with a hydroxyl group in its ligand (Oprian 1992). The mAChR is
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unusual in that it has a Thr and two Ala residues (Thr^® ,̂ Ala’®̂ and Alâ ®® m l) in 

the corresponding positions.

IITFGTAMAAFY ml
AVTFGTAIAAFY m2
TITFGTAIAAFY m3
AVTFGTAIAAFY m4
TITFGTAIAAFY m5
AYAIASSWSFY jĝ AR
WYILASSIGSFF Of̂ AR
AFWYSSIVSFY 
GYTIYSTIFAFY 5HT
VYGLVDGLVTFY Hz lA

Fig. 4 .1 . Sequence alignment showing sections of the fifth 

TMDs of different G-protein-coupled receptors.

The two Thr residues are characteristic of the mAChR sequences. Two 
of the Ala residues, Alâ ®̂  and Alâ ®® of the m l, are homologous to the 
two Ser residues in the adrenergic and dopamine receptors.

The two Thr residues in TMD V of the m3 mAChR have previously been mutated 

to alanines (Wess et al. 1992) and their effects assessed by ligand binding and 

functional assays. The results were ambiguous, however, as it was not known 

whether the mutations had direct effects on binding or whether they disrupted a 

network of hydrogen-bonds involved in maintaining the structure of the binding 

site.

In the present study, a series of threonine (Thr’®®, Thr’®̂ , m l) and alanine 

(Ala’®®, Ala’®®, Ala’®® m l) residues, predicted to be on different faces of the 

extracellular half of TMD V (see fig. 1.3), were selected and mutated to 

cysteines. Cysteines were chosen as it was hoped that experiments using the 

reagent, bromoacetylcholine (BrACh) could be carried out. In addition, the 

threonine residues were mutated to alanines to delete the hydrogen-bonding 

potential of the residues, and the alanines were mutated to glycines to disrupt
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the potential formation of van der Waals interactions. The intention was to 

carry out these mutations on the complete set of Thr and Ala residues. Due to 

problems with the oligonucleotides, however, the mutations Thr^®^AIa and 

Ala’®®Gly were not made. There has been no time for the mutagenesis to be 

repeated.

For reasons of convenience, all of the mutations have so far been carried out on 

the m l subtype only. The 488 bp fragment of the m l subtype, containing 

TMDs II to V, is easily subcloned from M13m p18 into the pCD vector. 

Performing the mutations on the ml mAChR also allowed PI assays to be carried 

out on the mutant receptors. The mutant receptors, along with the m l wild- 

type receptor, were transiently expressed in COS-7 cells and the effects of the 

mutations investigated by carrying out ligand binding and functional assays.

The work described in this chapter is ongoing; most of the experiments will 

require repetition in due course to finalise the results.

4 .2 . Bromoacetylcholine as a Probe for the Methyl Binding 
Pocket.

BrACh has the potential to react with the 8 " group of accessible cysteine 

residues, leading to the irreversible binding of the ligand. It has been used 

previously to label a reduced disulphide bond in the nicotinic ACh receptor 

(Silman and Karlin 1969). As no irreversible binding was detected at the wild- 

type receptor, it was hoped that only residues accessible in the binding site of 

the muscarinic receptor would interact with the reagent. Although BrACh was 

found to activate the wild-type receptor, its binding and ability to induce PI 

hydrolysis were perturbed by the Asp’°®Glu mutation (fig. 4.2).

In order to test the reactivity of BrACh with ionised sulphydryl groups, an 

experiment was carried out to determine whether it was capable of inhibiting the 

reaction between DTNB (5,5'dithio-bis-(2-nitrobenzoic acid)) and L-cysteine. 

BrACh was found to react with the 8 “ groups of cysteine at pH 8.0 (fig. 4.3).
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Fig. 4 .2 . The effect of the Asp^°®Glu mutation on BrACh binding and 

BrACh-induced PI hydrolysis.

(a) Binding assays were carried out on membrane preparations of COS-7 cells 

expressing the ml wild-type (O) or Glû °® mutant ( • )  receptors, by competition 

with 3x10^° M [^HJNMS. The assays were carried out at pH 7.5, as described 

in "Experimental Procedures". The data from 2-3 independent experiments were 

analysed using a ternary complex model (wild-type) or a one-site model (Glu °̂®) 
to give the following values: log K,̂ t, 4 .49  ±  0.12, log 5.48 ±  0 .32 , log 

K(eio5 ) 4 .09  ±  0 .03 . (b) PI hydrolysis assays were carried out on COS-7 cells 
expressing the receptors, as described in "Experimental Procedures". The data 

are plotted as a percentage of the induced by ACh; the -log EC5 0  values are 

5.31 ±  0.25 (wild-type) and 3.27 ±  0.9 (Glu’°®). All experiments were carried 

out at least twice, in quadruplicate (binding) or triplicate (PI hydrolysis); the data 

shown are representative experiments.
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Fig. 4 .3 . BrACh inhibition of the reaction betw een DTNB and L- 
cysteine.

The reaction between L-cysteine and DTNB (5,5"dithio-bis-(2-nitrobenzoic acid)) 
was followed by measuring the absorbance at 412 nm. The assay was carried 

out in 0.1 M phosphate buffer at pH 8.0. L-cysteine, at a final concentration of 
5 mM, was incubated with 5 mM (O) or 10 mM ( • )  BrACh. After specific 

lengths of incubation, 0 .03  ml of this reaction mixture was added to a cuvette 

containing 3 ml of 100 mM phosphate and 0.1 ml of 10 mM DTNB, and the 

change in absorbance at 412  nm was followed using a spectrophotometer.

The protocol for this assay has been described by Elman et al. (1961).
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4.3 . The Effects o f the Mutations on Antagonist Binding.

Direct binding assays were carried out using the radiolabelled antagonist, 

[^H]NMS. Mutation of Thr̂ ®®, Ala’®®, and Ala’®® had little, if any ( < 2-fold), 

effect on the binding of [®H]NMS; mutation of Thr’®̂ had only a small ( < 3-fold) 

effect (table 4.1 ).

The alanine at position 193 was unusual in that I®H]NMS binding was affected 

by both mutations. Mutation of this residue to glycine caused a 4.4-fold 

reduction in affinity; mutation to cysteine caused a 7.5-fold reduction. This 

suggests that Ala’®® may be more important than the other residues tested in 

binding the antagonist, [®H]NMS. Alternatively, mutation of this residue may 

have an indirect effect on binding either by altering the structure of the ligand 

binding site or by interfering with a helix-helix contact in the receptor.

4.4. The Effects o f the Mutations on Agonist Binding.

Agonist binding assays were carried out by competition against the radiolabelled 

antagonist, [®H]NMS. ACh binding was affected to varying extents by the 

different mutations (table 4.1). In general, as for the Asp’°® to Glu mutation, the 

binding of FCh and OxoM was less affected by the mutations than was the 

binding of ACh (table 4.1).

Mutation of one residue, Ala’®® appeared to have no effect on the binding of 

ACh, FCh, OxoM, or [®H]NMS. This residue is predicted to be located on the 

outside face of the helical bundle (see fig. 1.3). This residue is, therefore, 

unlikely to be an important component of the binding site and these experiments 

support the hypothesis that Ala’®® faces into the lipid bilayer, not into the helical 

bundle.

Mutation of Ala’®® to either glycine or cysteine had little effect on the binding of 

agonists; the affinities were reduced by 3-6-fold (ACh), <  2-fold (FCh) and 

< 1.5-fold (OxoM). These reductions in affinity were all less than that for the 

binding of [®H]NMS, suggesting that this residue may be more important for the 

binding of antagonists than for the binding of agonists.
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Table 4 .1 . Binding affinities for ligands at the m l w ild-type receptor 

and the T M D  V  m utant receptors.

Either direct binding assays ([^H]NMS binding) or competition assays were 

carried out on membrane preparations of the COS-7 cells expressing the ml 
wild-type or TMD V mutant receptors, as described in "Experimental 
Procedures". Data were analysed using either a one-site model, to give log K 

values, or a ternary complex model of binding, to give log K and log values 

(see "Data Analysis"). These experiments are on-going and values represent a 

preliminary experiment.

* The log K values for the binding of BrACh are apparent affinity constants 

estimated using incubation conditions of 60 min, 30°C , pH 8.0. The rate of 
BrACh hydrolysis under these conditions has not been determined and these 

affinity constants are expected to vary with different conditions (see text). The 

log K values in parentheses are not thought to be true affinity constants as it is 

predicted that there is a component of irreversible binding of BrACh to these 

receptors.

Thr̂ ®® is refered to as T 3 in Fig. 1.3, Thr̂ ®̂  is refered to as Tg, Alâ ®̂  is Ay, Alâ ®® 

is Ag and Alâ ®® is Â g.
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o

("Hl-NMS ACh FCh Oxo-M BrACh

Log K Log K Log K? Log K Log K Log K? Log K

m l wt 1 0 . 1 0 4.95 5.92 3.60 5.14 6.15 3 .58 '

Thr^®^Cys 10.03 3.63 5.57 3.44 5.00 - 3.36*

Thr^^^Ala 9.67 3.55 4.75 3.19 4.78 - 3.27*

Thr’^^Cys 9.90 3.63 4.32 3.18 4.80 - (4.21*)

Ala'^^Gly 9.46 4.14 5.38 3.31 5.16 - 3.50*

Ala^^^Cys 9.23 4.37 5.58 3.35 4 .98 - 3.50*

Ala’®®Gly 9.91 3.69 4.78 3.22 4.57 - 3.34*

Ala^®®Cys 10.31 4.03 - 3.38 5.07 - (3.79*)

Ala’^^Cys 9.93 4.93 5.72 3.68 5.01 6.31 3.59*



The third alanine residue mutated, Ala’®®, had a larger effect on ACh binding.

