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ABSTRACT

The adenosine Ai receptor is one of the large superfamily of G protein coupled 

receptors. These receptors are generally considered to have 2 binding sites, one 

which binds the hormone or neurotransmitter, and one which binds the G protein. 

However it has recently been reported that an additional binding site exists on the 

Ai receptor. The binding of certain benzoylthiophenes (e.g. 2-amino-4, 5- 

dimethylthien-3-yl [3-(trifluoro methyl) phenyl] - methanone, PD81) to this site, 

allosterically modulate the binding and activity of agonists (and antagonists), 

thereby providing a novel means of modulating the actions of endogenous 

adenosine.

Initially, the binding and functional properties of the cloned human adenosine Ai 

receptor, expressed in Chinese hamster ovary cells, were characterised. A novel 

saponin pretreatment simplified the assay system and enabled for the first time a 

detailed characterisation of the binding properties of adenosine itself for the Ai 

receptor. The core of the study was a quantitative investigation of the effects of 

allosteric agents on binding and function of the adenosine Ai receptor. The 

experimental evidence is quantitatively compatible with PD81 binding to a 

specific allosteric site on the Ai receptor. Functional assays demonstrate that 

the cloned human A2A receptor does not appear to have the same allosteric 

site.

Replacement of regions of the Ai receptor by complementary regions of the A2a 

receptor was used in an attempt to elucidate the region where the allosteric 

ligand interacts with the receptor. Seven A1/A2A chimeric receptors were 

constructed using the PCR technique of splicing by overlap extension. The 

expression and function of the chimeric receptors, as well as the effects of the 

alterations on the competitive and allosteric ligand binding sites was assessed 

using electrophysiological and binding techniques. The results suggest that 

the seventh transmembrane domain and/or the intracellular COOH-terminus 

domain of the Ai adenosine receptor may be critical for the positive allosteric 

interaction between the agonist binding site and the allosteric site.
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CHAPTER 1: INTRODUCTION 

1.1 G protein coupled receptors

A wide variety of hormone and neurotransmitter receptors interact with 

heterotrimeric guanine nucleotide binding regulatory proteins (G proteins). 

These G protein coupled receptors form a large family of integral membrane 

proteins whose amino acid sequences have seven hydrophobic domains 

containing distinctive sequence patterns. Receptors of this class respond to a 

structurally diverse range of agonists, including small molecules such as 

biogenic amines or adenosine, peptides such as angiotensin or the 

neurokinins, and larger proteins such as lutotropin or thyrotropin. The binding 

of a ligand to its specific receptor triggers a signal transduction cascade via 

activation of a G protein which acts as an intermediate to stimulate or inhibit 

one of many effector systems (Figure 1.1). Effector enzymes and ion channels 

that are coupled to G protein-mediated pathways include adenylyl cyclase, 

phospholipases A and C, calcium and potassium channels, and 

phosphodiesterases. Thus the signal transduction pathway initiated by G 

protein coupled receptors represents a major mechanism for transmembrane 

signalling in cellular systems.

It is likely that there are between 400-1000 different G protein coupled 

receptors, of which %250 members have been cloned. This superfamily of 

receptors appears to constitute one of the largest gene families of the 

mammalian genome. The cloning of G protein coupled receptors has

facilitated the determination of receptor structure and the nature of the ligand 

binding site.

Many significant drugs used in the clinic produce their therapeutic effect by 

interacting with a specific G protein coupled receptor either to produce a 

response or to block the actions of an endogenous signalling molecule. Much 

interest has thus developed in the design of drugs that are able to act 

selectively at different members of this receptor superfamily.

20



Figure 1.1: General mechanism of action of G protein coupled receptors.

The ligand (A) binds to its receptor (R) on the cell membrane. This interaction 
initiates a transduction cascade through activation of a G protein (G) inside the 
cell. The activated G protein is able to stimulate or inhibit one of many effector 
systems (E).

ligand (A) binds to its receptor 
(R) on the cell membrane

Extracellular Space

Initiates a transduction 
cascade through activation 

of a G protein (G)

Cytosol

Stimulates or inhibits 
one of many effector 

systems (E)
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1.1.1 The structure of G protein coupled receptors

All members of the G protein coupled receptor family are thought to have the 

same basic structure in the transmembrane part of the protein because of their 

sequence similarities and their common function of binding and activation of G 

proteins. It has been shown that in two members of this receptor family, 

rhodopsin and the p2-adrenergic receptor, the N-terminus is on the 

extracellular side of the membrane and the C-terminus is on the intracellular 

side (Applebury and Hargrave; 1986, Wang etal. 1989).

Hydropathicity analysis of the primary structures of G protein coupled receptor 

proteins suggests that they contain seven transmembrane alpha-helices. 

Predictions of the structures of G protein coupled receptors has largely derived 

from the known structure of bacteriorhodopsin, a purple transmembrane protein 

from Halobacterium halobium. Although bacteriorhodopsin is a light-driven 

proton pump and does not couple to G proteins, electron microscopy has 

shown that it consists of a bundle of seven a-helices which span the membrane 

(Henderson and Unwin; 1975, Henderson etal. 1990).

Rhodopsin, a member of the family of G protein coupled receptors, shares with 

bacteriorhodopsin its response to light through the isomérisation of a 

covalently-bound retinal chromophore. A low resolution projection map of 

bovine rhodopsin, determined by electron crystallography of two-dimensional 

crystals, gives further evidence for the existence of this seven transmembrane 

a-helical structure (Schertler at a/. 1993). Four helices were shown to be nearly 

perpendicular to the membrane and three were tilted. When the projection 

density of a rhodopsin molecule is compared to that of bacteriorhodopsin, the 

projection structure of rhodopsin is found to be less elongated, slightly broader 

and the helices are tilted differently from those of bacteriophodopsin.

Baldwin (1993) has aligned the putative transmembrane domains of 200 

sequences of the G protein coupled receptor family. The probable arrangement 

of a-helices within the membrane was deduced by allocating each helix to a

11



position appropriate to the extent of its lipid-facing surface area. Helix III 

appears to be the most hidden within the helical bundle, whereas helices I, IV 

and V are more exposed to the membrane lipid environment. Some receptors 

have short inter-helical loops, so in order for all the receptor family to have the 

same arrangement of helices, each helix must be organised in the helical 

bundle according to its sequence order. Figure 1.2 shows a helical wheel 

model of the probable arrangement of the transmembrane a-helices based on 

the projection map (Schertler et al. 1993) and the sequence alignment studies 

(Baldwin et ai. 1993). The suggested arrangement gives a closely packed 

structure at the intracellular surface where the G protein interaction is thought 

to occur and a more open structure in the extracellular half of the receptor, 

producing a ligand binding pocket. However, the proposed three-dimensional 

arrangement is still fairly speculative (Hibert et ai. 1993) and three-dimensional 

crystallographic data is essential for a more accurate determination of the 

structure of G protein coupled receptors.

Most of the G protein coupled receptors cloned to date have at least one 

consensus sequence for N-linked glycosylation (Asn-X-Ser/Thr where X can be 

any amino acid except for proline and aspartate) in the extracellular domain. 

Prevention of receptor glycosylation, either by inhibition of glycosylation 

enzymes in the cell or by site-directed mutagenesis of the potential 

glycosylation sites on the receptor, results in a decrease in the level of 

expression of either the p2-adrenergic receptor or the lutropin receptor on the 

cell surface (Rands et ai. 1990, Liu et al. 1993) but not the m2 muscarinic 

acetylcholine receptor (van Koppen and Nathanson; 1990). However the lack 

of glycosylation does not appear to alter ligand binding or functional activity of 

those receptor molecules expressed in the plasma membrane.

G protein coupled receptors contain a number of conserved cysteine residues, 

some of which are thought to be important in maintaining receptor structure. 

There are two highly conserved cysteine residues in the first and second 

extracellular loops of the receptors that have been demonstrated to form an 

intramolecular disulphide bridge in both rhodopsin and muscarinic 

acetylcholine receptors (Karnik et al. 1988, Curtis ef a/. 1989).
23



Figure 1.2: A helical wheel model of the seven transmembrane domains 
of muscarinic receptors.

Eighteen sequences of m1-m5 receptors from various species including 
human, chick and Drosophila are considered. Each helix is shown as a helical 
wheel (angle 100°) with the short lines representing the orientation of the side- 
chains. Only the central 18 of the 20-25 residues thought to be present as a- 
helices are shown. The helices are viewed from the extracellular domain and 
are positioned approximately in the relative positions suggested by the 
projection map of rhodopsin (Schertler et al. 1993). Residues identical in all 
the sequences are shown by their single letter code and those found in most G 
protein coupled receptors are enclosed in a square. In addition the aspartate 
residue in transmembrane domain III (TMIII) conserved in all monoaminergic 
receptors, is enclosed in a hexagon. Residues that are hydrophobic (including 
serine) and not conserved between muscarinic subtypes and species are 
depicted by closed circles. Both the conserved and hydrophilic residues tend 
to cluster at helix-helix boundaries and towards the interior of the structure, 
whereas the non-conserved and hydrophobic residues face outwards. (From 
Birdsall; 1994).
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Mutagenesis of either of these two cysteine residues with alanine or valine, 

results in a destabilising of the tertiary structure of both rhodopsin (Davidson et 

al. 1994) and the (3-adrenergic receptor (Dixon et al. 1987b, Dohlman et al. 

1990). This suggests a role for these residues in maintaining the active 

conformation of the receptor which is involved with the binding and activation of 

the G protein.

1.1.2 G proteins

G proteins fall into two major families, the ‘small G proteins’, usually found as 

single polypeptides of about 200 amino acids (reviewed in Hall; 1990) and the 

heterotrimeric G proteins (reviewed in Gilman; 1987). The family of 

heterotrimeric G proteins are composed of a, p, and y subunits in order of 

decreasing mass. The a subunit binds guanine nucleotides and has a GTPase 

function whilst the p and y subunits are always co-associated. At present, the 

family is known to contain at least sixteen different genes that encode the a -  

subunit, five that enocde the p-subunit and seven that encode y-subunits 

(Simon et a i 1991, Cali et al. 1992, Watson et al. 1994).

The a-subunits have conserved primary structure (50-90% identity) and share 

a common molecular mechanism but they have diverse signalling functions. 

The interaction of the a-subunit with receptors, guanine nucleotides, GPy- 

subunits and effectors has been located to different structural regions of the a- 

subunit (reviewed by Bourne et al. 1991, Conklin and Bourne; 1993).

The a-subunit cycles between a resting (GDP-bound) conformation primed for 

interaction with agonist-stimulated receptors and an active (GTP-bound) 

conformation capable of activating or inhibiting downstream effectors (see 

below). Crystal structures, refined to a resolution of 2.2Â, of the GDP- (Noel et 

al. 1993) and 1.8Â of the GTP- (Lambright et al. 1994) bound forms of the a- 

subunit of transducin, Gt« (the G protein that couples to rhodopsin) have shown 

that the nucleotide binding site is deep within the a-subunit between the
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GTPase domain homologous to small GTPases and an a-helical domain 

unique to heterotrimeric G proteins. The structural differences induced by 

nucleotide exchange are localised to three regions on one face of the protein. 

The formation of hydrogen bonds between the y-phosphate of GTP and a 

glycine and threonine residue in the a-subunit of the G protein is thought to 

initiate the nucleotide exchange, which is then further propagated by a series of 

ionic interactions (Lambright et al. 1994). All of the critical residues for the 

conformational switch in Gt« are conserved in all G protein a subunits so it is 

anticipated that the same mechanism will hold for all members of the 

heterotrimeric G protein family.

Experimental evidence suggests that the amino-terminal region of the a- 

subunit interacts with the Py-subunits, either directly or by maintaining a 

conformation necessary for heterotrimer formation (Denker at al. 1992, Neer at 

al. 1988). A short highly conserved sequence, thought to be close in space to 

the amino-terminus, is also thought to be an important regulatory contact 

between Ga and Py. This region is more highly conserved than any other 

sequence in Ga, in keeping with the functional conservation of a-Py 

interactions in all G protein-based signalling pathways. As yet no putative 

contact sites have been shown to encode the specificity of an a subunit for 

interacting with a particular species of Py but this kind of specificity is 

suspected (Kleuss atal. 1992).

Initial studies using rhodopsin suggested that the guanine nucleotide binding 

site and rhodopsin binding site are located in different domains of the G 

protein (Fung and Nash; 1983). At least three regions of Ga, in particular the 

carboxyl terminus, are now thought to contact the receptor. Evidence for this 

comes from experiments using peptides mimicking the C-terminus and a small 

adjacent region of the a subunit (Hamm at al. 1988), and chimeric constructs 

replacing amino acids of the aq C-terminus with those of aa (Conklin at al.

1993). The latter work has shown that in addition to contacting receptors, the 

extreme C-terminus of Ga is involved in determining the specificity of the 

receptor-G protein interaction. Mutagenesis studies of a$ have revealed three
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separate regions of primary structure involved in receptor-effector interactions 

(Berlot and Bourne; 1992).

Four of the mammalian Gp subunits share « 80% homology but the most 

recently found p-subunit is more divergent (Watson et al. 1994). Despite this 

close homology, they cannot form dimers with each kind of y-subunit; Pi 

interacts with either yi or 7 2 , P2 interacts with 72 but not 71 and pp cannot 

associate with either 71 or 72 (Schmidt at al. 1992, Pronin and Gautam; 1992). 

Furthermore, p-subunits are selective in coupling to a-subunits. Muscarinic 

receptors couple to a voltage sensitive Ca^  ̂channel through OoiPsy (but not Pi, 

p2 or P4) whereas somatostatin receptors couple to the same channel through 

Oo2pi7  (Kleuss at al. 1992). Based on the amino acid sequence of the p- 

subunit, the amino-terminal region is thought to form an amphipathic a-helix 

which could be involved with coiled-coil interactions with both the a- and 7 - 

subunits of the G protein (Lupas at al. 1992). The remainder of the protein 

consists of seven repeating units, each about 43 amino acids long of unknown 

function. Recent evidence suggests that interactions between the receptor and 

the p-subunit, as well as the a-subunit are important for receptor-G protein 

coupling (Taylor atal. 1994).

The seven y-subunits known to date are much more heterogeneous than the p- 

subunits (Cali at al. 1992) and have been shown to be crucial for determining 

the function of the Gpy-subunits (Clapham and Neer; 1993). The 73 subunit has 

been shown to be necessary for the coupling of the somatostatin receptor to a 

voltage sensitive Ca '̂" channel whereas the 74 subunit is needed for coupling 

the muscarinic receptor to the same channels (Kleuss at al. 1993).

1.1.3 The G protein activation cycle

In the G protein activation cycle, Ga exists in at least three different 

conformational states (Figure 1.3); the inactive GDP bound state (a.GDP) , a 

state in which the guanine nucleotide site is empty, and as the active GTP 

bound state (a.GTP). a.GDP has a high affinity for binding py, and binding of
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py increases its affinity for GDP. Ligand stimulated receptors bind the 

heterotrimeric a.GDP.Py complex and trigger release of GDP creating aPy with 

no guanine nucleotide bound, in the absence of added guanine nucleotides, 

the stimulated receptor binds the empty G protein tightly and stabilses the 

complex. The ratio of GTP:GDP in the cell is high and GTP fills the empty 

nucleotide binding site of Ga. A change in the conformation of a.GTP results, 

which causes it to dissociate from both the stimulated receptor and the py 

subunits, a.GTP or Py may then activate a number of relevant effectors (see 

later). Hydrolysis of the bound GTP terminates the regulation of the receptor 

(in the case where a.GTP is the active component) and Ga returns to its 

inactive GDP-bound state. GTP hydrolysis results from an intrinsic GTPase 

property of the a-subunit (Fung et al. 1981 ).

The various protein interactions involved in G protein signalling pathways are 

adapted to allow rapid transfer of information between them. This rapid 

communication allows the receptor to generate a response within an 

appropriate time scale and allows amplification of the signal generated by the 

fairly short-lived agonist-receptor complex. Thus the bleaching of one 

rhodopsin molecule in the visual system can cause hydrolysis of 1 0  ̂molecules 

of cGMP (Yee and Liebman; 1978) and a neurotransmitter which activates an 

ion channel allows 10"* molecules of sodium to enter the cell (Heidmann and 

Changeux; 1978). The amplification of the signal along the pathway is 

combined with diminution steps to prevent the amplification becoming 

explosive, as shown by the example of the regulation of intracellular Ca^" by 

one class of ai-adrenoceptor (Koshland at al. 1982). A single occupied 

receptor may activate several G proteins (amplification), but not every activated 

G protein interacts productively with phospholipase C (diminution). Each 

activated enzyme catalyses the formation of many molecules of inositol 

triphosphate (amplification), but these are diluted in the cytosol and few bind to 

their intracellular receptor (diminution). Each activated receptor mobilises 

many Ca^  ̂ ions in a final amplification step. Amplification is the major theme in 

the signalling pathway but the combination of diminution steps prevents over

amplification.
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Figure 1.3: Receptor- G protein interactions

A general model for the interactions between agonist (A), receptor (high 
agonist affinity state, Rh, or low agonist affinity state, Rl), and G protein (Ga(3y) 
as described in the text.

Pi

GDP

GTP

GTP

— GDP

GTP
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De Lean et al. (1980) have proposed a model for the (3-adrenergic receptor in 

which a receptor-G protein complex (R-G) is stabilized by binding of agonist to 

form a ternary complex, agonist - receptor - G protein (A-R-G). Binding of 

guanine nucleotide to the a-subunit of the G protein destabilizes the ternary 

complex. The active a-subunit - GTP complex generated is then free to 

interact with the effector. The ternary complex A-R-G exhibits a high affinity for 

the agonist, whereas the binary A-R complex exhibits low affinity for the 

agonist. Thus, binding of G protein to the A-R complex allosterically affects 

agonist binding to the receptor through interconversion of a low affinity state 

into a high affinity state (De Lean at al. 1980).

Several biochemical tools which act within the G protein activation cycle are 

used to study G-protein linked signal transduction pathways. Cholera toxin 

from Vibrio choleras transfers the ADP-ribose moiety from NAD to a conserved 

arginine residue within Gas and transducin a chains (Van Dop et al. 1984). 

This modification requires the presence of an additional protein, ADP- 

ribosylating factor, and suppresses GTPase activity, locking the G protein in 

the active GTP-bound conformation (Kahn and Gilman; 1984, Milligan; 1988). 

Pertussis toxin (islet activating protein from Bordetella pertussis) ADP- 

ribosylates G protein a-chains at a cysteine located four residues from the C- 

terminal of Gdi-a, Gaoi, G«o2, Gati, and Gat2- This modification appears 

dependent upon an apy heterotrimeric state and results in G protein uncoupling 

from the receptor (reviewed in Milligan; 1988).

1.2 Adenosine and adenosine receptors

1.2.1 Adenosine

Adenosine and adenine nucleotides are found in all living cells as part of the 

normal metabolic machinery running the cells and their concentrations depend 

on the pathophysiological conditions of the cell (Berne; 1963, Olsson and
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Pearson; 1990). In addition to the role of adenosine in cellular energy 

metabolism and the importance of adenosine nucleotides in the transmission of 

genetic information, adenosine functions as a neuromodulator. Under 

appropriate conditions adenosine is released from cells where it can interact 

with specific cell surface receptors to modulate cellular function.

Adenosine is produced intracellularly by two different metabolic pathways, both 

of which involve hydrolases. The first involves the hydrolysis of AMP to 

adenosine by 5’-nucleotidase and the second the catabolism of S- 

adenosylhomocysteine (Olsson and Pearson; 1990). When the cellular energy 

state is depressed, under conditions of stress such as hypoxia, the level of 

intracellular adenosine rises dramatically and it is released from the cell. The 

released adenosine binds to and activates adenosine receptors, which in turn 

alter the activity of a second messenger pathway within the cell via coupling to 

G proteins, in an attempt to bring the tissue or cell back into a normal 

equilibrium. Once released from the cell, adenosine can diffuse across the cell 

membrane back into the cell, it can be transported back by a specific 

nucleoside transporter (Kwong et al. 1988) or it can be deaminated by 

adenosine deaminase to the receptor-inactive inosine (Olsson and Pearson; 

1990).

Almost all organ systems of an animal are regulated by the local release of 

adenosine which as a consequence has extensive physiological functions. 

These include effects on cardiac rate and contractility, release of 

neurotransmitters, smooth muscle tone, sedation, platelet function, lipolysis, 

renal function and white blood cell function (Ramkumar at al. 1988). Because 

of the widespread nature of these effects there has been considerable interest 

in the classification of adenosine receptors and their second messenger 

responses.

1.2.2 Classification of receptor subtypes

Purinoceptors (adenosine and adenine nucleotide receptors) were initially 

classified as Pi and P2 receptors by Burnstock in 1978. Adenosine
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receptors (or Pi receptors) were distinguished from ATP receptors by; 1) the 

rank order of potency of adenosine > nucleotides; 2 ) a selective antagonism 

by methylxanthines; 3) coupling to adenylyl cyclase and 4) an absence of effect 

on prostaglandin synthesis. Adenosine receptors were subsequently 

subdivided into Ai and A2 subtypes based on their ability to inhibit (Ai) or 

stimulate (A2) adenylate cyclase (Van Calker et al. 1979). Early studies 

described the order of potency at Ai adenosine receptors as R- 

phenylisopropyladenosine (R-PIA) > adenosine > 5’-N-ethyl-carboxamide 

adenosine (NECA), whilst that at the A2 receptors exhibited the rank order; 

NECA > adenosine > R-PIA (Londos at al. 1980). Adenosine itself was shown 

to have nanomolar potency for Ai receptors but micromolar potency for A2 

receptors (Van Calker at al. 1979, Daly at al. 1981).

The A2 adenosine receptors were further subdivided into A2A and A2b subtypes 

on the basis of high and low potency, respectively, for adenosine and the 

agonists, NECA and 2[p-(carboxyethyl)phenethylamino]-5’-N- 

ethylcarboxamidoadenosine (CGS21680) (Bruns at al. 1986, Jarvis at al.

1989).

Ribeiro and Sebastiao (1986) postulated the existence of a third subclass of 

adenosine receptor, the A3 adenosine receptor, based on observations that in 

atrial tissue, NECA and PIA were equipotent and that these agonists had no 

effect on adenylate cyclase. This contrasts with the characteristics of the Ai, 

A2A or A2b receptors. Recent reviews cast major doubt on the existence of this 

A3 receptor (Collis and Hourani; 1993, Carruthers and Fozard; 1993). The 

variable potencies may be the result of agonist- or tissue-related factors, and 

adenosine receptors have since been shown to couple to a variety of other 

effectors beside adenylate cyclase (Stiles; 1992, and see ‘receptor effector 

coupling’ below).

A novel adenosine receptor distinct from the established Ai and A2 receptor 

subtypes, and the receptor postulated by Ribeiro and Sebastiao (1986) was 

cloned by Zhou at al. in 1992 (see ‘cloning of adenosine receptors’ below). 

This receptor bound adenosine receptor agonists with a rank order of



R-PIA = NECA but did not bind the Ai selective antagonist 1,3-dipropyl-8- 

cyclopentylxanthine (DPCPX). It has since been cloned in a variety of species, 

is considered distinct from the established Ai and A2 receptors and has been 

named the A3 receptor (Carruthers and Fozard; 1993). A3 receptors have been 

identified on a tumour cell line derived from rat mast cells and the receptor 

transcript has been shown to be present in this cell line. Combining this 

information with the pharmacological profile of mediator release from rat mast 

cells, Ramkumar et al. (1993) have postulated a physiological function of A3 

receptors in mast cell degranulation.

In addition to the adenosine receptors, a purine-site (P-site) for adenosine is 

located at the cytoplasmic face of the catalytic subunit of adenylate cyclase 

which mediates inhibitory effects of high concentrations of adenosine (Johnson 

at al. 1991, Linden; 1994a). Another group of adenosine binding proteins, has 

recently been identified by fH]NECA binding in several mammalian tissues. 

These have been called adenotin (Lorenzen at al. 1992) and Ax (Schwabe at 

al. 1993). The physiological roles of these proteins are as yet unknown but 

because of their intracelllular location they are not considered to be adenosine 

receptors.

Thus the Pi adenosine receptor family can be subdivided, based on 

pharmacological criteria into Ai, A2A, A2B and A3 subfamilies. This classification 

has also been found by molecular cloning of the receptor subtypes.

1.2.3 Cloning of the adenosine receptors

To date thirteen adenosine receptors have been cloned: the Ai receptor from 

five species, the A2A receptor from three species, the A2B receptor from two 

species and the A3 receptor from three species (reviewed by Tucker and 

Linden; 1993, Linden at al. 1993a, Linden; 1994b). All of the cloned adenosine 

receptors belong to the superfamily of G protein coupled receptors.
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Adenosine receptors were two of the first four G protein coupled orphan 

receptors identified by a PCR homology screening strategy (Libert et al. 1989). 

This strategy involves the construction of oligonucleotides on the basis of 

similarities among genes that encode G protein coupled receptors. Two 

orphan receptors , RDC7 and RDC8, were cloned using this PCR technique 

from a canine thyroid cDNA library (Libert atal. 1990a, 1990b).

The molecular species RDC7 was shown to correspond to the canine 

adenosine Ai receptor based on the binding of [^H]N®cyclohexyladenosine and 

inhibition of forskolin stimulated adenylyl cyclase in transfected cells (Libert at 

al. 1991a). In the same year Reppert at al. (1991) and Mahan at al. (1991) 

simultanously cloned the rat Â  adenosine receptor. The amino acid sequence 

is 91% identical to the corresponding canine receptor. Both Olah at al. (1992) 

and Tucker at al. (1992) simultaneously cloned the bovine Ai receptor. It is > 

90% identical to the analogous rat and canine clones but possesses the 

species specific ligand binding characteristics expected from previous ligand 

binding studies. Three groups have subsequently cloned the human Ai 

adenosine receptor (Salvatore at al. 1992, Libert at al. 1992, Townsend- 

Nicholson and Shine; 1992). It shows 95% sequence identity to the rat Ai 

receptor and 94% identity to the canine and bovine Ai receptors. Finally, an 

adenosine Ai receptor from rabbit has been cloned (Bhattacharya at al. 1993).

Among cloned G protein coupled receptors, some have been found to be 

intronless, such as the p-adrenergic receptor (Kobilka at al. 1987), some have 

no intron in their coding region, such as muscarinic receptors (Bonner at al.

1987). Others have a multiple exon/intron structure such as the 5 HT2 receptor 

which consists of three exons separated by two introns (Chen at al. 1992). The 

human Ai receptor has been shown to have at least five introns (Ren and 

Stiles; 1994), whilst the rabbit Ai receptor contains at least one intron 

(Bhattacharya at al. 1993). This makes the Ai adenosine receptor one of the 

group of G protein coupled receptor genes that has an intron within its coding 

sequence. Ren and Stiles (1994) also showed that the human Ai adenosine 

receptor transcript undergoes extensive splicing in its 5'-untranslated region

and the multiple intron/exon structure in the 5’ untranslated region may
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indicate the involvement of alternative splicing with exons 3 and 4 being 

mutually exclusive within a transcript. The Ai receptor has been mapped to the 

human chromosome 22 (Libert et al. 1991 b).