The ACh binding curve for the Alâ ®® to Cys mutant fitted to a one-site model of 

binding, rather than a ternary complex model, and only one affinity constant, K, 

was determined. This was 8.3-fold lower than the corresponding value for the 

wild-type receptor. FCh and OxoM binding was little (<  2-fold) affected by the 

Ala^^®Cys mutation. The binding curve for ACh at the other mutant receptor, 

Ala^®®Gly, fitted to a ternary complex model of binding; the two affinity 

constants derived were 14-18-fold lower than the affinity constants for binding 

to the wild-type receptor. The binding of FCh and OxoM was less affected (2.4- 

and 3.7-fold) by the Ala’®®Gly mutation.

The Thr^®®Cys mutant receptor displayed a very "flat" curve for the binding of 

ACh. Although the mutation had a large effect on the low affinity binding 

constant, the receptor retained its high affinity binding; was only reduced 2 - 

fold. The affinities for FCh and OxoM were not significantly affected by the 

Thr^®®Cys mutation (1.4-fold in each case).

Mutation of Thr̂ ®̂  to either alanine or cysteine had the largest effect of any of 

the mutations on agonist (ACh, FCh, and OxoM) binding. For ACh binding, K 

and were reduced 20-25-fold and 15-40-fold by the mutations; for FCh and 

OxoM binding, values of K were reduced 2.7-fold and 2.3-fold respectively.

4.5 . The Effects o f the Mutations on the Functional
Activation o f the Receptor.

PI assays were carried out using ACh. ACh was able to activate all of the 

mutant receptors (table 4.2). There was a good correlation between the 

potency of ACh (the -log ECgo of the PI response) and the high affinity constant 

of ACh binding (log (correlation coefficient: 0.9; fig. 4.4). This can be 

compared to the correlations between the affinity constants and EC5 0  values for 

different agonists at the wild-type receptor (fig. 3.9). As in the case of the high 

efficacy agonists at the wild-type receptor, the I/E C 5 0  values were generally 

10-fold higher than the values. This suggests that the spare receptor ratio 

may not be reduced by these mutations, in contrast to the effect of the Asp’°® 

to Glu mutation.
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Expression level 
(% of wild-type)

-Log EC5 0 Max. 
response (%)

ml wt 1 0 0 7.30 1 0 0

Thr'®^Cys 67 6.82 65

Thr^^^Ala 78 5.42 87

Thr'^^Cys 81 5.76 70

Ala^^^Gly 49 6 . 0 2 106

Ala’^^Cys 1 1 0 6.58 98

Ala'^®Gly 126 6.03 130

Ala^®®Cys 115 5.42 75

Ala^®®Cys 123 7.04 87

Table 4 .2 . The -log EC50 and maximum responses values derived from  

ACh-induced PI hydrolysis of the w ild-type and TM D  V  

m utant receptors.

PI hydrolysis assays were carried out on COS-7 cells transiently expressing the 

wild-type or mutant receptors, as described in "Experimental Procedures". Data 

were analysed using a four-parameter logistic function to derive -log EC5 0  and 

maximum response values. Expression levels of the receptors used for the PI 
assays are shown as percentage of the wild-type expression (the wild-type ml 
receptor routinely expresses at levels of 1-2 pmol.mg^ protein). Maximum 

responses are also shown as percentage of wild-type response. These 

experiments were carried out as screening studies to discover whether the 

mutant receptors were functionally active.
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Fig. 4 .4 . Correlations between the log values, derived from the
binding of ACh, and the -log ECgo values of ACh-induced PI 
hydrolysis, for the w ild-type m l mAChR and different 
m utant receptors.

ACh binding was analysed using a ternary complex model of binding to derive 

two constants, log K, which is the affinity constant governing binding in the low 

affinity state, and log K \ which is the composite parameter governing binding in 

the high affinity ternary complex (see "Data Analysis" and "Experimental 
Procedures"). In the case of the Ala’®®Cys mutant receptor, ACh was unable to 

discriminate between the low and high affinity states, and only one affinity 

constant, log K, was derived. This has been used for the correlation; for all 
other receptors, log has been used. The -log ECgo values have been derived 

from ACh-induced PI hydrolysis. Data were taken from tables 4.1 and 4 .2 . The 

relationship between log and -log ECgo has a correlation coefficient of 0.9.
The dotted line represents the line of equivalence.
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The mutant receptors that showed the greatest reduction in high affinity ACh 

binding also displayed the lowest potency of ACh in inducing a functional 

response. These receptors, namely, Thr’^^AIa, Thr’®^Cys, and Ala’®®Cys, all 

displayed a 35-70-fold reduction in potency. The other mutations had less 

effect on the potency of ACh. The mutation having the least effect was 

Ala^^^Cys. This mutant receptor most closely mimicked the wild-type receptor in 

the binding of antagonist and agonists, and in the agonist-induced functional 

response. This was the only residue studied that did not interfere with binding 

or with the conformational changes leading to activation; supporting the 

proposed orientation of TMD V in fig. 1.3.

The maximum responses attained for the mutant receptors were all high, 

comparable to those given by the wild-type receptor at similar levels of 

expression. The Ala^®^GIy mutant receptor was consistently expressed at 50%  

of the levels of the wild-type receptor. This may be due to the glycine residue 

causing disruption of the a-helix at this position. These results need to be 

consolidated by repetition.

4.6. The Binding of BrACh.

4.6.1. Introduction.

BrACh undergoes an initial reversible binding step and, having bound, has the 

potential to react irreversibly with the sidechain S" groups of accessible cysteine 

residues. It may therefore undergo a two stage reaction:

K k‘
R -H BrACh R.BrACh R-BrACh

reversible irreversible
binding alkylation

where: R = receptor.
K = equilibrium affinity constant for the reversible

binding between the receptor and BrACh. 
k* = rate constant for the irreversible reaction

step.

In order for this reaction to occur, the cysteine must be in the ionised S" state.
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This requires the pH of the solution to be greater than 8.0, which creates a 

dilemma. BrACh is stable in solution at pH 4, but is hydrolysed as the pH is 

increased. At pH 7, 2 5 °C, it has been calculated that BrACh is hydrolysed at a 

rate of 1 % per minute (Damie et a!. 1978). Therefore, at pH 8 , over the time 

course of the incubation of agonist, [^H]NMS and receptor (60 min), a significant 

amount of hydrolysis would be expected to have occurred.

If BrACh binds irreversibly, the IC5 0  generated from a binding assay will depend 

on K, k*, the incubation time used and the rate of hydrolysis of BrACh. In order 

to normalise the data and compare it with previous results, the Cheng-Prusoff 

correction factor has been applied (see "Data Analysis", chapter 2.). Under 

certain circumstances, such as the irreversible reaction rate being much faster 

than the time required for the system to reach equilibrium, addition of this 

correction factor may be only approximately valid (E. Hulme, personal 

communication).

4 .6 .2 . The Effects of the Mutations on the Binding of BrA Ch.

The apparent affinity constants calculated for the binding of BrACh to the wild- 

type and mutant receptors are shown in table 4.1. These are estimates 

determined at pH 8 , 30°C , using an incubation time of 60 min. They would be 

expected to vary as the experimental conditions change. This experiment was 

carried out on the wild-type and mutant receptors under identical conditions and 

therefore, the comparisons between them should be valid.

The results show that the apparent affinity of BrACh for the Thr’^^Cys mutant is 

much higher than for any of the other receptors. In particular, it is higher than 

that for the wild-type receptor (4.3-fold) and the Thr^^^Ala mutant receptor (8 .8 - 

fold), indicating that the increase in binding is due specifically to the presence of 

a cysteine residue at this position. The affinity of BrACh for the Ala^®®Cys 

receptor is also slightly higher than expected from its binding to the wild-type 

receptor. Fig. 4.5 shows the correlations between the apparent affinity 

constants for BrACh binding and those for the binding of ACh and FCh. There is 

a good correlation between the affinities for the binding of BrACh and ACh or 

FCh, with the exception of Thr^^^Cys, and perhaps Ala^®®Cys.
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Fig. 4 .5 . Comparisons of the effects of different m utations on the  

binding of BrACh and the binding of ACh or FCh to the m l 
mAChR.

Data have been taken from table 4.1 . Binding studies have been analysed using 

either a ternary complex model or a one-site model of binding (see "Data 

Analysis" and "Experimental Procedures"). The log values for the apparent 
affinities of BrACh have been compared to those of ACh (top) and FCh (bottom). 
The solid line represent the lines of regression for the open symbols. The values 

for the Thr^^^Cys and Ala^®®Cys mutant receptors (closed symbols) have been 

omitted because they deviate significantly from the lines of regression, having a 

much higher apparent affinity for BrACh than would be predicted.
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The apparent affinity of BrACh for Thr’^^Cys in particular, but perhaps also for 

Ala’®®Cys, cannot be considered to be a true affinity constant. It is higher than 

the expected value, based on the comparisons with the binding of other ligands 

and on the binding of BrACh to the Thr^®^AIa mutant receptor. This suggests 

that a component of irreversible binding may be making a contribution. 