Examination of the distribution of rat Ai adenosine receptor mRNA by Northern 

blot analysis showed that it is highly expressed in brain, spinal cord, testis and 

white adipose tissue. In situ hybridisation studies revealed an extensive 

hybridisation pattern in the central nervous system, with high levels in cerebral 

cortex, hippocampus, cerebellum, thalamus, brainstem and spinal cord 

(Reppert atal. 1991).

Schiffmann at al. (1990) used in situ hybridisation to show that RDC8  (Libert at 

a/. 1989) has a tissue distribution similar to A2A binding sites in brain, that is, 

limited primarily to the striatum, nucleus accumbens, and olfactory tubercle. 

Subsequently, RDC8  was expressed and identified as an A2A receptor based 

on binding of [^H]NECA and [^H]CGS21680 and adenylyl cyclase activation of 

transfected cells (Maenhaut at al. 1990). In 1992, the homologous rat A2A 

receptor was simultaneously cloned by Chern at al. (1992) and Fink at al. 

(1992) and found to be 82% identical to the canine receptor. The human A2A 

adenosine receptor was cloned by Furlong at al. (1992). Stehle at al. (1992) 

cloned a cDNA from rat brain (RFL9) that is 46% and 45% identical to rat A2A 

and Al receptors respectively. Northern blot analysis of the tissue distribution 

of RFL9 mRNA showed highest levels of expression in the large intestine, 

cecum and urinary bladder - a distinct pattern from those of either the Ai or the 

A2A adenosine receptor mRNAs. This receptor has now been identified as an 

A2b receptor (Rivkees and Reppert; 1992).

Meyerhof and co-workers (1991) identified a novel receptor clone designated 

tgpcrl from a rat testis cDNA library which had > 40% amino acid identity with 

canine Ai and A2A adenosine receptors, but no ligand for the receptor was 

identified. Zhou at al. (1993) detected a clone designated R226 in a rat striatal 

library which was found to encode an adenosine receptor. This was called the 

A3 receptor and was subsequently found to be the same clone as that found by 

Meyerhof at al. (1991) but there appears to be an error in one of these
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sequences, resulting in a 33bp frame shift within the coding region. Clones 

encoding a sheep A3 receptor (Linden et al. 1993b) and a human A3 receptor 

(Salvatore at al. 1993) have also been isolated. In contrast to rat A3 mRNA, 

found primarily in testis, the sheep transcript is most abundant in lung and 

spleen, whereas the human transcript is most abundant in liver and lung. This 

receptor does not correspond to the pharmacologically proposed A3 receptor of 

Ribeiro and Sebastiao (1986) despite its A3 designation.

The cloned adenosine Ai receptors are small (Mr «36,500) compared with 

other G protein coupled receptors, for example, the adrenergic receptors (O’ 

Dowd at al. 1989). The predicted molecular masses of the cloned Ai receptor 

(%37kd) and the cloned A2a receptor («45kd) closely match that determined 

using photaffinity labeling and purification techniques (Klotz at al. 1985, 

Nakata; 1989, Barrington at al. 1989). The Ai adenosine receptor has several 

unusual structural properties compared with other G protein coupled 

receptors. These include; one or two consensus glycosylation sites on the 

second extracellular loop rather than site(s) on the amino terminus; a very short 

third intracellular loop (34 amino acids compared to a usual of 140-180 amino 

acids for other receptors known to inhibit adenylate cyclase); a relatively low 

molecular weight with 326 amino acids and a potential fatty acylation site on 

the carboxyl tail. The A2 adenosine receptor also has glycosylation site(s) in 

the second extracellular loop but in contrast to the Ai adenosine receptor, has 

a fairly normal sized third intracellular loop for stimulatory receptors. A 

potential site for fatty acid acylation (cys-) is found on the A2b receptor but is 

not present on the A2a receptor (Libert at al. 1989), which does however have 

an unusually long carboxyl terminus domain.

1.2.4. Receptor Effector Coupling

Originally adenosine receptors were thought to couple exclusively to adenylate 

cyclase (Van Calker at al. 1979). A2 and A3 adenosine receptors are still 

thought to couple primarily to adenylate cyclase, the former stimulating whilst 

the latter inhibting, but the Ai adenosine receptor is now known to



couple to a variety of effector systems including ion channels and 

phospholipases.

1.2.4.1. Adenylate cyclase

Ai adenosine receptor mediated inhibition of adenylate cyclase has been 

observed in many tissues including the brain (Van Calker et al. 1979), 

adipocytes (Londos at al. 1980), cardiac myocytes (Martens at al. 1987) and 

DDTi MF-2 smooth muscle cells (Ramkumar at al. 1990). Cloned Ai adenosine 

receptors, expressed in COS cells have also been shown to inhibit adenylate 

cyclase indicating that the cloned species are functionally identical to the Ai 

adenosine receptors found in tissues (Reppert at al. 1991 ).

Agonist affinity chromatography of detergent-solubilised bovine brain 

membranes results in the co-purification of Ai receptors and at least two 

different species (Go and Gj) of tightly bound pertussis toxin-sensitive G 

proteins (Munshi and Linden; 1989). Functional reconstitution of G proteins 

and Ai adenosine receptors was almost completely abolished in membranes 

treated with pertussis toxin (Munshi and Linden; 1990) suggesting that Ai 

adenosine receptors couple selectively to the pertussis toxin-sensitive subset 

of G proteins.

Inhibition of adenylate cyclase has also been seen with the cloned A3 receptor 

which has been shown to occur via a pertussis toxin-sensitve type of G protein 

(Zhou at al. 1992, Salvatore at al. 1993).

Stimulation of adenylate cyclase following A2 adenosine receptor activation has 

been observed in many regions of the brain, including hippocampus, striatum 

and cerebral cortex, as well as peripherally in liver and platelets (reviewed in 

Olah and Stiles; 1992). The cloned human A2A adenosine receptor also 

stimulates adenylate cyclase activity when expressed in embryonic kidney 293 

cells (Furlong at al. 1992). The coupling is thought to occur via a cholera toxin- 

sensitive, Gs type of G protein.



1.2.4.2. K* channels

After the discovery that acetylcholine activates inward rectifying potassium 

channels (K" channels ) via G proteins in cardiac atria, Karachi and co-workers 

(1986) examined the effect of adenosine and discovered that it was able to 

activate the same \C channels as acetylcholine. The acetylcholine and 

adenosine responses are mediated by muscarinic and Ai adenosine receptors, 

respectively. Adenosine has also been found to activate similar \C channels in 

other tissues such as the brain (Trussel and Jackson; 1985).

The \C channel activated by muscarinic agonists in the atrium was cloned from 

a rat atrium cDNA library by functional coupling to co-expressed serotonin 1A 

receptors in Xenopus oocytes. The channel, denoted KGA, is activated by 

serotonin 1A, muscarinic m2, and 5-opioid receptors via G proteins (Dascal et 

al 1993a, 1993b). The same channel was cloned simultaneously by a different 

group, based on sequence homology with R0MK1 and IRK1 ( two other cloned 

members of the family of inwardly rectifying \C channels) and named GIRK1 

(Kubo et al. 1993b). R0MK1 and IRK1 are inwardly rectifying \C channels but 

are not thought to be G protein gated (Ho et al. 1993, Kubo et al. 1993a). The 

prominent features of the secondary structure of these inwardly rectifying \C 

channels are a pore forming region (P) characteristic of all voltage-dependent 

channels flanked by two hydrophobic membrane-spanning domains. M l and 

M2 and cytoplasmic amino- and carboxyl- termini.

Activation of Ai adenosine receptors in rat or guinea pig ventricular myocytes 

has been shown to modulate the function of an ATR-sensitive potassium 

(fC[ATP]) channel [via the a-subunit of the Gj protein] (Kirsch et al. 1990, Ito et 

al. 1994). In either whole cells or excised patches, this channel, which typically 

opens when ATP levels are low, was activated by application of adenosine. 

K*[ATP] channels have also been shown to be involved in adenosine Az 

receptor mediated coronary vasodilatation in the dog (Akatsuka et al. 1994). A 

cDNA encoding a K"[ATP] channel has recently been isolated from rat heart
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which displays an ATP sensitive \C current (denoted I k a t p ) .  This channel has 

the same structural features as the other members of the inward rectifier family 

(Ashford et aL 1994).

When GIRK1 is expressed in xenopus oocytes, the protein encoded by GIRK1 

displays many of the properties of the K* current activated by muscarinic 

agonists in the atria (denoted Ikach ), including the magnitude of the single 

channel conductance and Mg^"‘-dependent inward rectification (Kubo et al. 

1993b). However, there are unexplained differences in its behaviour such as 

weak stimulation by G proteins and strong acivation via a co-expressed p- 

adrenergic receptor (Lim et al. 1995). These discrepancies may be due to an 

unidentified subunit of the channel which is missing in the oocyte expression 

system. Krapivinsky et al. (1995) have shown that a protein homologous to 

members of the inwardly rectifying \C channel family co-immunoprecipitates 

with atrial GIRK1. This protein (CIR) corresponds to the protein recently 

cloned by Ashford et al. (1994). CIR forms a unique \C channel when 

expressed in Xenopus oocytes, but does not seem to constitute I k a t p  by itself. 

When CIR is coexpressed with GIRK1 in oocytes, G protein gated inwardly 

rectifying \C current is significantly increased and shows properties similar to 

those of atrial Ikacit It is thought that the atrial Ikach may be a heteromultimer 

composed of GIRK1, CIR and maybe additional subunits (Krapivinsky et al. 

1995, see also Duprat et al. 1995).

Several related G protein-coupled K"" channels have recently been cloned from 

mouse brain and expressed in Xenopus oocytes (Lesage et al. 1994). The 

expression of these channels in Xenopus oocytes has facilitated their 

studies but the recent expression of a functional GIRK1 channel in a stable 

mammalian cell line provides a far more convenient and homologous system 

for analyses of G protein-K"" channel interactions (Philipson et al. 1995). While 

GIRK1 polypepetides were expressed in two transfected cell lines, only one 

showed consistent GIRK1 current characteristics, suggesting, as above, that 

another component may be necessary for GIRK1 channel expression 

(Philipson et al. 1995).
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Since it was first demonstrated that a purified pertussis-toxin sensitive G 

protein (apy) activates potassium channels in isolated inside-out patches of 

atrial cell membranes (Yatani et al. 1987), there has been an ongoing 

controversy over whether it is the a-subunit (GJ or the Py-subunit (Gp̂ ) of the G 

protein that activates GIRK1. There have been reports showing the 

involvement of G« (Birnbaumer; 1987, Yatani at al. 1988, Yatani at al. 1990), 

Gpy(Logethetis at al. 1987, Kurachi at al. 1989, Yamada at al. 1994), and even 

reports that both G« and Gpy are responsible (Logethetis at al. 1988).

After the initial report of an effector activated by Gpy (Logethetis at al. 1987), 

the list of Gpy targets has grown steadily until now as many effectors are known 

to be regulated by this subunit as by Ga. Effectors can be regulated by G« only, 

by Gpy only, by Ga or Gpy (that is, both subunits can regulate the effector) or by 

Ga and Gpy together (i.e. regulation by one subunit depends on prior priming by 

the other), (reviewed in Clapham and Neer; 1993). With the availability of the 

cloned GIRK1 channel, Reuveny at al. (1994) again tried to resolve whether 

the Ga or the Gpy, or both, activate the channel. Co-expression of GIRK1 with 

Gpy but not Gapy in xenopus oocytes resulted in channel activity that persisted in 

the absence of cytoplasmic GTP. Application of Gp., but not Gai -GTPyS, 

activated GIRK1 channels. Thus Gpy appears to be sufficient for the activation 

of GIRK1 (Reuveny ef a/. 1994).

Since all activated G protein coupled receptors liberate G(3y subunits from the 

heterotrimeric Gapy protein, the above result suggests that many different 

receptor types, acting on different heterotrimeric G proteins, would liberate GPy 

subunits and therefore activate GIRK1. In fact, Lim at al. (1995) have shown 

that the Pz-adrenergic receptor, a Gs-linked receptor, activates GIRK1 when co

expressed in xenopus oocytes (Lim at al. 1995). This pathway is novel 

because GIRK1 is being activated via a Gs-linked receptor. Furthermore, Lim 

at al. show that the P2-adrenergic receptor activates larger GIRK1 currents 

when the a  subunit, Gas is also overexpressed. This was interpreted by 

explaining that the Gas subunits compete with other Ga subunits in the oocyte 

for the available pool of Gpy and thus increase the number of Gs heterotrimers.
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If the assumption is made that the coupling of the P2-adrenergic receptor to 

GIRK1 is limited by the endogenous level of available Gs heterotrimers, this 

coupling would be enhanced when the level of Gs heterotrimers is raised. 

Their explanation further assumes that oocytes contain less endogenous Gas 

than other G„ subunits. In fact, it has been shown that there is less 

endogenous mRNA for Gas than for other G« subunits (Onate et al. 1992). 

These results reinforce the present concepts that Py subunits activate GIRK1, 

and also suggest that Py subunits may provide a link between GIRK1 and 

receptors not previously known to couple to inward rectifiers. However, many 

assumptions have to be made to complete the logic of this interaction and a 

more rigorous analysis is necessary to probe the mechanism of action. There 

are no known instances in normal physiology where a GIRK1-type current can 

be activated by Pz-adrenergic receptor stimulation. If the mechanism that has 

been proposed by Lim at al. (1995) is correct it is probably due to the relative 

concentrations and/or localisations of different receptors and G-protein 

subunits in the cells in which GIRKI-type expression has been studied.

1.2.4.3. Other Effectors

Ai adenosine receptors have been reported to inhibit Ca^" channel opening in 

neurons although no precise mechanism of action is known (Fredholm and 

Dunwiddie; 1988, Olsson and Pearson; 1990). It may occur indirectly as a 

result of membrane hyperpolarisation caused by increases in \C conductance, 

or directly by the action of an activated G protein on the Ca^* channel itself 

(Dolphin at al. 1986, Macdonald at al. 1986, Wu and Saggau; 1994). Ai 

adenosine receptors have also been shown to couple to a Cl' conductance 

both in the brain (Schubert and Mager; 1989) and in kidney cells (Kelley at al.

1990).

Several G protein coupled receptors are coupled to the stimulation of 

phosphoinositidase and to the subsequent production of the intracellular 

messengers, the inositol phosphates and diacylglycerol. Ai adenosine
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receptors appear to regulate the activity of a phosphoinositidase, 

phospholipase C, but the exact mechanism is unclear. Adenosine primarily 

appears to modulate the responses of other neurotransmitters. For example, in 

guinea pig cerebral cortical cells, adenosine enhances histamine stimulated 

inositol phosphate accumulation (Alexander et al. 1990). However, in the 

mouse cortex, activation of Ai adenosine receptors inhibits inositol phosphate 

accumulation produced by histamine (Alexander at al. 1990). Depending on 

the species or tissue studied, activation of Ai adenosine receptors has been 

shown to directly stimulate (White at al. 1992, Gerwins and Fredholm; 1992) or 

inhibit (Delahunty at al. 1988, Linden and Delahunty; 1989) inositol phosphate 

accumulation (reviewed by Olsson and Pearson; 1990). In summary, the 

effects of adenosine on inositol phosphate metabolism are extremely varied, 

possibly due to the presence of different subunits of G proteins in the different 

tissues or species studied.

A variety of other effector systems have been reported to be coupled to Ai 

adenosine receptors, and these include, guanylate cyclase (Kurtz; 1987), 

phospholipase A2 (Akbar at al. 1994) and a low Km cAMP phosphodiesterase 

(Wong atal. 1985).

1.3 Allosterism

1.3.1 The mechanism of action and advantages of aliosteric acting drugs

An aliosteric agent binds to a different site from the primary ligand binding site 

and is able to affect the binding of ligands to that site. This can be illustrated in 

the scheme 1 .1  below;
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SCHEME 1.1

R + L

Ks

«  R.L

D D

Ki Kz

D.R + L D.R.L.

K4

R is a receptor and D and L represent the aliosteric ligand and the competitive 

ligand respectively. K1-K4 represent the affinity constants for the binding steps. 

Aliosteric interactions occur if it is possible to form the ternary complex DRL. If 

Ki > K2 there is negative co-operativity between the binding of the two ligands L 

and D to the receptor, R. However, if Ki < K2 , the two ligands bind to the 

receptor in a positive co-operative manner. The degree of co-operativity 

depends on both of the ligands, D and L and is represented by K2/ Ki. Neutral 

co-operativity occurs when Ki = K2. In this case, the equilibrium binding of D is 

unaffected by L but the kinetics of binding of D and/or L may change.

Drugs which act allosterically to tune up or down ongoing neurotransmission 

have several potential advantages over drugs which act directly on the 

recognition sites for neurotransmitters. In terms of the above scheme, direct
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acting agonists mimic the actions of L by binding to the same site and 

activating the receptor. Antagonists also bind at the same site, thus competing 

with both L and other agonists, but are unable to activate the receptor.

In vivo, neurotransmitter receptors respond to the stimulated release of the 

endogenous transmitter and are thus not continuously stimulated. A direct 

acting agonist, designed to mimic the endogenous transmitter, however, will 

produce a continuous stimulation, often resulting in desensitisation of the 

maximal response. Furthermore, widespread side effects may often be seen 

because the wide distribution of receptors allows the direct acting agonist to 

activate all those to which it gains access.

Aliosteric acting drugs only affect receptor function when an 

agonist/neurotransmitter (L) binds. Thus they synergise with the endogenous 

neurotransmitter but have minimal effects alone. This has two advantages; 

firstly, the temporal component of neurotransmission is retained. D enhances 

or diminishes the endogenous signal depending, respectively, on whether it 

acts in a positive or negative co-operative manner. Secondly, the action of 

aliosteric agents is limited to the location of significant neurotransmitter 

release, and so systemic side effects are largely avoided.

An example from the GABA receptor field demonstrates the potential 

usefulness of aliosteric acting drugs. Diazepam and other benzodiazepines act 

as aliosteric enhancers of the endogenous transmitter, GABA at GABAa 

receptors. They potentiate the response to GABA by stabilising a high affinity 

state of the GABA receptor (Study and Barker 1981; Barker et ai. 1986). 

Benzodiazepines have an acceptable side effect profile and are used clinically. 

However, direct-acting GABAa agonists have so far failed to reach the clinic.

1.3.2 Aliosteric regulation of G protein coupled receptors

Aliosteric interactions on a receptor belonging to the superfamily of G protein 

coupled receptors was first seen in functional studies on atrial muscarinic
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acetylcholine receptors (Clark and Mitchelson; 1976). Most research on the 

aliosteric regulation of muscarinic acetylcholine receptors has been carried out 

using gallamine, a drug which also acts as a neuromuscular blocker at nicotinic 

acetylcholine receptors. Stockton et al. (1983) showed that gallamine 

interacted with membrane-bound M2 receptors (one of the 5 subtypes of 

muscarinic receptors) and a variety of muscarinic ligands, L, in accordance with 

scheme 1.1. For all the ligands analysed, the interactions with gallamine were 

negative co-operative. The aliosteric site has since been found on all five 

receptor subtypes (Ellis etal. 1991).

Associated with the aliosteric interaction of gallamine with muscarinic receptors 

is a change in the kinetics of the radioligand used to monitor the interaction. 

Gallamine slowed down the dissocation rate and the association rate of a 

tritiated antagonist, [^H]NMS, in a dose-dependent manner (Stockton et ai. 

1983) with a rank order of potency of m2> m4> m1> m3> m5 (Ellis et ai. 1991). 

A further observation is that the binding of agents such as gallamine to the 

aliosteric site is very sensitive to changes in ionic strength (Redder et al.

1991).

Not only have drugs causing negative aliosteric effects been found, but positive 

co-operativity has been shown in the case of alcuronium binding to M2 

muscarinic receptors (Tucek et al. 1990). The ability of alcuronium, a 

neuromuscular blocking agent, to induce positive co-operativity appears to 

depend on the particular ligand used and the subtype of receptor involved 

(Tucek et al. 1990; Proska and Tucek; 1994).

1.3.3 Aliosteric regulation of adenosine receptors

2-amino-3-benzoylthiophenes have been shown to enhance the binding of f  H]- 

labelled agonists to Ai adenosine receptors in rat brain membranes and slow 

down the dissociation kinetics of fH]-labelled agonist binding. They also 

enhance Ai receptor-mediated inhibition of forskolin-stimulated cAMP 

accumulation in a rat thyroid cell line (Bruns and Fergus; 1990). Bruns and
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Fergus postulated that these compounds were binding to the aliosteric site 

and, at higher concentrations to the competitive site. They investigated the 

effects of structural variations in the chemical series of benzoylthiophenes and 

showed that 2-amino-4,5-dimethyl-3-thienyl)[3[trifluoromethyl)phenyl] 

methanone (PD81), has the most favourable ratio of enhancement to 

antagonism (Bruns et al. 1990). In all subsequent reports on the aliosteric 

interactions at adenosine receptors, PD81 has been the compound studied.

PD81 has been found to increase agonist radioligand binding and functional 

activation of Ai adenosine receptors in rat brain ( Janusz at al. 1991; Janusz 

and Berman; 1993), rat heart (Mudumbi at al. 1993), guinea-pig heart (Amoah- 

Apraku at al. 1993, Kollias-Baker at al. 1994a, Kollias-Baker at al. 1994b) and 

cultured FRTL-5 thyroid cells (Bruns and Fergus; 1990). Recently, a study by 

Bhattacharya and Linden (1995), describes the effects of PD81 on the binding 

and function of the recombinant human Ai adenosine receptor. This work, 

published after preliminary results of mine had been presented as conference 

abstracts (Cohen at al. 1994a; Cohen at al. 1994b), does overlap in part with 

some of the results in my thesis.

1.4 Receptor domains

1.4.1 Receptor domains involved in G protein interactions

Current research into the interactions between receptors and G proteins has 

focussed on localisation of receptor sequence involved in G protein binding 

and the specificity of binding (reviewed in Kobilka at al. 1992, Strader at al. 

1994).

The interaction between receptors and G proteins presumably occurs at the 

inner surface of the plasma membrane of the cell where the G proteins are 

located. It was predicted that the cytoplasmic loops of the receptor should be 

involved in the activation of G proteins. Proteolysis experiments with rhodopsin
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support this theory since proteolytic digestion of the large third intracellular 

loop of rhodopsin abolished its interaction with the G protein, transducin 

(reviewed in Findlay and Pappin; 1986). More recently, experiments using 

chimeric receptors have shown that the third intracellular loop of the o2 

adrenergic receptor (Kobilka et al. 1988) and the D2 dopamine receptor 

(England at al. 1991) are both important for coupling to the G protein.

Mutagenesis studies with the hamster p-adrenergic receptor (PAR) show that 

regions at both the amino and carboxyl ends of the putative third intracellular 

loop of the protein were critical for the coupling of pAR to Gs and the 

subsequent activation of adenylate cyclase (Dixon at al. 1987a). These results 

were confirmed using mutant receptors expressed in oocytes (O’ Dowd at al.

1988). In addition, these studies implicated the second intracellular loop, the 

amino-terminus of the cytoplasmic tail and a conserved cysteine residue in the 

cytoplasmic tail as important for maintaining the proper orientation of the G 

protein binding site. The cytoplasmic tail has also been shown to be important 

for G protein coupling at the angiotensin II receptor, another member of the G 

protein coupled receptor superfamily (Shirai atal. 1995).

Mastoparan, a peptide that has been demonstrated to form an amphiphilc a 

helix, is able to directly activate the G protein Go (Higashijima at al. 1988). The 

mechanism of interaction of Gs by the PAR might involve a similar interaction 

with amphiphilic regions of the pAR, presumably exposed upon conformational 

changes induced by agonist binding. The amino-terminal region of the third 

intracellular loop of the pAR, and the analogous region of the a2AR can be 

predicted to from an amphiphilic a helix in which the charged residues of the 

two receptors are conserved but the hydrophobic residues differ. However, 

substitution of this region of the PAR with the analogous region of the Œ2AR did 

not alter the specificity of the interactions with G proteins (O’Dowd at al. 1988) 

suggesting that this region of the receptor is involved in G protein recognition 

but that the specificity of a receptor for a given G protein is encoded elsewhere 

in the sequence of the receptor.
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Selectivity between G proteins appears to be complex and require multiple 

domains. When the third intracellular loop of muscarinic m1 or m2 receptors, 

or the amino-terminal portion of this loop is replaced by the corresponding 

region of the pi-adrenergic receptor, the chimeras were completely non- 

selective between different G proteins (Wong et al. 1990, 1994). However the 

additional replacement of the second intracellular loop of the p2 -adrenergic 

receptor conferred upon the chimeric receptor, p2-adrenergic selectivity in G 

protein coupling. G protein specificity depends therefore on the proper 

combination of multiple regions on the cytoplasmic surface of the receptor.

Thus, four distinct intracelllular receptor regions have been implicated in G 

protein coupling; the second intracellular loop, the N- and the C-terminal 

portions of the third intracellular loop, and the membrane-proximal portion of 

the C-terminal tail. The binding of an agonist induces a conformational change 

in the receptor which exposes these receptor domains, thought to form a 3- 

dimensional surface. This surface becomes accessible to specific G proteins 

with which it can functionally interact.

1.4.2. The ligand binding domain

Although the receptors belonging to the superfamily of G protein coupled 

receptors are alike in topology and share some sequence similarity, the ligands 

that they recognise are varied, ranging from small molecules (such as biogenic 

amines), to peptides (such as substance P), to glycoprotein hormones (such as 

thyrotropin). Much of the characterisation of the ligand binding domain of this 

group of receptors has been carried out on the ^-adrenoceptor (pAR) and the 

NK1 neurokinin receptor (NK1R) (reviewed by Fong and Strader; 1994). All of 

the evidence to date indicate that the ligand binding site of the PAR lies within 

the transmembrane domain. Likewise, the binding site for nonpeptide NK1 

antagonists appears also to reside within the transmembrane domain of the 

NK1R. However, the binding of neurokinin peptide agonists involves residues 

within the extracellular loops as well as within the transmembrane portion of the 

receptor.
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Deletion of most of the hydrophilic extracellular and cytoplasmic loops of the 

pAR did not affect the ligand binding properties of the receptor, suggesting that 

the ligand binding pocket is located within the transmembrane hydrophobic 

core (Dixon et al. 1987a, 1987b). Further support of this finding came by the 

demonstration that affinity-labelled antagonists were covalently incorporated 

into the transmembrane helices of the pAR (Dohlman at ai. 1988). This 

location is similar to the position of the binding site in rhodopsin, where the 11- 

c/s-retinal chromophore of rhodopsin has been shown to covalently attach to 

the membrane-spanning regions of the receptor (Thomas and Stryer; 1982).