Therefore, a further experiment was carried out in order to determine whether 

BrACh is able to bind to the Thr^^^Cys mutant receptor irreversibly.

4.6.3. investigation of the Interaction between the Thr^^^Cys 
Receptor and BrACh.

In this experiment, BrACh was preincubated for 15 min (30°C ) with the COS-7 

membranes expressing the receptors. The membranes were pelleted by 

centrifugation, the supernatant removed and the membranes washed in buffer to 

remove as much residual BrACh as possible. After centrifuging again, the 

membrane pellet was homogenised, diluted and reacted with varying 

concentrations of [^HINMS. After incubating at 30°C  for 60 min, the reaction 

was terminated by filtering through the Brandell cell harvester. The results were 

fitted to a one-site model of binding to estimate log K values and the maximum 

number of [^H]NMS binding sites. The receptors were also preincubated with 

ACh as a control. No irreversible block by ACh was detected (results not 

shown).

The results from this experiment showed that, at the wild-type receptor, the B̂ ĝ  

for [^H]NMS was unaffected by preincubation of the receptor with BrACh (up to 

a concentration of 10 mM). In contrast, at the Thr^^^Cys receptor, the B̂ gx for 

[^H]NMS was reduced by 55%  by preincubation with 10 mM BrACh, and by 

48%  and 43%  by 3 mM and 0.3 mM BrACh (fig. 4.6). There was no effect on 

the affinity constant for f^H]NMS. This suggests that BrACh binds irreversibly 

to the Thr^^^Cys receptor and blocks the subsequent binding of [^H]NMS. In 

contrast, BrACh binds reversibly to the wild-type receptor binding site.

157



o

o
o

%

00QJ
'en
en
c
TO
c
in
c/0

XM->
M—
o

CD
Xi
E
3
c
~6
o

100  -

80 -

60

40 -

20  -

0
0 0.3mM 3mM lOmM

[BrACh]

m l  wi ld—type Th^^Cys

Fig. 4 .6 . Investigation of the mode of BrACh binding to the m l wild- 
type and Thr^^^Cys mutant receptors.

BrACh w as preincubated, for 15 min, 3 0 ° C ,  with membrane preparations of 

CO S-7 cells expressing the wild-type or Thr^^^Cys m utant receptors. The  

m em branes w ere  centrifuged and w ashed, to remove BrACh, diluted, and 

incubated in the presence of a range of concentrations of [^H]NMS. The total 

specific [^H]NMS binding and log K values were derived by fitting the data  

to a one-site model of binding (see "Experimental Procedures"). Data are 

presented as percentage of specific [^H]NMS binding at the wild-type receptor in 

the absence of BrACh.
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4 . 7 .  Conclusions.

The main aim of this part of the project was to determine whether the threonine 

or alanine residues in the extracellular half of TMD V were involved in ligand 

binding. In order to do this, the threonine residues were mutated to cysteines 

and alanines, and the alanine residues to cysteines and glycines. The effects of 

the mutations were assessed by carrying out ligand binding and functional 

assays.

The results from the earlier part of the project suggested that the sidechain of 

ACh, as well as the headgroup, is important in binding and activation of the 

receptor. Removal of the methyl group, in particular, had a large effect on 

binding and activation. It is possible that there is a methyl binding pocket within 

the receptor and that ACh needs to be "tethered" at each end, i.e. at the 

headgroup and the methyl group, in order for the ligand to bind with high affinity 

and elicit a functional response.

In order to test whether the predicted orientation of helix V (fig. 1.3) is correct, 

a number of threonine and alanines were selected, which were predicted to be 

located on different faces of the helix. Among the family of receptors that 

couple to positively charged ligands, only the mAChRs have two Thr residues in 

TMD V. They also have Ala residues (Ala^^ ,̂ Ala’®®, m l) in positions 

homologous to two of the Ser residues in the yffAR that have been postulated to 

hydrogen bond to the catechol hydroxyl groups of adrenaline (Strader et al. 

1989b). The two Thr (Thr’®®, Thr’®̂ ), Ala’®® and Ala’®®, along with Ala’®®, were 

chosen to be mutated and studied in this project.

According to models of the transmembrane helices (Baldwin 1993), Ala’®® is 

thought to be located on the outward face of the helix, with its sidechain 

extending into the lipid bilayer. Provided that the mutation had no effect on the 

stability or the conformation of the receptor, the effects of substituting this 

residue by a cysteine would be expected to be small. It is possible that the 

mutation would cause a disruption in the structure of the helix, which may be 

transmitted to the binding site or affect the conformational change leading to 

activation. The results from binding and functional assays, however, suggest
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that is not involved in ligand binding or activation of the receptor;

mutation of this residue to cysteine had no discernible effect.

Mutation of the other residues (Thr̂ ®®, Thr’®̂ , Ala’®® or Ala’®®) had some effect 

on ligand binding, suggesting that these may all face inwards to some extent, 

towards the centre of the helical bundle, the putative ligand binding site. Of 

these residues, mutation of Ala’®® had the largest effect on antagonist binding. 

Ala’®® was found to be more important for the binding of the radiolabelled 

antagonist, [®H]NMS, than for the binding of the agonists, ACh, FCh, or OxoM. 

Ala’®® might contribute, directly or indirectly, in binding the sidechain of NMS.

ACh was able to elicit a PI response from all of the mutant receptors, although 

its potencies varied. Mutation of Thr’®̂ had the largest effects on both agonist 

binding and functional activation of the receptor.

In contrast to its reduced affinity for ACh, FCh and OxoM, however, the 

Thr’®^Cys mutant receptor had a higher apparent affinity than any of the other 

receptors for the agonist, BrACh. The apparent affinity of BrACh for the 

Thr’®®Cys mutant was 4.3-fold higher than for the wild-type receptor, and 

almost 9-fold higher than for the Thr’®̂ AIa mutant receptor. This contrasts 

sharply with the near-equality of the ACh binding and activation of these two 

mutant receptors, and shows that the receptor requires a cysteine at this 

position, rather than a Thr or Ala, in order to exhibit an increased affinity for 

BrACh. Thus, it appears that a cysteine at position 192 (m l) in TMD V of the 

mAChR is part of the BrACh binding site and is capable of reacting with the 

bromo group resulting in the irreversible binding of the ligand.

The Thr’®®Cys receptor showed a significant amount of irreversible binding, 

compared to the wild-type receptor, but BrACh did not block the binding of 

[®H]NMS by 100% . A number of possible explanations exist for this 

observation. The rate of hydrolysis of BrACh under the conditions used for the 

experiment has not been determined. A more effective block of [®H]NMS 

binding might have been observed if the BrACh had been added in aliquots at 

different time intervals. It was also possible that the products from the 

hydrolysis of BrACh (bromoacetate and choline) interfered with the reaction. 

Choline, although having low affinity, is able to bind to mAChRs, and may
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competitively inhibit the binding of BrACh to the binding site. As choline binds 

reversibly, it would be washed out, allowing [^H]NMS to bind subsequently. It is 

also possible that the S" groups of some Cys residues had been oxidised to 

sulphonic acids and therefore have not been able to react with BrACh. 

Alternatively, the preincubation time may not have been adequate to produce a 

total block. The membranes and BrACh were incubated for only 15 min before 

the BrACh was washed off. The reaction rate constant for the alkylating of the 

receptor by BrACh has not yet been determined.

Experiments to determine whether BrACh is able to bind irreversibly to any of 

the other mutant receptors have not yet been carried out. The results from the 

initial binding experiment suggest that, of the other mutant receptors, only 

Ala^^®Cys is likely to show any irreversible binding. For the other receptors, 

there is a good correlation between the estimated affinity constants for the 

binding of BrACh and the binding of reversible agonists, such as ACh and FCh. 

This suggests that, for these receptors, BrACh is binding reversibly. In order to 

confirm this, and to determine whether irreversible binding occurs at the 

Ala’^®Cys mutant, further experiments need to be carried out.

The results from these experiments suggest that the headgroup of ACh binds at 

the Asp’°® (m l) residue of TMD III and that the sidechain methyl group is 

located in the region of TMD V. As BrACh appeared to bind irreversibly to the 

Thr^^^Cys mutant receptor, the Thr’®̂ residue may be in the correct position to 

form part of the methyl binding pocket.
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Chapter 5: Genera! Discussion.

Site-directed mutagenesis is a powerful tool for determining the involvement of 

specific amino acid residues in the structure and function of receptors. The 

results of these studies, however, must be interpreted with caution, especially in 

the absence of an atomic structure. As reviewed by Shortle (1992), alteration 

of one residue may cause a series of changes throughout the structure of the 

protein, resulting in a disruption at a site distant from that of the mutation. This 

may indirectly cause a change in ligand binding or functional properties of the 

receptor. It is difficult to dissect the direct effects of the mutation on ligand 

binding from the disruptions in structure, or from the indirect effects on the 

conformational changes in the receptor. In order to minimise the indirect effects 

of mutagenesis, conservative mutations have been carried out in this project, 

where possible, and the binding and functional PI responses to a number of 

different ligands assessed.