Localisation of the ligand binding domain within the transmembrane core of the 

receptor has been seen for many other G protein coupled receptors. 

Experiments with chimeric D1/D2 dopamine receptors indicate that 

transmembrane VI and VII are involved in the ligand binding domain 

(MacKenzie at a/. 1993). Studies on chimeric m2/m5 muscarinic acetylcholine 

receptors (Wess atal. 1992) and 5 -HT2/5 -HT1C serotonin receptors (Choudhary 

at ai. 1992) suggest that multiple transmembrane domains are involved in 

selective ligand binding.

Interpretation of results from chimeric receptor studies must be interpreted 

cautiously, as it is difficult to distinguish between the direct effects on ligand 

binding and the indirect effects on the structural conformation occurring in the 

receptor. Some studies have shown that it is not solely the transmembrane 

domains that are important for ligand binding. For example, studies on 

chimeric D2/D3 dopamine receptors (Robinson at a/. 1994) and chimeric m2/m3 

receptors (Wess at ai. 1990) demonstrate that even the intracellular regions of 

the receptors may impose constraints on the ligand binding site.

To attempt to identify specific amino acids involved in the interaction between 

the ligand and receptor the technique of site-directed mutagenesis has been 

employed. Adrenergic agonists and antagonists are biogenic amines, with a 

protonatable nitrogen that is critical for binding to the receptor. It was therefore
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suggested that the binding site of the |3-adrenergic receptor should contain an 

acidic residue (aspartate or glutamate) that can provide a counterion for the 

basic nitrogen. Asp^^^ of the hamster P2-adrenergic receptor has been 

mutated to asparagine and glutamate (Strader et al. 1987, 1988, 1989a). Full 

agonist activity was retained at these mutants, although the ligand binding 

affinity was dramatically reduced. This suggests that Asp^^  ̂ is critical for ligand 

binding but not for functional activation.

All of the biogenic amine receptors that have been cloned have an aspartate 

residue in transmembrane helix III at an analogous position to Asp^^  ̂ in the 

p:AR. A similar role for this residue in binding biogenic amines has been 

shown on the az adrenergic receptor (Wang et al. 1991), the muscarinic 

acetylcholine receptor (Fraser et al. 1989, Curtis et al. 1989, Spalding et al.

1994) and the histamine receptor (Gantz et al. 1992). However, receptors that 

do not bind biogenic amines do not contain this aspartate residue.

Two serine residues at positions 204 and 207 in transmembrane helix V of the 

pAR have been identified as crucial for anchoring the catechol hydroxyl groups 

of the catecholamine agonists to the receptor (Strader et al. 1989b). 

Antagonist binding is unaffected by substitution of either of these residues 

suggesting that they are important for agonist binding and activation but not 

antagonist binding. This suggests that the agonist and antagonist binding sites 

are in fact distinct but overlapping sites on the receptor.

The neurokinin receptor, NK1, recognises the peptide. Substance P, with high 

affinity and two related peptides, NKA and NKB with lower affinity. The 

existence of non-peptide antagonists for these receptors has demonstrated the 

presence of a small-molecule binding site in a receptor that usually binds large 

peptide ligands (Snider et al. 1991). Mutagenesis studies (Fong et al. 1993, 

Fong et al. 1994a, Fong et al. 1994b) indicate that the binding site for non

peptide antagonists is likely to be located within the transmembrane domain of 

the NK1R, and thus the general locations of small molecule binding domains in 

the pAR and NK1R are similar.
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However, unlike the pAR, the binding of nonpeptide antagonists to the NK1R is 

sensitive to the residues in the extracellular domain. Substitution of 

extracellular loops of the rat NK3R with the homologous rat NK1 sequence, 

increased the affinity of nonpeptide antagonists to that expected for the NK1 

receptor (Gether et al. 1993). It is not yet clear whether these extracellular 

residues are directly or indirectly involved in non-peptide antagonist binding.

Because the peptides are somewhat larger than the non-peptide ligands, the 

extracellular domain as well as the transmembrane domain may be part of the 

peptide binding site of the NK1 receptor. Fong at si. (1992) have shown that 

three residues in the N-terminal region and at least two residues in the second 

extracellular loop are necessary for maximal binding of all neurokinin peptides. 

Furthermore, it was demonstrated, using chimeric receptor pharmacology, that 

part of the third and fourth extracellular loops of the human NK1R play a 

modulatory role in the binding of NKB but not substance P (Fong at si. 1992). 

This demonstrates that SP and NKB do not interact with the same set of 

functional groups of the receptor. In addition, residues within the 

transmembrane domain of the NK1 receptor are also involved in peptide 

binding (Fong atal. 1992, Huang at al. 1994a).

To elucidate the roles in ligand binding of specific amino acids in the third and 

fourth extracellular domains of the human NK1 receptor, Huang at al. (1994b) 

analysed single-residue substitutions in these regions. However, some of the 

results obtained by analysing chimeric receptors (Fong at al. 1992) could not 

be reproduced by single-residue substitutions in the same areas. This 

suggests that a reduction in ligand binding affinity observed in some chimeric 

receptors is not due to a loss in electrostatic interactions but due to 

conformational changes. This work demonstrates the necessity to interpret 

results from chimeric receptor studies with caution.

In conclusion, mutations of various residues cause different effects on agonist 

and antagonist binding. Thus agonists and antagonists appear to have 

overlapping but distinct binding sites on their respective receptors.



1.4.2.1 Ligand binding domains of adenosine receptors

Unlike the biogenic amines, adenosine is uncharged at physiological pH, and 

an anionic residue at the equivalent position to Asp^^  ̂ of the PAR would offer 

no electrostatic advantage in binding. In Ai receptors, an uncharged valine 

residue corresponds to the specific aspartate residue of the biogenic amine 

receptors.

The inhibitory effects of diethylpyrocarbonate (DEP - a histidine-specific 

modifying agent) in pharmacological studies with the Ai (Klotz et al. 1988) and 

the A2A (Jacobson et al. 1992a) receptors have implicated two histidines in 

interactions with adenosine agonists and antagonists. DEP treatment caused a 

loss of binding of the agonist fH]PIA, and the antagonist [^H]DPCPX, to Ai 

receptors from rat brain membranes (Klotz et al. 1988). The effects on [^H]PIA 

binding could be selectively prevented by agonists but not by antagonists 

whilst the inhibition of binding by DEP of [^H]DPCPX was attenuated by 

antagonists but not agonists. The selective protection observed here suggests 

that the agonist and antagonist occupy different domains in the binding site. 

There are two conserved histidine residues in transmembrane domains VI and 

VII (His and Hiŝ ^® in rat Ai receptors) that are likely to be the putative 

histidine residues affected by DEP. A further chemical modification study on 

calf brain Ai receptors has been carried out by Garritsen et al. (1990). In this 

study, both agonist and antagonist affinities were altered after treatment with a 

carboxyl-modifying agent indicating that a carboxyl residue may be located in 

the vicinity of the adenosine binding site of Ai adenosine receptors.

Olah et al. (1992) used site-directed mutagenesis to replace each of the two 

histidine residues (suggested by the studies of Klotz et al. 1988), of bovine Ai 

receptors with leucine and expressed the mutant receptors in C0S7 cells. The

Hiŝ ^® -> Leû ^® mutant decreased both agonist and antagonist binding by 

90%. However, the His^®^^ Leû ®̂  mutant showed decreased antagonist 

affinity but unchanged agonist affinity. The authors concluded that both 

histidines are important for both agonist and antagonist binding, but Hiŝ ^®

>
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appears to be crucial for ligand binding to occur. A decreased receptor number 

was found for both agonist and antagonist binding at the His^^^-> Leû ^̂  mutant 

so it is possible that in fact this histidine plays a role in receptor processing or 

configuration of the ligand binding domain without directly interacting with 

ligands. Thus it appears that Hiŝ ®̂  , contrary to the conclusions of the authors, 

is not essential for agonist binding. The A3 receptor, which lacks the histidine 

in transmembrane helix (TM) VI (His^^^) , is unable to bind DPCPX, an Ai 

antagonist, further implicating the possible involvement of this residue in 

antagonist binding. However, it can not be assumed that this single amino acid 

is solely responsible for the altered pharmacology but the residue may act in 

conjunction with differences elsewhere in the A3 receptor sequence.

The threonine residue (Thr^^^) of the Ai receptor, immediately adjacent to the 

Hiŝ ^® in TMVII has been mutated to a serine or alanine residue (Townsend- 

Nicholson and Schofield; 1994). A change to alanine removes the hydroxyl 

group of the threonine residue while the change to serine retains the functional 

group but modifies the positioning of the hydroxyl moiety. Neither mutations 

affected antagonist binding. The threonine residue does not seem to be crucial 

for the binding of N®-substituted analogues (such as PI A) as similar decreases 

in the binding affinity occured as a result of either mutation. The hydroxyl 

group however is essential for the binding of NECA, a 5’-substituted adenosine 

analog. The mutation to serine gave % 9 fold-decreased affinity of NECA but 

mutation of Thr^^  ̂ to alanine and subsequent loss of the hydroxyl group 

resulted in a complete loss of NECA binding. This work shows that the 

hydroxyl group of Thr^^^ is important for agonist but not antagonist binding, and 

may form a contact site with the 5’-substitution found in NECA.

A further study has identified this same amino acid at position 277 and another

one at position 270 (isoleucine/methionine, bovine/canine), both in TMVII, as

responsible for conferring species selectivity in ligand binding to Ai adenosine

receptors (Tucker et al. 1994). These two amino acids alter ligand binding

differently depending on the type of ligand. Compounds substituted at the N®-

or the C- 8  positions bind to bovine in preference to canine receptors, primarily

due to amino acid 270 which is an isoleucine in the bovine receptor and
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methionine in the canine receptor. Methionine-270 is conserved among 

species in the A2A and Azb adenosine receptors, and may be responsible for the 

generally low affinity of N®-substituted derivatives at A2 versus Ai adenosine 

receptors. NECA, which like adenosine is not substituted in the N® position 

binds with preference to receptors that contain Thr-277 (canine) as opposed to 

Ser-277 (bovine). This result is consistent with the finding by Townsend- 

Nicholson and Schofield (1994) that mutation of Thr^^ of the human Ai 

receptor to serine or alanine causes a decrease in the binding affinity of NECA. 

It appears that amino acid 270 is directly involved in the docking of the N® 

portion of adenines and the C- 8  portion of xanthines, while the hydroxyl at 

amino acid 277 may interact with a different region of the ligand, perhaps the 

ribose.

In the A2A receptor the corresponding residue, Ser^^ ,̂ is conserved across 

species. The hydroxy group of this serine has been shown to be essential for 

high affinity binding of agonists but not antagonists to the A2A receptor (Kim et 

al. 1995).

Further studies by Olah at al. (1994a) using A1/A3 chimeric receptors have 

shown that the 5’ and N®-substituents of adenosine agonists bind to distinct 

regions of adenosine receptors. A chimeric receptor with the fifth 

transmembrane domain (TMV) and third intracellular loop of the Ai receptor 

replaced by the corresponding region of the A3 receptor showed unchanged 

affinity either for antagonists or N®-substituted agonists. However, the affinity 

of NECA, a 5’-substituted agonist showed an A3 affinity profile at the chimeric 

receptor. The unique binding profile of this chimeric receptor can be attributed 

to TMV, as solely an exchange of the third intracellular loop has no effect on 

agonist binding. A six amino acid segment located in the exofacial half of TMV 

of the Al receptor was replaced with those of the A3 receptor. This construct 

again gave an A3 profile for NECA binding but an Ai profile for both antagonists 

and N®-substituted agonists. Thus it appears that these 6  amino acids in TMV 

may interact specifically with the 5’-substituted group.
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Olah et al. (1994b) have used chimeric A1/A3 receptors further to describe two 

additional regions involved in agonist and antagonist binding. These include 

the distal segment of the second extracellular loop and a region encompassing 

TMVI and TMVII. Thus, in conclusion, it appears that multiple regions of 

adenosine receptors, including a segment of the second extracellular loop, are 

involved in ligand recognition. Furthermore, there is considerable overlap in 

structural features necessary for agonist and antagonist binding.

Modelling of adenosine receptors has become a developing tool in predicting 

residues which are important in ligand-receptor interactions. Preliminary three- 

dimensional molecular models for the binding of adenosine to the canine Ai 

(Ijzerman at al. 1992, for review see Dudley at al. 1993). the rat A2A (Ijzerman at 

al. 1994) and the rat A3 receptors (van Galen at al. 1994) have been devised. 

The atomic co-ordinates of bacteriorhodopsin were used to construct 3- 

dimensional models of the receptors. Since no data for the non-membrane 

parts of these proteins is available, these areas could not be modelled. The 

models, although conjectures at present, may be useful in predicting the sites 

for interaction between specific amino acid residues of the receptors and their 

ligands. They are limited in their use however because they do not contain the 

extracellular loops which have been implicated in being important for ligand 

binding.

1.4.3 The aliosteric ligand binding domain

Impermeant, highly charged ligands exert their aliosteric effect rapidly on 

muscarinic receptors in whole cells or tissues. This suggests that the aliosteric 

site may be located on the extracellular surface of the muscarinic receptor. 

Furthermore, at both muscarinic and adenosine receptors, the binding of 

aliosteric ligands has been shown to slow down the binding kinetics of the 

radioligand used to monitor the interaction (Stockton at al. 1983, Bruns and 

Fergus; 1990). This implies that the aliosteric site may be located extracellular 

to the competitive site and that the aliosteric ligand generates a ‘plug’ to slow 

down access to the competitive ligand binding site.
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My experiments are the first reported attempt to locate the position of the 

aliosteric site on the Ai adenosine receptor (Cohen et al. 1995). By studying 

the literature on the localisation of the aliosteric site on muscarinic receptors, 

another member of the G-protein coupled receptor family (reviewed by Tucek 

and Proska; 1995), it has been possible to make some initial postulates as to 

where the site may be located.

Experiments on the location of the aliosteric site on muscarinic receptors have 

focussed on the site to which gallamine binds. Since gallamine has different 

affinities for the various muscarinic receptor subtypes, Ellis and co-workers 

have attempted to locate regions of the receptor which are important for 

gallamine binding selectivity by constructing a series of m2/m5 and m2/m3 

chimeric receptors (Ellis at al. 1993). Gallamine has a higher affinity for m2 

receptors than for either m3 or m5 receptors. Substitution of the sixth 

transmembrane domain, and the third extracellular loop of m2 into m5 resulted 

in increased gallamine affinity. Similarly, exchange of a region from the middle 

of the sixth transmembrane domain to the carboxyl terminus of m2 into m3 gave 

enhanced gallamine potency. Thus, their data suggests that this portion of the 

receptor is important for the binding selectivity of gallamine.

In another study, a small number of acidic amino acids within the second 

extracellular loop of the m2 receptor were replaced by those neutral amino 

acids present in the ml sequence (Leppik at al. 1994). The mutant had a lower 

affinity for gallamine, suggesting that these amino acids are also important for 

gallamine selectivity.

Matsui at al. (1995) have attempted to establish the features of the gallamine- 

binding site which are common to all subtypes of muscarinic acetylcholine 

receptors. They have used site-directed-mutagenesis to mutate 21 conserved 

residues in the presumed extracellular loops or loop/helix boundaries. Most of 

the altered residues had no effect on the binding of gallamine but two 

tryptophan residues inhibited gallamine binding when mutated to alanine or to 

phenylalanine. The authors conclude that the gallamine binding site does not 

appear to involve the three extracellular loops, but may be located
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close to and just extracellu lar to the antagonist binding site.

1.5 Aims of Research Project

The overall aims of this project were to characterise quantitatively the 

interactions of aliosteric ligands with the human Ai adenosine receptor and to 

attempt to locate the molecular position of the aliosteric site on the receptor. 

The aims of this project were three-fold:

The initial aims were to characterise the binding and functional characteristics 

of the human Ai adenosine receptor, including a characterisation of the binding 

properties of adenosine itself.

Secondly, I sought to begin to address the question of whether the aliosteric 

site that has been found on muscarinic receptors is a feature of some or all G 

protein coupled receptors. In order to examine whether this site is a 

widespread feature of G-protein coupled receptors, studies were carried out on 

adenosine receptors. I intended to investigate quantitatively the effects of 

PD81, an aliosteric agent, on the binding and function of the human adenosine 

Ai receptor. It has been reported previously that the aliosteric site is not 

present on the bovine A2A receptor (Bruns and Fergus; 1990), so I aimed to 

look if the aliosteric site was present or not on the human A2A receptor.

Thirdly, in order to deduce the molecular location of the binding site of the 

aliosteric compound, I aimed to construct chimeric receptors between the Ai 

and the A2A receptor. Since the site is thought to be present on the Ai and not 

the A2A receptor, characterisation of both the binding and functional properties 

of these chimeric receptors, and an analysis of the effects of the alterations on 

the interactions between the aliosteric ligand and the altered receptor would 

help to elucidate areas on the receptor that may be involved in binding the 

aliosteric ligand. The chimeric receptor studies would then be followed up by 

single point mutational studies in the area of interest which are less likely to 

disrupt the receptor structure.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Studies on OHO cells stably transfected with Ai, Aia or A3 

receptors.

2.1.1 Materials

All cell culture reagents were obtained from GIBCO laboratories. Chinese Hamster 

Ovary (OHO) cells transfected with the human Ai (CHO.A1), A2A (CHO.A2A) or A3 

(OHO.As) receptors were obtained from Glaxo Group Research Ltd., Greenford, 

U.K. [^HJDPCPX, [^H]CHA, and [“ S]GTPyS were from DuPont MEN. [^H]PIA was 

obtained from Amersham. R-PIA, CHA and NECA were from Semat Ltd. 

Adenosine deaminase (ADA) and adenosine were from SIGMA. PD81 was a gift 

from Parke-Davis, Ann Arbor. The radioimmunoassay kits used in the cAMP 

assays on CHO.A1 and CHO.A2A cells were from MEN DuPont Ltd. The 

scintillation proximity assay kits used in the cAMP assays on CHO.A3 cells were 

from Amersham International. Liquiscint scintillation fluid was from National 

Diagnostics and GF-B filter paper was from Whatman. All other chemicals were 

obtained from standard sources.

2.1.2 CHO Cell Culture

CHO.A1 cells were grown in 1:1 mixture of DMEM and HAMS F-12 containing 10% 

new born calf serum, 2mM L-glutamine and geneticin (0.25mg/ml) at 37* in 5% 

CO2. Cells were subcultured twice weekly at a ratio of 1:10 and once weekly the 

cells were transferred to large 24x24cm. plates and cultured for a further 4 days 

before harvesting.

2.1.3 Membrane Preparation

CHO.A1 cells were washed with phosphate buffered saline (PBS) and scraped from 

the plates in 5ml of ice-cold homogenisation buffer (20mM Tris, lOmM
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EDTA, pH7.4, + saponin 0 - 1 mg/ml). Cells were disrupted in a Polytron 

homogenizer (setting 6) at 4*0, twice for 5 sec at a 30 sec interval. Plasma 

membranes and the cytosolic fraction were separated by centrifugation at 

100,000g for 15 min. The membrane pellet was resuspended in buffer (20mM Tris, 

0.1 mM EDTA, pH7.4), again disrupted in a Polytron (5 sec) and the homogenate 

centrifuged at the same speed for 15 min. The pellet was resuspended in binding 

assay buffer at approximately 3mg/ml, disrupted in a Polytron (5 sec) and stored in 

0.5ml aliquots at -70*0. Protein determination was performed with the Bio-Rad 

protein assay, using BSA as a standard. The yield of protein was approximately 

3mg protein/plate.

2.1.4 Radioligand Binding

All binding assays were performed in triplicate in a final volume of 1ml (unless 

otherwise stated), using 12 x 75-mm polypropylene tubes. For the saturation 

studies, the radioligand concentrations varied from 0.02 - 6nM for [^H]DPOPX and 

0.1 - 35nM for both fH]OHA and fH]PIA. For the competition studies, varying 

concentrations (0.1nM-300|.iM) of inhibitor (OHA, PI A, NEOA or adenosine) were 

included in the assay with the fH]radioligand (0.2nM, except where stated 

otherwise). Both competition and saturation studies were performed with cell 

membranes that were untreated or previously treated with 3U/ml adenosine 

deaminase for % hour at 25*0. Studies were also performed both in the absence 

and presence of GTP (1mM) where appropriate.

Studies examining the aliosteric effects of PD81 on binding were carried out in the 

presence of PD81 (0 - 30|.iM). PD81 was dissolved in DMSG and diluted 100-fold 

to give the desired concentration. At the highest concentration of PD81, some 

additional effects were observed, possibly caused by insolubility of the compound 

at this concentration. Control incubations contained 1 % DMSO.

Binding assays were initiated by the addition of CHO.A1 cell membranes at a final 

protein concentration of 40-80|.ig/ml (unless otherwise indicated) in assay buffer 

(NaCI 100 mM, HEPES 20mM, MgCl2 1GmM). This buffer was chosen in
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order to be consistent with that being used for the functional studies of CHO.A1- 

induced stimulation of G proteins, which requires both NaCI and (see Chapter 

3). in preliminary experiments, this buffer was compared to buffers containing Tris 

20mM, EDTA 1mM, ± Mĝ "" (10mM) and no dramatic difference in radioligand 

binding was observed between the Tris or HEPES based buffers (data not shown). 

Reactions were continued for 1 hour at 25*C. Non-specific binding was determined 

by the addition of 3mM theophylline.

For the measurement of association kinetics, a reverse time course strategy was 

used to allow batchwise processing of the assays by filtration (Hulme and Birdsall; 

1992). An analogous approach was used in the dissociation kinetics 

measurements. Furthermore, the radioligand (0.2nM) was always incubated with 

the membranes for precisely 1 hour prior to initiation of dissociation of the 

radioligand by dilution in assay buffer containing 3mM theophylline. This protocol 

ensured that slow association kinetics did not interfere with the estimation of the 

dissociation rate constants.

Bound and free ligand were separated by filtration through Whatman GF/B filter 

strips which were pre-soaked in 0.3% polyethyleneimine for 1 hour. Filtration was 

performed on a cell harvester ( Brandel ); filters were washed 3 times with 5ml 

aliquots of ice-cold water, transferred into liquid scintillation vials and 5ml of 

scintillation fluid was added. Samples were counted after they were stored at room 

temperature for at least 6 hours to permit the glass fibre filters to become uniformly 

translucent.

2.1.5 Binding studies with [^^S]GTP/S

The incubation mixture for measuring [^SjGTPyS binding contained in a total 

volume of 1ml: buffer (NaCI lOOmM, HEPES 20mM, MgCb lOmM, pH7.4), 10|.iM 

GDP, 0 -lOiLiM agonist (CHA, PI A, NECA, adenosine), 0- 30|.iM PD81, %20^g/ml 

CHO.A1 cell membrane protein (pre-treated, as appropriate, with 3U/ml adenosine 

deaminase for 30min. at 25°C) and 0.1 nM [^S]GTPyS. The experiment was 

carried out in triplicate for 30min at 25 C. Incubations were
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terminated by rapid filtration of the samples through glass fibre filters (Whatman 

GF/B), previously soaked in ice-cold water, followed by 3 x 5ml washes in ice-cold 

water.

2.1.6 cAMP assays

2.1.6.1 cAMP assays on CHO.Ai and CHO.A2A cells

CHO.A1 and CHO.A2A cells were seeded in 24 well plates (density of 1 0 ® 

cells/well) 48 hr. prior to the experiment. The cells were washed immediately prior 

to the assay with assay medium (1:1 mixture of DMEM containing 25mM HEPES 

and HAMS F-12 medium with 1 mg/ml BSA, penicillin, streptomycin and glutamine), 

and incubated 30 mins at 37*0 with assay medium containing 0.1 mM rolipram and 

2U/ml ADA. For experiments on CHO.Ai cells, the cells were then incubated in 

presence of NECA (0-1 pM) and PD81 (0 - lOpM) for 10 min. 0.1 pM forskolin and 

lOpM PGE2 were then added. For experiments on CHO.A2A cells, the cells were 

incubated with the test compounds for 10 min. Reactions were terminated by 

aspiration of medium from the cells and addition of 0.5ml of 0.2N HCI, 4*C. The 

cell monolayers were left at 4 C for 1 hour to extract the cAMP, then an aliquot of 

the acid supernatant was removed and assayed for cAMP levels.

Prior to assay all samples were neutralised by addition of 75pl neutralising mixture 

(6 ml 1M NaOAc, pH6.2, 5.8ml 2N NaOH, 0.2ml H2O). cAMP levels were 

determined using the non-acetylated radioimmunoassay (RIA) kit from MEN 

DuPont Ltd. Results shown are the means ± s.e.m. of triplicate wells which were 

assayed in duplicate.

2.1.6.2 cAMP assays on CHO.A3 cells

CHO.A3 cells were seeded in 24 well plates (density of 1 0 ® cells/well) 48 hr. prior to 

the experiment. The cells were treated exactly as described above for the CHO.Ai 

cells. Prior to assay all samples were neutralised by addition of 75pl
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neutralising mixture (6ml 1M NaOAc, pH6.2, 5.8ml 2N NaOH, 0.2ml H2O). cAMP 

levels were determined using the scintillation proximity assay kit from Amersham 

International. Results shown are the means ± s.e.m. of triplicate wells which were 

assayed in duplicate.

2.1.7 Data analysis

Unless otherwise stated, data are presented as (mean ± sem, n = number of 

independent experiments). For n = 2, the estimated error is shown as the range/2. 

Binding data were analysed by non-linear least squares analysis using the 

appropriate models and the programs Enzfitter, SIGMAPLOT or GraphPad PRISM. 

The equations describing the one-site model, the two-site model and the aliosteric 

model are described or discussed in Appendix 1. Parameters obtained from 

analyses of agonist binding competition experiments using the two-site model are 

numerically within 10% of the equivalent parameters obtained by fitting the data to 

the ternary complex model of De Lean et. al. (1980) (Jones at al. 1995).

2.2 Construction of chimeric receptors

2.2.1 Materials

The PGEM 7z vector was from Promega, the mammalian expression vector, 

pBK-CMV was obtained from Stratagene. Oligonucleotide primers were 

synthesised by the Glaxo Institute for Molecular Biology primer service. 

Restriction and modification enzymes were obtained from Promega. The 

VENTr DMA polymerase was obtained from NEW ENGLAND Bioloabs. 