The initial aim of the project was to investigate the importance of the Asp 

residue in the third TMD (Asp °̂® m l, Asp^°  ̂ m2) in ligand binding to the ground 

state (binary complex) and activated state (ternary complex) of the receptor. At 

the outset, it was known that this residue was labelled by the radioactive 

alkylating reagent, [^H]-propylbenzilylcholine mustard (Kurtenbach et aL 1991). 

The results from mutagenesis studies in other laboratories had shown that 

mutation of the homologous residue in the yffAR evoked a large ( 1 0 ,0 0 0 -fold) 

reduction in the ability of antagonists to compete against an agonist-induced 

functional response (Strader at al. 1988). Mutation of Asp °̂® in the m l mAChR 

to Asn abolished the binding of the radiolabelled antagonist, QNB (Fraser at al.

1 989). These results all supported the hypothesis that Asp °̂® was important for 

the binding of antagonists. Its role in the binding of agonists or in the activation 

of the receptor was less clear. It was possible that different residues (suggested 

candidates being the Asp in TMD II or a conserved Tyr in TMD VII) were more 

important in the binding of agonists and transduction of the conformational 

changes leading to the functional response (Saunders and Freedman 1989). 

Alternatively, the Asp in TMD III might play an equivalent part in binding both 

agonists and antagonists, or have differential involvement in the binding of 

different ligands.

1 6 2



In order to try to gain more information, the Asp residue in TMD III was mutated 

to Glu in both the m l and m2 subtypes. Asp to Glu is the most functionally 

conservative mutation for this residue; it preserves the carboxylate negative 

charge and extends the sidechain by only one CHg group. Even so, as the Asp- 

Asn mutation had such a large effect on either the binding of [^H]QNB, or on the 

levels of expression, (Fraser et al. 1989), it was not known whether any binding 

would be detected.

The mutation was carried out on both the m l and m2 mAChRs. These 

subtypes couple preferentially to different effector pathways; the m l couples to 

PTX-insensitive G-proteins, such as Ĝ  and G^, leading to the hydrolysis of PI, 

whereas the m2 couples to the PTX-sensitive G-proteins, such as Gj and Ĝ , 

leading to the inhibition of adenylate cyclase (Offermans at ai. 1994). The 

agonist binding curves at the m2 mAChR tend to be "shallower" than those at 

the m l receptor. This may reflect the existence of differences in the 

conformational flexibilities and G-protein affinities of the two subtypes. As GTP 

analogues generally have a larger effect on the binding of ACh to the m2 than 

the ml (Berrie at ai. 1 979) it was hoped that the GTP effects could be studied 

more readily in the m 2  subtype.

Ligand binding assays showed that the Asp^°®/Asp^°  ̂ to Glu mutation resulted in 

only a 2-3-fold reduction in affinity of the receptor for the antagonist, [^H]NMS. 

Although the Asp’°®Asn mutation on the ml mAChR almost abolished [^H]GNB 

binding (Fraser at ai. 1 989), the results from this project showed that [^H]NMS 

binding was less affected by the Asp-Asn mutation. In view of previous work, 

these results were all somewhat surprising. At the ^AR, mutation of the 

homologous residue (Asp"^ to Asn or Glu) had a drastic effect (10,000-fold) in 

the ability of antagonists to inhibit agonist-induced activation (Strader at ai.

1988). Antagonist binding underwent such a large decrease in affinity that 

direct binding assays using radiolabelled antagonists could not be carried out.

It was later shown, however, that mutation of the homologous residue in the 

5HTia receptor (Asp"®Asn) had no effect on the binding of antagonists (Ho at 

ai. 1992). These results all suggest that, although the Asp residue in TMD III is 

conserved throughout the family of G-protein-coupled receptors that bind 

cationic amines, it makes different contributions towards antagonist binding in
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the yffAR when compared to the SHTi^R or mAChR. At the mAChR, the Asp-Asn 

mutation had a larger effect than the Asp-Glu mutation (100-fold compared to 2- 

3-fold) on [^HINMS binding. Therefore, the negative charge of the Asp residue 

influences the binding of antagonists, although the position of the charge is not 

crucial. Alternatively, the Asn mutation may have been less well accommodated 

by the receptor, having an indirect effect on binding by disrupting the structural 

conformation of the receptor.

The Asp residue appeared to be much more important for antagonist binding to 

the 0AR (Strader et al. 1988). It has also been shown, however, that mutation 

of the Asp"^ to Glu allowed the receptor to recognise some antagonists as 

partial agonists (Strader at al. 1989a). These antagonists were small and 

structurally related to agonists, and in fact, have been shown to have partial 

agonist activity in other systems (Neve at al. 1985). Classical antagonists of 

the mAChR are large and bulky. This may explain why the Asp residue makes 

different contributions to the binding of antagonists to the yffAR as opposed to 

the mAChR or SHT^^R.

At the mAChR, the modest effect on [^H]NMS binding allowed inhibition assays 

to be carried out and the effects of the mutation on agonist binding to be 

characterised. For these assays, unlabelled ligands were used to competitively 

inhibit the binding of [^H]NMS. The affinities for two other antagonists,

(-l-)NMS and AQRA741, were also only reduced by 4-fold by the Asp-Glu 

mutation, a reduction similar to that seen for the binding of [^HJNMS. These 

results all suggest that the precise position of the Asp charge is not critical for 

antagonist binding.

The binding of pirenzepine to the mutant receptors was very interesting. At the 

m2 mAChR, the Asp-Glu mutation had no effect on pirenzepine binding. At the 

m l, however, the mutation caused a relatively large ( > 7-fold) reduction in 

affinity. It may be that pirenzepine owes some of its m1/m2 selectivity to 

specific interactions with the Asp’°® residue in the ml subtype, which are 

disrupted by the mutation.

A consistent effect of the Asp-Glu mutation was to reduce the affinity of the 

receptors for agonists in the high affinity ternary complex more than in the low
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affinity binary binding state. Consistent with this, the activation of the receptor 

in functional assays was also greatly reduced.

Of all the ligands studied, the binding of ACh, and analogues resembling ACh, 

was most affected by the mutation, at both the ml and m2 subtypes. ACh, 

however, was still able to induce a maximum functional response at the mutant 

receptor, although the potency was reduced 1000-fold. In contrast, although 

the binding of other agonists, such as OxoM and FCh, and the partial agonists, 

M cNA343 and TMA, was little affected by the mutation, it greatly reduced, or 

abolished, their PI responses. For these agonists, almost all binding to the 

mutant receptors appeared to be in the low affinity binding state. They were 

unable to induce the conformational changes required to elicit a PI response at 

the mutant receptor. This demonstrates that the precise position of the Asp 

carboxylate charge is more important in binding to the activated state of the 

receptor (formation of the ternary complex) than in binding to the ground state 

(formation of the binary complex).

The Glu mutant receptors are expressed at approximately 75%  of the levels of 

the wild-type receptors. The binding of some ligands, such as OxoM, NMS and 

TMA, was only slightly affected by the mutation, arguing that the Asp-Glu 

mutation did not cause a large indirect structural change in the receptor. The 

Asp’°^/Asp^°^ residue has been labelled by the ACh derivative, [^H]-ACh mustard 

(Spalding et al. 1 994), showing that this amino acid is the site of interaction of 

the headgroup of ACh. It therefore appears likely that the Asp-Glu mutation had 

a direct effect on the binding of ACh, causing a large reduction in affinity, but 

had little effect on the binding of many other ligands.

The effect of the mutation on binding in the low affinity binary complex 

appeared to depend upon the structure of the ligand and the receptor subtype. 

The binding of ACh was the most strongly affected. OxoM has previously been 

thought of as a high affinity, high efficacy agonist, similar to ACh both in its 

binding properties and in its ability to induce a functional response.

Nevertheless, it does not behave like ACh at the mutant receptor; its binding is 

hardly affected but its functional response is drastically reduced. The critical 

similarity is the strong reduction in the high affinity ternary component of 

binding of both agonists. The functional result is predictable from the ternary
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complex model if the mutation has the same effect on for ACh and OxoM, 

but different effects on K.

In general, high-efficacy agonists had higher affinity constants for the wild-type 

m2 mAChR than for the m l . The binding curves for the these agonists were 

also "flatter" for the m2 subtype. At the outset of the project, it was hoped 

that GTP and GTP^S would have a larger effect on the binding of ACh to the m2 

subtype, but this was not found to be the case. Both the m l and m2 mAChRs 

showed only a 3-fold shift in affinity in the presence of GTP or GTP^S. The 

GTP-sensitive fraction of receptor binding sites is thought to be correlated with 

the efficacy of the agonist or the amount of ternary complex formed (Ehlert 

1985). It appears that, for receptors expressed in COS-7 cells, the "steepness" 

of the ACh binding curves does not determine the size of the GTP shift.

However, the appearance of high and low affinity sites seems to be related to 

the ability of agonists to induce a conformational change in the receptor. It has 

been suggested that the flat binding curves are caused by the dimérisation of 

receptors, which might lead to high affinity binding (Potter et al. 1991; Chidiac 

and Wells 1 992).

The effect of the Asp-Glu mutation on the binding of high efficacy agonists was 

larger for the m2 than for the ml mAChR. Fig. 5.1 shows the correlations 

between the affinity constants of the ml and m2 , wild-type and mutant, 

receptors. For the m l, the affinity constants for many ligands lie on, or close 

to, the line of equivalence; their binding is little affected by the mutation. For 

the m 2 , the binding of a greater number of ligands is affected by the mutation, 

and the effects are also larger than those at the m l receptor. The affinities of 

ligands for the two mutant receptors are similar. It appears that the binding of 

ligands to the m2 wild-type mAChR is more influenced by the efficacy of the 

ligand; high-efficacy ligands have "flatter" binding curves with apparent higher 

affinity for the m2 than for the ml mAChR. These differences in efficacies 

appear to be abolished by the Asp-Glu mutation. This observation may have 

important pharmacological implications. Extra insight into the subtype- 

selectivity of ligands may be obtained from their binding characteristics at the 

m1/m2 Glu mutant receptors; the use of these mutant receptors would 

emphasise the differences in binding of a ligand (although only to the subsidiary 

sites), rather than differences in efficacies.
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The Asp-Glu mutation in the m2 subtype, like the mutation in the m l, had the 

greatest effect on the binding of ACh and ACh-like compounds in the binary 

complex. It appears that a "tight" ionic interaction with Asp^°®/Asp^°^ is 

required for the binding of ACh in the binary complex. The binding of other 

ligands, such as OxoM, however, may be less dependent on this electrostatic 

interaction. For these ligands, the ionic interaction with Asp’°®/Asp’°̂  only 

becomes fully developed in the ternary complex. In the binary complex, ligands 

such as OxoM make additional interactions, which ACh is unable to make, with 

the receptor.

It is clear that ligands are able to make different interactions with the receptor 

and that conformational rearrangements of the receptor depend upon the 

formation of a particular set of interactions. As ligands bind to the receptor, 

they move from an aqueous into a hydrophobic environment. Ligands in the 

aqueous environment are solvated and must shed the associated water 

molecules as they cross the hydrophobic barrier of the membrane and approach 

the binding site in the receptor. The binding of ligands to receptors is 

entropically unfavourable because degrees of rotational freedom of the ligand are 

lost upon binding. For agonist binding, this unfavourable entropy may be offset 

by the large and negative enthalpy derived from the formation of strong 

electrostatic interactions (Searle and Williams 1992). Antagonist binding is 

accompanied by a more favourable entropy, as fewer degrees of freedom are 

lost. Energy for binding may also be provided from the release of water 

molecules (Searle and Williams 1992) as the ligand enters the hydrophobic 

environment.

The results from this project suggest that the additional interactions, which are 

insensitive to the Asp-Glu mutation, may be hydrophobic in nature. As the 

polarity of the ligand decreased and the hydrophobicity of the sidechain or 

headgroup increased, so the affinity of the ligand for the receptor increased. 

Hydrophobic interactions may also be important for the binding of ligands to the 

y?AR; it has been shown that as the hydrophobicity of the ligand increased, so 

did its ability to activate a mutant yffAR (Strader et al. 1991). Strader and 

colleagues suggest that acidic compounds may be prevented from entering the 

hydrophobic core of the helical bundle. It has been suggested that hydrophobic 

effects may provide additional energy for binding processes (Searle at si. 1992).
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Searle and colleagues calculated that the binding energy increases by 

approximately 0 .2  kJ.mol ’ for every square angstrom of hydrocarbon removed 

from an aqueous environment into a hydrophobic binding site. Therefore, for the 

binding of some ligands, the unfavourable entropie costs of binding may be 

offset by the formation of hydrophobic interactions.

Recently, other studies have shown that the activation of specific G-proteins 

depends on the structure of agonists (Eason et al. 1994; Gettys et si. 1994).

The OgAR is capable of coupling to both Gj (to inhibit adenylate cyclase) and Ĝ  

(to activate adenylate cyclase). A number of agonists were tested for their 

ability to couple to the Gj and Gg G-proteins. Although these agonists were all 

full agonists at Gj, activation of G, varied, depending on the structure of the 

agonist (Eason et ai. 1994). At the SHT^^R, it was found that the functional 

response at Gjg and also depended on the agonist; a full agonist at Gĵ  was 

found to be a partial agonist at Gjg, whereas other agonists activated both G- 

protein subtypes equally well (Gettys et ai. 1994). It has been speculated that 

different agonists in the binding pocket of receptors cause different 

conformational changes, which determine which G-proteins are activated (Eason 

et ai. 1 994). The results from the Asp’°VAsp’°̂  to Glu mutation work also 

suggest that the binding and conformational rearrangements leading to 

activation of the receptor depend upon the structure of the agonist.

Aspartate residues have been found at the sites of binding or catalysis for a 

diverse set of proteins. For example, trypsin has an Asp residue, which is 

essential for catalysis, at the base of the substrate pocket (Evnin et ai. 1990). 

This enzyme belongs to the family of serine proteases that cleave peptide bonds 

after Arg and Lys residues. The positively charged sidechain of Arg or Lys is 

stabilised in the substrate binding pocket by a negatively charged amino acid. 

Asp by preference (Evnin et ai. 1990). Acetylcholine esterase (ACh esterase), 

the enzyme catalysing the hydrolysis of ACh, has been shown to have a 

glutamate, rather than an aspartate, at the active site (Sussman et ai. 1991). 

Sussman and colleagues suggest that aromatic amino acids are also important in 

binding the positively charged headgroup of ACh. Binding of the positively 

charged TMA headgroup of phosphocholine to the antibody, McPC603, has also 

been shown to require interactions with Asp residues and aromatic residues,
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mainly Trp and Tyr residues (Giockshuber et a i 1991).

Positively charged compounds are also known to bind to, and to block, 

potassium channels. It has been suggested that electrostatic interactions with a 

glutamate, rather than aspartate, are responsible for the binding of a positively 

charged inhibitor (charybdotoxin) of the A-type potassium channel from the 

Shaker gene of Drosophila meianogaster (the Shaker channel) (MacKinnon 

and Miller 1989). Later, it was shown that binding of the positively charged 

TEA to the Shaker channel involved a threonine residue near to the channel 

opening (MacKinnon and Yellen 1990). In the voltage-dependent K  ̂ channel, 

the homologous residue at this position is a tyrosine; mutation of this Tyr causes 

a large decrease in TEA binding (Kavanaugh et a!. 1991). In fact, mutation of 

the Thr residue in the Shaker K  ̂ channel to a Tyr resulted in an increase in TEA 

binding (MacKinnon and Yellen 1990). It has been proposed that binding of the 

positively charged compound, TEA, to K  ̂ channels does not depend on ionic 

interactions; rather, it depends on interactions with aromatic residues 

(Kavanaugh et ai. 1991).

ACh has also been shown to interact with aromatic residues. This has been 

demonstrated using a synthetic receptor made up mainly of aromatic rings 

(Dougherty and Stauffer 1 990). Dougherty and Stauffer propose that the ACh 

headgroup interacts with the n electrons of the electron-rich aromatic residues 

(particularly Tyr and Trp) and that these interactions play a major role in 

stabilising the ACh headgroup. Aromatic amino acids have also been shown to 

be involved in the binding of ACh to both ACh esterase (Sussman et ai. 1991) 

and to the nicotinic AChR (nAChR) (Cohen et ai. 1991). Docking of ACh with a 

three-dimensional crystal structure of ACh esterase suggests that the binding 

site of ACh is located in a narrow gorge, lined with aromatic residues, and that 

ACh interacts with these aromatic residues rather than making electrostatic 

interactions (Sussman et aL 1991). At the nAChR, [^H]ACh mustard was 

shown to label a tyrosine residue in the a-subunit (Cohen et ai. 1991). Site- 

directed mutagenesis studies have identified a different Tyr residue (also in the 

(7 -subunit) as important for binding ACh (Tomaselli et ai. 1991). Recently, it has 

been shown that three Tyr residues in the o-subunit of the nAChR are involved 

in stabilising the headgroup of ACh in the binding site (Sine et ai. 1994).
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The results from modelling studies suggest that aromatic residues may also play 

a role in stabilising cationic-amine ligands in the binding site of G-protein-coupled 

receptors (Hibert et aL 1991; Trumpp-Kallmeyer at al. 1992). This model 

suggests that the positively charged headgroups of cationic-amine ligands are 

surrounded by conserved aromatic amino acids (including a Trp in TMD III and a 

Trp and Tyr in TMD VI of the mAChR). These residues may support the 

electrostatic interaction between the ligand headgroup and the Asp charge, and 

may act as a gorge to guide the ligand headgroup to the ionic site. A number of 

other residues may also be involved (Trumpp-Kallmeyer at ai. 1992). The model 

also suggests that, in the absence of a ligand, the Asp residue in TMD III may 

form hydrogen bonds with a conserved Trp (TMD VI) and Tyr (TMD VII). 

Trumpp-Kallmeyer and colleagues propose that the binding of a ligand to the Asp 

may cause these interactions to be broken, resulting in conformational 

rearrangement of the receptor. A proline in TMD VI is also located within the 

cluster of aromatic amino acids. This may be involved in transmitting the signal 

through the transmembrane regions (Trumpp-Kallmeyer at ai. 1992).

For ACh, the ionic interaction with the Asp^°®/Asp’°̂  residue is also important in 

the binding of the agonist in the low affinity binary complex. It appears that, 

not only has the receptor evolved so that it is specific for ACh, it has also 

evolved to ensure that ACh does not make non-productive interactions as it 

passes from the extracellular environment into the correct binding site for 

receptor activation. In the evolution of ligand-receptor pairs, it may be an 

important principle that inappropriate interactions are minimised, as well as 

appropriate ones maximised.