Qiaquick Gel Extraction kits and Qiagen mini-prep kits were obtained from 

Qiagen Hybaid Ltd. CHROMA SPIN columns were obtained from CLONTECH 

Laboratories Inc. The Taq DyeDeoxy Terminator Cycle Sequencing Kit and the 

Taq Dye Primer Cycle Sequencing kit were obtained from Applied Biosystems.
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2.2.2 Strategy of splicing by overlap extension

The technique of splicing by overlap extension was used to construct the 

chimeric receptors. The general mechanism is illustrated in Figure 2.1 using 

chimera 2 (CH2) as the example. The segments to be joined from the Ai 

sequence and the A2A sequence are amplified in separate PCR reactions 

(reactions 1 and 2). The primers used at the internal ends are made 

complementary to one another by including nucleotides at their 5’ ends that are 

complementary to the 3’ portion of the other primer. Thus for CH2, CH2F1 and 

CH2B1 are complementary. This makes the PCR products of these first 

reactions overlap, that is, they share homologous sequences at the ends to be 

joined. These products are mixed in a third PCR reaction (reaction 3). One 

strand from each fragment contains the overlap sequence at the 3’ end and 

these strands can serve as primers for one another. Extension of this overlap 

by DNA polymerase yields the recombinant product, CH2. The other strands, 

which have the overlap at their 5’ ends, are not able to prime each other, but 

they can still act as templates for the primers at the external ends, A1F1 and 

A2B1, and thus generate more of the original PCR products. The presence of 

primers A1F1 and A2B1 in the reaction allows the recombinant molecule to be 

amplified as soon as it is formed. This method produces a first generation 

construct, either CHI, CM2, CH3 or CH4.

The technique can be used further to generate the second generation of 

chimeras, CH2a, CH3a and CH4a. In the case of CH2a, CM2 is used as the 

DNA template in reaction 1 and the Ai DNA sequence as the template in 

reaction 2. Reaction 3 contains both the PCR products from reaction 1 and 2 

along with the outer Ai primers. The synthesis of the second generation 

chimeras is shown in Figure 2.2.
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Figure 2.1:
generation.

Mechanism of gene splicing by overlap extension; first

The segments to be joined from the Ai sequence and the A2A sequence to 
construct CH2 are amplified in separate PCR reactions (reactions 1 and 2). 
CH2F1 and CH2B1 are the complementary internal primers. The PCR products 
are mixed in a third PCR reaction (reaction 3). One strand from each fragment 
contains the overlap sequence at the 3' end and these strands can serve as 
primers for one another. Extension of this overlap by DNA polymerase yields 
the first generation recombinant product, CH2. The presence of primers A1F1 
and A2B1 in the reaction allows the recombinant molecule to be amplified as 
soon as it is formed.
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CH2B1
CH2F1

A 2 B1

A 1 A 2
—  ________________________
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GOGH

65



Figure 2.2: Mechanism of gene splicing by overlap extension; second 
generation

CH2 is used as the DNA template in reaction 1 and the Ai DNA sequence as 
the template in reaction 2. CH2aF1 and CH2aB1 are the complementary 
internal primers. Reaction 3 contains both the PCR products from reaction 1 
and 2 along with the outer Ai primers, A1F1 and A1B1. Synthesis of a second 
generation chimera results.
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2.2.3 Subcioning of the Ai and the Â2a receptors

The human Ai sequence was provided cloned in a PGEM7z vector at the 

EcoRI site (position -137) and the Xbal site (position 1356) present at the 5' 

and 3' untranslated regions of the receptor sequence. The human A2A 

sequence was cloned into pcDNAI NEO vector at the Hindlll and BamHI sites. 

Neither of these two sites are present within the A2A gene but are asssumed to 

have been added during the subcloning. This caused some uncertainty as to 

how much of the 5’ untranslated end of the A2A receptor was actually in the 

vector and the 5’ end of the A2A receptor had to be re-sequenced.

All the chimeras, as well as the Ai sequence were placed in the pBK-CMV 

vector (Figure 2.3) for comparative purposes. This vector was chosen because 

it allows both prokaryotic and eukaryotic expression. Prokaryotic expression is 

driven by the lac promoter, which is repressed in the presence of the Lad 

protein and is inducible in the presence of IPTG. The pBK polylinker is placed 

downstream from this promoter in the amino terminus of the a-complementing 

portion of the p-galactosidase gene, allowing blue/white colour selection of 

clones with insert. Colonies containing vector with no insert will stain blue in 

the presence of X-gal and IPTG, while those colonies containing vector with 

insert will be white. Eukaryotic expression is driven by the CMV immediate 

early promoter in pBK-CMV. The SV40 polyadenylation fragment provides 

signals required for termination of transcription and polyadenylation. Stable 

selection of clones is made possible by the presence of the 

neomycin/kanamycin-resistance gene, which is driven by the SV40 early 

promoter. The binding of the SV40 large T-antigen to the SV40 promoter 

drives replication of the plasmid. The presence of the SV40 promoter thus 

enables the pBK-CMV vector to replicate to high copy number in mammalian 

cell lines that constitutively express the SV40 large T-antigen. The pBK-CMV 

vector drives high levels of transient expression of receptor genes in COS M6 

cells, a line that has been SV40 transformed. This makes pBK-CMV a good 

choice of vector for the initial transient expression and characterisation of the 

chimeric receptors.
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Figure 2.3: Map of the pBK-CMV plasmid.

Prokaryotic expression is driven by the lac promoter, which is repressed in the 
presence of the Lad protein and is inducible in the presence of IPTG. 
Eukaryotic expression is driven by the CMV immediate early promoter in pBK- 
CMV. The SV40 polyadenylation fragment provides signals required for 
termination of transcription and polyadenylation. Stable selection of clones is 
made possible by the presence of the neomycin/kanamycin-resistance gene, 
which is driven by the SV40 early promoter. The pBK-CMV vector drives high 
levels of transient expression of receptor genes in COS M6 cells, a line that 
has been SV40 transformed. This makes pBK-CMV a good choice of vector for 
the initial transient expression and characterisation of the chimeric receptors.
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The DNA containing the coding sequence of the Ai and the A2A adenosine 

receptors were subcloned into pBK-CMV using the strategy shown in Figure 

2.4. In the case of the Ai sequence, an EcoRI-XBal cassette was excised and 

ligated into the EcoRI-XBal cut pBK-CMV vector (sense orientation). In the 

case of the A2A sequence, an Ndel-XBal cassette was excised and cloned into 

the Ndel-XBal cut pBK-CMV vector.
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Figure 2.4: The strategy for subcloning the human Ai and A2A adenosine 
receptor sequence into pBK-CMV from PGEM7 and pcDNAneo 
respectively.

The human Ai sequence was provided cloned in a PGEM7z vector at the 
EcoRI site and the Xbal site present at the 5’ and 3’ untranslated regions of the 
receptor sequence. The human A2A sequence was cloned into pcDNAI NEO 
vector at the Hindlll and BamHI sites. The DNA containing the coding 
sequence of the Ai and the A2A adenosine receptors were subcloned into pBK- 
CMV. In the case of the Ai sequence, an EcoRI-XBal cassette was excised 
and ligated into the EcoRI-XBal cut pBK-CMV vector (sense orientation) 
forming the pBK-CMVA1 vector. In the case of the A2A sequence, an Ndel-XBal 
cassette was excised and cloned into the Ndel-XBal cut pBK-CMV vector 
forming the pBK-CMVA2 vector.
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2.2.4 Primer design for PCR reactions

2.2.4.1 Design of general primers

Primers for the 5’ and 3’ ends of the Ai and the Aza receptors were designed to 

incorporate EcoRI and Xbal restriction enzyme sites respectively for subcloning 

into the pBK-CMV vector. They were designed with a sequence of TATA at the 5’ 

end of the primer, followed by the restriction enzyme site, followed by 21 base 

pairs complementary to either the Ai or the Aza sequence. The GC to AT ratio of 

all 4 constructs was % 50% to ensure that the melting temperature of the 

oligonucleotide was appropriate, 35-40°C. On sequencing the A2A sequence, the 

5’ untranslated region was found to be shorter than expected from the sequence 

provided explaining why the originally designed primer did not anneal to the 

sequence. A new corrected primer, denoted A2F1B, containing an Ndel site was 

subsequently used in the construction of chimera 1.

A table of the primers used is shown below. The primers denoted ‘F’ are sense 

primers whilst those denoted 'B' are antisense primers. The underlined sequence 

represents the restriction enzyme site position on the primer.

Primer sequence of primer

name

A l FI 5’-tataqaattcttqqtgcccgtctgctgatgtqc-3’

A l BI 5'-tatatctaqagttaactcctagtggagggacca-3’

A2F1B 5’-gtgtatcatatqccaagtacgcc-3’

A2B1 5’-tatatctaqattcccttaggaaggggcaaactcc-3’



2.2.4.2 Design of specific primers

The primers used to construct each individual chimera are shown in the table 

below. They consist of approximately 23bp complementary to the Ai sequence 

followed by 23bp complementary to the sequence of the A2A receptor. This number 

was altered slightly in some cases to ensure a favourable ratio of GC/AT 

nucleotides. Primers are named according to which chimera they were used for 

(e.g.Cm) followed by F or B for sense or antisense primers respectively. The 

primers used to construct the first generation chimeras are denoted 1 whereas 

those used to construct the second generation chimeras are denoted 2. 

Underlined sequence denotes nucleotides complementary to Ai.

Primer sequence of primer 

name

chimera X

Ch1F1 ataccatcataaqctcctcqQtqtacatcqqcatcqaaatqctcat CH1

Ch1B1 atqaqcacctcqatqccqatqtacaccqaqqaqcccatqatqqcat CH1

Ch2F1 tcatccccctcqccatcctcatcaqcaccqqqttctqcqctqcctq CH2

Ch2B1 caqqcaqcqcaqaacccqqtqctqatqaqqatqqcqaqqqqqatq CH2

CH3F1 tqqtqqqactqacccctatqtttqqttqqaacaactqcqqtcaqcc CH3

Ch3B1 qqctqaccqcaqttqttccaaccaaacataqqqqtcaqtcccacca CH3

Ch4F1 tqcacatcctcaactqcatcaccttcttctqccccqactqcaqcca CH4

Ch4B1 tqqctqcaqtcqqqqcaqaaqaaqqtqatqcaqttqaqqatqtqca CH4

Ch2aF2 tctqcqctqcctqccacqqctqcctcatqqttqcctqtccqqtcct CH2a

Ch2aB2 aqqaccqqacaqqcaaccatqaqqcaqccqtqqcaqqcaqcqca CH2a

Ch3aF2 ttqaqqatqtqqtccccatqaactacatqqtctacttcaacttctt CH3a

Ch3aB2 aaqaaqttqaaqtaqaccatqtaqttcatqqqqaccacatcctcaa CH3a

Ch4aF2 qccacqcccctctctqqctcatqtacattaccatcttcctcacqca CH4a

Ch4aB2 tqcqtqaqqaaqatqqcaatqtacatqaqccaqaqaqqqqcqtqqc CH4a
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2.2.5 Polymerase chain reaction

The VentR DNA polymerase was used in all PCR reactions. It is purified from a 

strain of E. Coli that carries the Ventp DNA polymerase gene from 

Thermococcus litoralis, an extremely thermophilic marine archaebacterium. 

This organism was isolated form a submarine thermal vent and can grow at 

temperatures up to 98°C. The VentR DNA polymerase also contains a 3’^  5’ 

proofreading exonuclease activity resulting in much higher fidelity of base 

incorporation compared to Taq DNA polymerase, which lacks this function. 

The basic reaction conditions used to generate the PCR products are; 1x VentR 

buffer (supplemented with additional MgS0 4  if necessary), 250|.iM each 

deoxyribonucleoside triphophate (dNTP), 1.0pM each of the suitable forward 

and reverse primers, 0.8% DMSO, 0.1-1ng DNA template and the DNA 

polymerase enzyme (VentR ).

2.2.5.1 First generation Chimeras

The construction of Chimera 2 (CH2) is described as an example of a first 

generation chimera. All other chimeras were constructed in a similar manner 

with the relevant primers. Three PCR reactions are performed. The first using 

Ai DNA as the DNA template, A1F1 as the forward primer and CH2B1 as the 

reverse primer. The second reaction used A2A DNA as the DNA template, 

CH2F1 as the forward primer and A2B1 as the reverse primer. The PCR 

conditions used were; 95°C 30” , 55°C 30” , 70°C T for 20 cycles. The PCR 

products were run on an analytical 1% agarose gel (in Tris-acetate/EDTA 

buffer) alongside a suitable marker to ensure that the initial PCR products were 

of the expected size, in this case, %265bp for fragment 1 and %1072bp for 

fragment 2. The third PCR reaction is carried out with both the PCR products of 

reaction 1 and 2 as the DNA templates along with the outer primers, in this 

case, A1F1 and A2B1. The PCR conditions used were; 95°C 30” , 55°C 30” , 

70°C 1.5’ for 20 cycles. The PCR product was loaded on a preparative 1% 

agarose gel and eluted from the gel using a Qiaquick gel extraction kit.
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2 2.5.2 Second generation Chimeras

The first generation chimeras were subcloned into pBK-CMV, transformed into 

electrocompetent cells and plasmid DNA prepared and sequenced (see below). 

Clones of CH2, CH3 and CH4 were found containing no PCR mutations and so 

could be used for the generation of the second generation chimeras. Three 

PCR reactions were again performed. The first using CH2 DNA as the DNA 

template, A1F1 as the forward primer and CH2aB2 as the reverse primer. The 

second reaction used Ai DNA as the DNA template, CH2aF2 as the forward 

primer and A1B1 as the reverse primer. The PCR conditions used were 95°C 

30” , 60°C 30” , 70°C T for 20 cycles. The temperature set for the annealing 

stage was higher than in the previous reactions as the primers are very GC rich 

and the conditions must be optimised for specific annealing. The PCR 

products were run on an analytical 1% agarose gel alongside a suitable marker 

to ensure that the initial PCR products were of the expected size. The third 

PCR reaction is carried out with the PCR products of reaction 1 and 2 as the 

DNA templates, along with the outer primers, in this case, A1F1 and A1B1. The 

PCR conditions used were 95°C 30” , 55°C 30” , 70°C 1.5’ for 20 cycles. The 

PCR product was loaded on a preparative 1% agarose gel and eluted from the 

gel using a Qiaquick gel extraction kit.