The sidechain interactions of ACh with the receptor were also shown to be 

important for both binding and activation. Binding studies using the ( - F )  and (-) 

isomer of AyffMeCh showed that the wild-type receptors were selective for the 

( +  ) isomers, whereas the Asp^°®Glu mutant receptor was unable to discriminate 

between the two. At the wild-type receptor, ( 4- )A^gMeCh takes up an anticlinal 

conformation; the yff-methyl group of the ( + ) isomer does not interfere with 

binding, and the full set of headgroup and sidechain interactions can be formed. 

This is strongly disfavoured for the (-) isomer. At the mutant receptor, however, 

disruption of the headgroup-charge interaction also appeared to cause disruption 

of the sidechain interactions; so that the ( + ) and (-) isomers bound with similar
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affinities. For ACh and closely related analogues, the Asp-Glu mutation also 

caused the sidechain interactions to be broken. For other ligands, however, the 

sidechain interactions appeared to be preserved. The stereoselectivity for 

(-)NMS over ( + )NMS was preserved at the mutant receptors and the subtype 

selectivity of ligands such as McNA343 was also maintained at the ml and m2 

mutant receptors.

Binding and functional assays using FCh demonstrated that the terminal methyl 

group of ACh is important for activation of the receptor. FCh had a much 

reduced affinity, compared with ACh, for the wild-type receptor, along with a 

reduced potency in activating the receptor. As the mutation appeared to disrupt 

the sidechain interactions of ACh, it is not surprising that the affinities of the 

mutant receptor for FCh and ACh were found to be similar. Although FCh was 

able to activate the wild-type receptor, a functional response was undetectable 

at the mutant receptor. It appears that ACh must be "tethered" at each end for 

efficient activation of the receptor.

In order to attempt to identify amino acids that may interact with, or surround, 

the methyl group, further mutagenesis was carried out on residues in the fifth 

transmembrane region. This region of the receptor was chosen because 

modelling studies (Baldwin 1993) suggested that it is located in an ideal position 

relative to TMD III. It has also been suggested that residues in TMD V reflect 

the pharmacological specificity of the different receptors in this family of G- 

protein-coupled receptors (Oprian 1992). Selected amino acid residues were 

mutated to cysteines, which have the potential for interacting with BrACh.

BrACh has previously been shown to interact with a reduced disulphide bond in 

the nicotinic AChR (Silman and Karlin 1969). In order to interact with BrACh, 

the Cys residues must be in the 8 “ state, which means the reaction must be 

carried out above pH 8 . The following reaction occurs:

R-S" -k Br-CH2 -COO-CH2 -CH2 -N(CH3 ) 3  R-S-CH2 -COO-CH2 -CH2 -N(CH3 ) 3  +  Br"

This is a two part reaction, the reversible binding of BrACh to the receptor, 

followed by the irreversible alkylation of the receptor.

Initial binding assays using BrACh showed that the ligand bound with a much
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higher apparent affinity than expected to one of the mutant receptors,

Thr^^^Cys. The affinity was also slightly higher than predicted at one other 

mutant receptor, Ala’^®Cys, although the affinity enhancement was lower than 

that at Thr’^^Cys. The other mutant receptors all showed a good correlation 

between the apparent affinity constants for BrACh and those for ACh or FCh.

As the affinity of BrACh appeared to be so high at the Thr’^^Cys receptor, it was 

speculated that the binding was not totally reversible and that the affinity 

constant derived was enhanced by the irreversible reaction. An experiment to 

determine whether the reagent could be washed away from the receptor 

showed that BrACh did not bind irreversibly to the wild-type receptor; pre

incubation with BrACh, followed by a washing procedure, caused no inhibition 

of [^H]NMS binding. In contrast, BrACh was found to bind irreversibly to the 

Thr^®^Cys receptor, and caused a 55%  block of the [^H]NMS binding sites.

These experiments have suggested that Cys’®̂ is located in the receptor binding 

site, and that when BrACh binds, the bromo- group at the end of the sidechain 

is in a suitable position to undergo displacement. It is possible that irreversible 

binding of BrACh also occurs to the Ala’^®Cys receptor, although this remains to 

be tested. This residue is located approximately one helical turn away from 

Thr’®̂ , deeper in the membrane but in line with the Thr residue. From these 

observations, it appears that the sidechain of Thr^^  ̂ is involved in ligating the 

ester methyl group of ACh, consistent with a recent modelling study (Nordvall 

and Hacksell 1 993). The results of the present study provide the first chemical 

evidence for the involvement of a TMD V residue in ligand binding. A number of 

residues would be expected to be involved in stabilising the methyl group of 

ACh in its binding pocket. Further work needs to be carried out to discover 

which residues and which transmembrane domains are involved in these 

interactions.

At least one residue in TMD V (Thr’®̂ ), and probably more residues, are in 

contact with ACh in the binding site. The base of TMD V leads to the beginning 

of the iS loop, and the iS loop, particularly at the amino- and carboxyl-terminal 

domains, has been shown to be involved in G-protein recognition and activation 

(Kunkul and Peralta 1 993). It is probable that a ligand in the binding site makes 

contacts with several transmembrane domains, such as TMDs III and V, causing 

movements that are propagated through the transmembrane structure of the
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receptor to the cytoplasmic domains. This leads to recognition, binding and 

activation of specific G-proteins. The critical interaction of ligands with the 

receptor is through the headgroup of the ligand. The headgroup of ACh alone 

(TMA) is able to activate the wild-type ml mAChR, although it has low efficacy 

and low potency. For efficient activation (high efficacy and high potency), the 

sidechain interactions of ACh with the receptor are also required.

Disruption of the headgroup interaction (by the Asp-Glu mutation) generally 

resulted in a loss in efficacy of the ligand. The molecular mechanisms 

underlying this loss in efficacy are not clear. If the mutation only affected the 

change in conformation from an inactive to an active state, any mutation- 

induced changes in affinity of a ligand would be correlated with its efficacy 

(Samama et at. 1994). This was clearly not the case, arguing that a major 

effect of the mutation was to reduce the binding affinity of the ligand in the 

active conformation of the receptor. It is still unclear, however, whether the 

mutation additionally affects any of the conformational changes the receptor 

passes through before it recognises, binds and activates a G-protein. The 

reduction in the spare receptor ratio may imply that the mutant ARG complex is 

less active than the wild-type ARG complex.

This question might be resolved if the basal levels of receptor activation could 

be effectively measured. This would be a measure of the ability of a receptor to 

recognise and activate a G-protein in the absence of a ligand, and might allow 

determination of any differences in the ability of the mutant receptor to adopt 

the conformation necessary for this recognition. Unfortunately, the basal levels 

could not be accurately measured for the functional response in COS-7 cells; 

antagonists had no effect on the basal level of stimulation. The functional 

activation of the receptors in COS-7 cells was determined by measuring the 

amount of PI hydrolysis, an event that occurs downstream of the G-protein.

A more direct method for measuring G-protein activation would be to measure 

the GTPase activity of the G-protein or to measure the binding of GTPyS (a non- 

hydrolysable analogue of GTP) to the G-protein. Activation of a G-protein 

causes the release of GDP from the G-protein, and the binding, followed by the 

hydrolysis, of GTP. These are the first effects of activation of the G-protein. 

Guanine nucleotide exchange (GDP/GTP) can be determined by measuring the
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amount of [^®S]GTPkS bound upon activation of the G-protein (Lazareno et a/.

1993). The GTPase activation of a G-protein is a measure of the hydrolysis of 

GTP to give GDP. This can be determined by incorporating [y^^PlGTP into the 

activation process and measuring the release of free [̂ P̂] as the GTP is 

hydrolysed (Lazareno at a/. 1993). These assays, however, were not sensitive 

enough to measure the activation of the ml mAChR after transient expression in 

COS-7 cells. The receptors need to be expressed in a stable cell line (such as 

CHO cells) in order for these assays to work efficiently.

Attempts were made to achieve permanent expression of the m l and m2 wild- 

type and mutant receptors in the A9L and CHO cell lines. These initial attempts 

were unsuccessful. A co-expression procedure was used, in which the pCD 

vector containing the receptor gene was co-transfected with a pCD vector 

containing a geneticin-resistant gene (in a ratio of 10:1). It was hoped that the 

transfected cells would take up both plasmids and that transfected cells could 

be selected using geneticin. These attempts were unsuccessful, however. The 

selected cells (which were geneticin resistant) either did not express the 

receptor gene, or the expression levels were too low to be detected. At this 

time, the method of transfection employed was the calcium phosphate protocol, 

and, due to technical problems, the transfection procedures were very 

inefficient. Since then, the m l wild-type and Glu mutant receptors have been 

cloned into a different vector and expressed in A9L and CHO cell lines (C.

Curtis). This vector contains both the cytomegalovirus strong promoter and also 

the geneticin resistance gene, so that transfection with only a single plasmid is 

required. Time constraints, however, have prevented GTPase or GTP^S assays 

from being carried out on the receptors expressed in the A9L or CHO cell lines.

The effects of the mutations in TMD V were smaller than the effect of the Asp- 

Glu mutation in TMD III. Of the residues investigated in TMD V, Thr’®̂ appeared 

to be the most important for agonist binding and for inducing a functional 

response at the receptor. Recently, modelling studies have suggested that 

Thr’®̂ is located in an ideal position for van der Waals bonds to be formed with 

the methyl group of ACh, and that it may also interact with the ester oxygen of 

ACh (Novdvall and Hacksell 1993). The results from these mutagenesis studies 

also suggest that ACh may bridge the gap between TMD III and TMD V.
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Modelling studies have also predicted other residues that may be in the binding 

site of G-protein-coupled receptors. It has been suggested that an asparagine in 

TMD VI (Asn^® )̂ interacts with the carbonyl oxygen of ACh (Hibert et aL 1991 ; 

Trumpp-Kallmeyer at aL 1992; Nordvall and Hacksell 1993). These models, 

however, were all based on the three-dimensional model of bacteriorhodopsin 

(Henderson at aL 1990). A low resolution projection map of the bovine 

rhodopsin has since been reported (Schertler at aL 1993a). There appear to be 

significant differences in the packing of a-helices between the model based on 

rhodopsin and that of bacteriorhodopsin (reviewed in Baldwin 1993; Hoflack at 

aL 1994). A new model for bacteriorhodopsin has recently been proposed, 

based on a different crystal structure (Schertler at aL 1993b). In this model, the 

helices are thought to have a different tilt and packing structure from that of the 

model proposed by Henderson at aL (1990). It appears that different 

crystallisation procedures have a large effect on the packing of the or-helices 

within the membrane (Schertler at aL 1993b; Hoflack at aL 1994).

The probable arrangement of a-helices within the membrane has been deduced, 

based on the low resolution map of rhodopsin and the sequence alignment of 

the putative transmembrane domains of 200 G-protein-coupled receptors 

(Baldwin 1993). From this a-helical wheel model, it appears unlikely that the 

Asn in TMD VI would be in the correct position to interact with the carbonyl 

oxygen group of ACh, as proposed by the three-dimensional models based on 

bacteriorhodopsin (Hibert at aL 1991; Trumpp-Kallmeyer at aL 1992; Nordvall 

and Hacksell 1993). The results from a recent mutagenesis study also suggest 

that the Asn residue is not critical for ACh binding or activation of the receptor 

(Blüml at aL 1994b). Mutation of Asn®°  ̂ in the m3 (corresponding to Asn̂ ®̂  m l)  

to three different amino acids had little effect on the binding of, or activation 

induced by, ACh or carbachol. In contrast, all three mutations had a dramatic 

effect (in some cases, over a 2 0 ,0 0 0 -fold reduction in affinity) on the binding of 

particular classes of antagonists; for instance, (-)NMS and pirenzepine both 

showed reductions in affinity of over 1000-fold at some mutant receptors (Blüml 

at aL 1 994b). It appears that the Asn residue in the sixth TMD is more 

important for binding classes of antagonists than agonists. It is also notable 

that mutation of the Asn^° ,̂ m3, (Asn^®  ̂ m l) had a much larger effect on the 

binding of OxoM and pilocarpine than it did on the binding of ACh (Blüml at aL 

1994b). This result is in direct contrast to the effect of the Asp^°VAsp^°^ to Glu
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mutation and, once again, suggests that ACh and OxoM have different modes of 

binding.

Mutation of the Thr and Ala residues of TMD V showed that Aia’®̂ was also 

more important for binding antagonists than for binding agonists, or inducing a 

functional response. The effect of mutating this residue was less than that for 

mutating Asn^®̂ . Nevertheless, there was a significant reduction in affinity of 

(-)[^H]NMS at both the Ala’^^GIy and Ala^^^Cys mutant receptors. Using the 

helical wheel model shown in fig. 1.3, it is notable that the Ala’®̂ is located in 

the vicinity of Asn^® ,̂ on the adjacent or-helix. Another residue suggested to be 

involved in antagonist binding is Trp̂ ^®, also in TMD VI (Wess et aL 1993). This 

residue is located one helical turn before the Asn residue (deeper into the 

membrane), and spatially, the residues would be very close to one another. 

These three residues (Alâ ®̂ , Trp̂ ^® and Asn̂ ®̂ ) may define a binding site for 

certain classes of antagonists.

In summary, the results from this project suggest that the headgroup of ACh 

forms an ionic interaction with the Asp’°®/Asp^°  ̂ in TMD III, and this interaction 

is more important in the activated state of the receptor than in the ground state. 

The sidechain interactions of ACh are also important for high affinity binding and 

activation of the receptor. The terminal methyl group of ACh appears to be 

located close to the Thr’^̂  residue in TMD V, as shown in fig. 5.2.

5 .1. Critical Assessment o f this work.

During the course of this project, it became clear that the results from 

mutagenesis studies can be very difficult to interpret. This is especially true 

where negative or disruptive effects are observed, as in the case of the Asp-Glu 

mutation. At the outset of the project, it was hoped that it would be possible to 

analyse the binding of different agonists to the Glû °® (m l) and Glu^°  ̂ (m 2 ) 

receptors, and determine the contribution of the Asp residue in the binding of 

agonists to the different conformational states of the receptor. Initially, it was 

also hoped that it would be possible to compensate for the mutation by 

manipulating the sidechain of ACh, thereby producing a ligand having a higher
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Fig. 5 .2 . A  model of the mAChR showing the proposed interactions of 

ACh w ith the Asp in TM D  III and the Thr^®  ̂ in TM D  V .

The positions of the a-helices were calculated using the rhodopsin model of 

Baldwin (1993). ACh has been positioned between the negatively charged Asp 

in TMD III and the methyl group of Thr̂ ®̂  in TMD V. The extracellular end of 

TMDs V and VI have been shaded; the i3 loop, which is involved interacting 

with G-proteins, lies between these helices. The positively charged arginine at 

the extracellular end of TMD III is shown; this residue has been shown to be 

involved in activating the G-protein (Jones, P.G. et aL in press).

(Figure supplied by E. Hulme, personal communication).



Outside

Me Me

Inside

Fig. 5 .2 . A model of the mAChR showing the proposed interactions of 
ACh with the Asp in TMD I I I  and the Thr192 in TMD V.
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affinity for the mutant than the wild-type receptor. In general, direct positive 

effects are more straightforward to interpret than disruptive effects.

It also became clear that more information might be gained by mutating the 

amino acid in question to a number of different residues, or by analysing the 

effects of single mutations of a number of adjacent residues. These approaches 

would allow comparisons to be made between different mutant receptors.

For these reasons, a scanning mutagenesis approach was used in the second 

part of this project. A number of candidate residues located in the extracellular 

half of TMD V were mutated to two different amino acids. The mutations were 

designed, firstly, to remove the moieties capable of forming hydrogen or van der 

Waals bonds, and secondly, to introduce a specific reactive group, the 

sulphydryl group of a cysteine, into the residues. BrACh was used to probe the 

effects of the mutations, as this reagent is capable of reacting irreversibly with 

ionised sulphydryl groups. Indeed, BrACh was found to bind irreversibly to one 

mutant receptor, the Thr’^^Cys receptor, whereas all binding to the wild-type 

receptor was found to be reversible. For the binding of BrACh, the Thr’®̂ Cys 

mutation was found to have a positive, rather than a disruptive, effect. The 

positive effect can be directly attributed to the presence of a cysteine residue at 

position 192. The interpretation of these experiments was more straightforward 

than that of the work on the Asp-Glu mutation, as the Asp-Glu mutation had 

either no effect or disruptive effects on the binding of ligands.

5 .2 . FoUo w-up Studies.

Experiments could be carried out to further investigate the reactivity of BrACh. 

Irreversible binding has been detected at the Thr^^^Cys mutant receptor; this 

same experiment needs to be carried out on the other mutant receptors to 

determine whether BrACh is capable of irreversibly binding to any of these. The 

results from the initial binding assays showed that Ala’®®Cys was the only other 

mutant receptor having a higher apparent affinity for BrACh than the wild-type 

receptor, and it might be speculated that BrACh is more likely to bind irreversibly 

to this Ala residue than to Alâ ®̂  or Ala’®®.

Different alkylating reagents, such as N-ethylmaleimide or iodoacetate, could be
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used as a control, to determine whether the Cys residue in the Thr’^^Cys mutant 

receptor is accessible to non-specific probes.

As BrACh was found to bind irreversibly to the Thr^^^Cys receptor, it was 

speculated that this reagent may be able to induce constitutive activation of the 

receptor. BrACh-induced PI hydrolysis could be terminated by the addition of 

antagonists. For reversibly-bound BrACh, addition of antagonists should 

compete for the receptor binding site and stop the accumulation of radiolabelled 

phosphates. If the irreversible binding of BrACh leads to constitutive activation 

of the receptor, however, we would expect the radiolabelled phosphates to 

continue to accumulate. Initial experiments have shown no evidence that BrACh 

binding leads to constitutive activation of the Thr’^^Cys mutant receptor. These 

experiments were inconclusive, however, and require repeating. It is possible 

that BrACh binds irreversibly to the inactive form of the receptor.

Finally, it is probable that a number of amino acids are in the vicinity of the 

putative ACh methyl binding pocket. Further mutagenesis could be carried out 

on more residues in TMD V, and on residues in adjacent TMDs, in particular, on 

those in TMD VI. The residues could be mutated to cysteines and probed with 

BrACh. This approach might define a "pocket" of residues required for 

stabilising the acetyl methyl group in the binding site of the mAChRs.
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Appendix: Sequence alignment o f the human m 2 and the rat m1- 
m 5 mAChRs.

The seven putative TMDs are in bold and underlined. The residues mutated in the 
present study are marked by asterisks.

1 50
Human m2 ...................................................................................................MNNS T . . . .NSSNN

R at m2 ...................................................................................................MNNS T . . .  .NSSNN
R at m4 ...................................................................................................MXNF TPVNGSSANQ
R a t ml ...........................................................................................................M NTS VP PA. VS
R at m3 MTLHSNSTTS PLFPNISSSW VHSPSEAGLP LGTVTQLGSY NISQETGNFS
R at m5 ........................................................................................................ME GESYNESTVN

Human m2 
R at m2 
R at m4 
R at ml 
R at m3 
R at mS

Human m2 
R at m2 
R at m4 
R at ml 
R at m3 
R at m5

51
S L  ALTS
G L . . . .A IT S  
SVRLVTAAHN 
PNITVLAP. . 
SNDTSSDPLG 
GTPVNHQALE

101
V N N Y FL F S LA
V N N Y FL F S LA
V N N Y FLFS LG
V N N Y FL L S LA
V N N Y FL L S LA
V N N Y Y LLS LA

PYK TFEW FI
PYK TFEW FI
HLETVEMVFI
GKGPWQVAFI
G HTIW QW FI
RHGLWEVITI

V L VA G S LS LV
V LVA G S LS LV
A T V TG S LS LV
G IT T G L L S L A
A F L T G F L A L V
A W T A W S L M

T IIG N IL V M V
T IIG N IL V M V
T W G N IL V M L
T V T G N L L V L I
T I I G N I L V I V
T IV G N V L V M I

C A D L IIG V F S
C A D L IIG V F S
C A D L IIG A F S
C A D L IIG T F S
C A D L IIG V IS
C A D L IIG IF S

TMD

MNLYTLYTVI
MNLYTLYTVI
M NLYTLYIIK
MNLYTTYLLM
M NLFTTYIIM
MNLYTTYILM

GYWPLGPWC
GYWPLGPWC
GYWPLGAWC
GHWALGTLAC
NRWALGNLAC
GRWVLGSLAC

100
SIKVNRHLQT
SIKVSRHLQT
SIKVNRQLQT
SFKVNTELKT
AFKVNKQLKT
SFKVNSQLKT

*1 5 0
D L W L A L D Y W
D L W L A L D Y W
D L W L A L D Y W
DLW LALDYVA
D LW LS ID Y V A
DLW LALDYVA

TMD II

Human m2 
R at m2 
R at m4 
R at ml 
R at m3 
R at m5

151
S N A S V M N L LI
S N A S V M N L LI
S N A S V M N L LI
SNASVM NLLL
SNASVM NLLV
SNASVM NLLV

ISFDRYFCVT
ISFDRYFCVT
ISFDRYFCVT
ISFDRYFSVT
ISFD R YFSIT
ISFD R YFSIT

KPLTYPVKRT
KPLTYPVKRT
KPLTYPARRT
RPLSYRAKRT
RPLTYRAKRT
RPLTYRAKRT

TKMAGMMIAA
TKMAGMMIAA
TKM AG LM IAA
PRR AALM IG L
TKRA G VM IG L
P K R A G IM IG L

200
A W V LS FILW A
A W V LS FILW A
AW VLSFVLWA
AW LVSFVLWA
A W VISFVLW A
A W LV S FILW A

TMD ill TMD IV

Human m2 
R at m2 
R at m4 
R at ml 
R at m3 
R at m5

201
PAILFW QFIV
PAILFW QFIV
PAILFW QFW
PAILFWQYLV
PAILFWQYFV
PAILCWQYLV

GVRTVEDGEC
GVRTVEDGEC
GKRTVPDNQC
GERTVLAGQC
GKRTVPPGEC
GKRTVPPDEC

*  * *  * *  250
YIQFFSNAAV T F G T A IA A F Y  L P V IIM T V L Y  
YIQFFSNAAV T F G T A IA A F Y  L P V IIM T V L Y  
FIQFLSNPAV T F G T A IA A F Y  L P W IM T V L Y  
Y IQ F L S Q P II TFG TAM AAFY LP V TV M C TLY  
FIQ FLSEPTI T F G T A IA A F Y  M P V T IM T IL Y  
Q IQ FLSEPTI T F G T A IA A F Y  IP V S V M T IL Y

TMD V

251 300
Human m2 WHISRASKSR I K ....................................... KDKK EPVANQDPVS PSLVQGRIVK

R at m2 WHISRASKSR I K ....................................... KEKK EPVANQDPVS PSLVQGRIVK
R at m4 IHISLASRSR V H .......................................KHRP. EGPKEKKAKT LAFLKSPLMK
R at ml WRIYRETENR ARELAALQGS E T .......................... PGKGGGSSS SSERSQPGAE
R at m3 WRIYKETEKR TKELAGLQAS GTEAEAENFV HPTGSSRSCS SYELQQQGVK
R at m5 CRIYRETEKR TKDLADLQGS DSVAEAKK.R EPAQRTLLRS FFSCPRPSLA

(c o n tin u e d  o v e r le a f ]
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301 350
Human m2 PNNNNMPSSD DGLEHNKIQN G K .. .APRDP VTENCVQGEE KESSNDSTSV

R at m2 PNNNNMPGGD GGLEHNKIQN G K .. .APRDG VTETCVQGEE KESSNDSTSS
R a t m4 PSIKKPPPGG ASREE.,LRN GKLEEAPPPA LPPPPRPVPD KDTSNESSSG
R a t ml GSPESPPGRC ................CRC CRAPRLLQAY SWKE..EEEE DEGSMESLTS
R a t m3 RSSRRKYGRC HFWFTTKSWK PSAEQMDQDH SSSDSWNNND AAASLENSAS
R a t m5 QRERNQASWS SSRRST. . . . STTGKTTQAT DLSADWEKAE QVTTCSSYPS

351 400
Human m2 SAV................ .................. AS NMRDDEITQD ENTVSTSLGH

R at m2 AAV................ .................. AS NMRDDEITQD ENTVSTSLDH
R a t m4 SATQNTKERP .................. PT ELSTAEATTP ALPAPTLQPR
R a t ml SEGEEPGSE. ...........W IK M P ..................... ............. MVDS
R a t m3 SDEEDIGSET R AIYSIVLKL PGHSSILNST KLPSSDNLQV SNEDLGTVDV
R a t m5 SEDEAK.PTT DPVFQMVYK. ................SEA KESPGKESNT QETKETWNT

401 450
Human m2 SKDENSKQTC IRIGTKTPKS DSCTPTNTTV EWGSSGQNG DEKQNIVARK

R at m2 SRDDNSKQTC IKIVTKAQKG DVYTPTSTTV ELVGSSGQSG DEKQNWARK
R at m4 TLNPASKWSK IQIVTKQTGN ECVTA____I EIVPATPAGM RPAAN.VARK
R a t ml EAQAPTKQPP KS...........SPN TVKRPTK .....................K GRDRGGKGQK
R at m3 ERNAHKLQAQ KSM. . GDGDN CQKDFTKLPI QLESAVDTGK TSDTNSSADK
R at m5 RTENSDYDTP KYFLSPAAAH RLKSQKCVAY KFRLWKADG TQETNNGCRK

451 500
Human m2 I ..................... VKMTKQPAKK KPP.PSREKK V T R T IL A IL L

R at m2 I ..................... VKMPKQPAKK KPP.PSREKK V T R T IL A IL L
R at m4 F ..................... ASIARNQVRK KRQMAARERK V T R T IF A IL L
R at ml P ..................... . RGKEQLAKR KTFSLVKEKK AARTLSAILL
R at m3 TTATL.PLSF KEATLAKRFA LKTRSQITKR KRMSLIKEKK AAQTLSAILL
R at m5 VKIMPCSFPV SKDPSTKGPD PNLSHQMTKR KRMVLVKERK AAQTLSAILL

501 550
Human m2 A F IIT W A P Y N VMVLINTFCA PCIPNTVWTI G Y W LCYINST IN P A C Y A LC N

R a t m2 A P IIT W A P Y N VMVLINTFCA PCIPNTVWTI G YW LC YIN ST IN P A C Y A LC N
R a t m4 A F IL T W T P Y N VMVLVNTFCQ SCIPERVWSI GYWLCYVNST IN P A C Y A LC N
R a t ml A F IL T W T P Y N IMVLVSTFCK DCVPETLWEL GYWLCYVNST VNPMCYALCN
R a t m3 A F IIT W T P Y N IMVLVNTFCD SCIPKTYWNL G Y W LCYINST VNPVCYALCN
R at m5 A F IIT W T P Y N IMVLVSTFCD KCVPVTLWHL GYWLCYVNST IN P IC Y A L C N

TMD VI TMD VII

551 592
Human m2 ATFKKTFKHL LMCHYKNIGA T R ..................

R a t m2 ATFKKTFKHL LMCHYKNIGA T R ..................
R a t m4 ATFKKTFRHL LLCQYRNIGT AR..................
R a t ml KAFRDTFRLL LLCRWDKRRW R K . . . IPKRP GSVHRTPSRQ C.
R at m3 KTFRTTFKTL LLCQCDKRKR RKQQYQQRQS VIFHKRVPEQ AL
R a t m5 RTFRKTFKLL LLCRWKKKKV EEKLYWQGNS KLP................
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