2.2.6 Subcloning the chimeric constructs

The pBK-CMV vector was digested with EcoRI and Xbal in preparation for 

ligation with the chimeric DNA constructs. The cut vector was purified from the 

smaller contaminating fragment (27bp) using a CHROMA SPIN column. The 

column design is based on the principle of gel filtration chromatography and 

the column is packed with resins designed to selectively remove contaminating 

molecules based on size. Molecules larger than the pore size are excluded 

from the resin and quickly move through the gel bed when the column is 

centrifuged briefly, while molecules smaller than the pore size are retarded.

75



The final PCR products from the 1st and 2nd generation chimeras, after gel 

elution, were digested with EcoRI and Xbal, purified from contaminating 

enzymes by running down a CHROMA SPIN column and precipitated using 

sodium acetate and isopropanol. After resuspension, the digested chimeric 

DNA was ligated into the pBK-CMV vector using 14 DNA ligase and incubated 

at 16°C overnight.

2.2.7 Preparation of electrocompetent XL1 Blue cells

XL1 Blue cells were made competent by a modified version of the procedure 

described by Hanahan (1983). Bacterial stocks were stored at -80°C in 10% 

glycerol. XL1 Blue E.Coli cells were grown overnight at 37°C by streaking onto a 

plate of minimal agar containing ImM thiamine, 0.4% glucose, 1xM9 salts (0.1% 

(w/v) Na2HP0 4 , 0.3% (w/v) KH2PO4, 0.05% (w/v) NaCI, 0.1% (w/v) NH4CI). A 

single colony, picked from the plate, was used to inoculate 5 ml L-broth and 

shaken at 37°C (350rpm) in a rotary shaker overnight. 500ml L-broth was 

inoculated with this culture and shaken at 37°C until an ODeoo reading of 0.5 was 

approached but not exceeded.

The culture was chilled for 1 hour on ice and then harvested in a cold centrifuge 

bottle at 5000rpm, 4°C for 20 min. The pellet was resuspended in 500ml ice-cold 

distilled H2O and re-spun. The pellet was resuspended in 250ml ice-cold H2O 

followed by a third spin. The pellet was resuspended in 10ml ice-cold 10% 

glycerol followed by a final spin. Finally the pellet was resuspended in 1 ml ice-cold 

10% glycerol and dispensed as 40|.il aliquots into prechilled tubes which were then 

frozen on dry ice. The extensive washing reduces the ionic strength of the cell 

suspension. This protocol routinely gives transformation efficiencies of >100cfu/pg 

supercoiled plasmid.

2.2.8 Transformation of electrocompetent cells

Transformations were performed directly from ligation mixes using electroporation. 

Ligation mix (1-2j.il) and 40j.il electrocompetent cells were placed in an ice cold

76



cuvette and electroporated. Electroporation is carried out at low temperatures 

since the efficiency of transformation decreases as much as 100-fold when carried 

out at room temperature. Electroporation was carried out at 2.5kV, 25|iF and 

2000 - the time constant was usually approximately 4.5sec. 1ml of warm SOC 

medium ( Per litre; bacto-tryptone 20g, bacto-yeast extract 5g, NaCI 0.5g, KOI 

0.186g, MgCb 0.95g, glucose 3.6g pH 7.0) was added and the mixture left shaking 

at 37°C for Ihour. Plates were prepared with 160|il Kanamycin (lOmg/ml in H2O), 

4|.il IPTG ( 200mg/ml in H2O) and 40pl X-gal (20mg/ml in dimethylformamide). 

200|il of the transformed cells was plated on the prepared plates and left at 37*C 

overnight. Any colonies grown were picked into 5ml L-Broth/Kanamycin (25|ig/ml) 

and left to grow overnight at 37°C.

2.2.9 Plasmid DNA preparation

Large scale preparation of the plasmid DNA was carried out by Elizabeth 

Andrey at Glaxo Institute for Molecular Biology, Geneva using the caesium 

chloride protocol described by Sambrook, Fritsch and Maniatis (1989).

Minipreps were performed using the “Qiagen Plasmid Kit” from Qiagen Hybaid 

Ltd. This procedure involves briefly lysing the bacteria in 0.1 M NaOH, 1% SOS 

(sodium dodecyl sulphate) in the presence of RNase A. The SOS denatures 

the cellular proteins whilst the NaOH denatures chromosomal and plasmid 

DNA. Addition of acidic KOAc neutralises this solution. The salt causes the 

chromosomal DNA to co-precipitate with the bacterial cell debris and SDS, 

leaving the short plasmid DNA in solution. Plasmid DNA is then separated 

from bacterial debris and purified by passing through a Qiagen Tip. Prior to 

sequencing, the chimeric DNA was analysed by performing analytical digests 

with restriction enzymes that cut at unique sites in order to reduce the 

sequencing of clones that do not contain the correct DNA.
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2.2.10 Sequencing

Standard methods for performing enzymatic extension reactions for DNA 

sequencing are time-consuming and labour-intensive. The DyeDeoxy Terminator 

Cycle sequencing Kit from Applied Biosystems relies on four dye-labelled 

dideoxynucleotides: G,A,T and 0 DyeDeoxy Terminators. When these replace 

standard dideoxynucleotides in enzymatic sequencing, a dye label is incorporated 

into the DNA along with the terminating base. All four termination reactions are 

performed in a single tube, reducing tube handling and pipetting steps. The 

thermal cycling of the sequencing reactions increases signal intensity and 

decreases sensitivity to reaction conditions. Consistent results translate into high 

accuracy when editing ambiguities during consensus sequence analysis.

2.2.10.1 Sequencing primer design

The sequencing primers were designed in both 5'-> 3' and 3'-> 5' directions to 

cover the whole coding sequence of the DNA being sequenced. The software 

Primer design was used to design optimum primers. This program designs primers 

so that the sequence of the primer is chosen to maximise the stability and 

specificity of binding to the desired template location while avoiding destabilising 

structures. Primers for sequencing the Ai receptor are designated Ai, and similarly 

A2a for the A2A receptor. Primers were designed at the extracellular and 

intracellular loops designated S1-S6. Backward primers are designated B. 

Reverse primers were not designed for sequencing the A2A sequence as most of 

the sequencing involved the Ai sequence.
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The primers are listed in the table below.

Primer name sequence of primer complementary to:

A1S1 cgctgcgggatgccaccttct A1

A1S2 ggccacagacctacttccaca A1

A1S3 cctctccggtacaagatggtg A1

A1S4 gtgatcaagtgcgagttcgag A1

A1S5 tcttctacctaatccgcaagc A1

A1S6 ccgtcctgccacaagcccagc A1

A2S1 aacagcaacctgcagaacgtc A2

A2S2 ggttctgcgctgcctgccacg A2

A2S3 gctccggtacaatggcttggt A2

A2S4 ccaaaggagggcaagaaccac A2

A2S5 gcgacgacagctgaagcagat A2

A2S6 cccgactgcagccacgcc A2

A1BS1 tgaagcagaaggtggcatcc A1

A1BS3 accatcttgtaccggagagg A1

A1BS5 gaagacctccaggtagatga A1
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2.2.10.2 Sequencing reactions, preparation and loading the sequencing 

gel

The reaction premix of kit reagents was prepared as shown in the table below;

Reagent 1x mix

5x TACS Buffer 4|il

dNTP Mix 1W

DyeDeoxy A Terminator 1pl (900pM)

DyeDeoxy T Terminator n il (450 pM )

DyeDeoxy G Terminator n il (15 pM)

DyeDeoxy 0  Terminator n il (4 pM )

AmpliTaq DNA polymerase 0.5|.il (4units)

9.5^1 of reaction premix were mixed with 1}.ig/5|.il template DNA and 3.2-10pmol/5|.il 

primer in a final volume of 20|.il. The tubes were placed in a thermal cycler (Perkin 

Elmer Cetus Model 9600) and preheated to 96®C. The thermal cycling consisted 

of 25 cycles (each consisting of 96°C, 15”, 50°C, 1” , and 60°C, 4’ followed by a 

rapid thermal ramp to 4°C. After thermal cycling, the samples were purified by 

phenol/chloroform extraction and resuspended in 4̂ 1 formamide/50mM EDTA;pH 

8.0 (5:1)

Both plates of the gel casting equipment were washed with Alconox, rinsed with 

distilled water, cleaned with Isopropanol/water (9/1) and left to dry. The notched 

plate was placed on top of the unnotched plate and spacers. The spacers and 

clamps were aligned with 3 clamps on both sides and the gel casting comb was 

placed under one side.

A 6% Acrylamide-Urea gel was prepared with 9ml 40% acrylamide stock solution 

(BOg acrylamide/bis-acrylamide (19/1), 20g amberlite, 200ml distilled H2O,
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filtered), 6ml 10x TBE buffer pH 8.3 (108.g Tris Base, 55.Og Boric Acid 8.2g EDTA, 

1 litre H2O), 30g urea and H2O up to 50ml. The urea was dissolved, the solution 

mixed, and 200pl 10% ammonium persulphate and 30pl TEMED were added. The 

gel was cast immediately. The gel casting comb was removed immediately and 

the comb inserted. The minimum polymerisation time was 2 hours. When the gel 

was ready for loading, the samples were heated at 90°C for 2 minutes, and then 

transferred immediately onto ice. A plate check was made on the instrument 

(Applied Biosystems 373A DNA sequencer) to ensure the plates were clean, and 

they were cleaned with ethanol if necessary. The samples were loaded onto the 

DNA sequencer and run at 30 watts for 12 hours.

2.2.10.3 Analysis of sequencing data

The sequencing results obtained from the ABI 373A DNA sequencer are displayed 

as chromatographic displays, printed out from the connected computer. Figure 

2.5a shows an example of part of one of these displays. Approximately 500bp 

could be sequenced from each run and the chromatographic display produced can 

be analysed using the software program Sequencher. The use of primers to 

sequence overlapping regions of DNA enabled the editing of ambiguities which 

occurred at an average of 1 -2/1 OObp of sequencing. The overlapping sequences 

were aligned by the software program Sequencher as shown in Figure 2.5b and 

2.5c. Under the conditions provided by the ABI DNA sequencing kits. Vent DNA 

polymerase shows characteristic patterns of incorporation of dideoxynucleotides 

during the formation of terminated extension products as it does not incorporate all 

ddNTPs with the same efficiency. The efficiency of incorporation of any one 

particular ddNTP is noticeably influenced by local base composition. This 

manifests itself as recognisable patterns in the chromatographic displays of 

analysed data. Knowledge of these patterns further helps in the analysis of 

ambiguities in the sequencing results.
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Figure 2.5: Analysis of sequencing data from the ABI 373A DNA
sequencer

The figure (part a) shows an example of part of a chromatographic display of the 
sequencing data obtained from sequencing CH2 with a sense primer denoted 
A2S5. The peaks are coded as described: blue.C: green,A; red.T and black,G. 
Overlapping sections of sequence were sequenced and could be analysed and 
aligned adjacent to the correct expected sequence for CH2 by the software 
program Sequencher (part b). The program Sequencher is able to align all the 
sequences and show which parts of the sequence have been sequenced. Part c 
shows this alignment. The length of the yellow line shows the sequence that has 
been sequenced in both directions, that is, both strands have been sequenced. 
The black line demonstrates the section that has been sequenced multiple times.
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>1 7m28j94a14 
4 7m14j94a1 
>1 7m14j94a7 
>1 7m14j94a8 
>1 7m27j94a19 
4 7m14j94a9 
>j 7m14j94a10
 ̂ 7m 14j94a 11 AACCTTTCAAGGCAGCrGGCACCAGTGCOCGAGTCTTGGCAGCTCATGGCAGTGACGGAGAGCA 

>1 7m 14j94a12 AACCTTTCAAGGCAGCTGGTA(XAGNGCCCGAGTCTTGGCAGCTCATGGNAGTGACX5GAGAGCA 
f 7m 13j94a26 AAGGCAGCTGGCACCAGTGCNCGAGTCTTGGCAGCTCATGGCAGTGACGGAGAGCA
h7m28j94a15
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7m14j94a11

7m14j94a12
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7m28j94a15
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2.3 Electrophysiological Studies

2.3.1 Preparation of RNA

When working with mRNA it is important to minimise the activity of ribonucleases 

(RNases), which can very easily destroy mRNA activity. To avoid accidental 

introduction of trace amounts of RNases from potential sources, the following 

precautions were followed;

a) Glassware was autoclaved(250°C for 4h). Disposable, sterile plasticware was 

used wherever possible.

b) Disposable gloves were worn at all times.

c) Solutions were prepared using RNase-free glassware, autoclaved double

distilled water and the highest quality chemicals. Water was treated by adding

0.1% diethyl pyrocarbonate (DEPC) for 12h before use. Traces of this chemical 

were removed by autoclaving, since DEPC can react with nucleic acids.

lOpg of each recombinant plasmid (Ai, Aza, GIRKI and chimeric receptors) was 

digested with an approriate restriction enzyme that has a unique cleavage site 

immediately downstream of the insert to produce a linear template. GIRK1 was 

cloned in a Bluescript vector and the enzyme Notl was used to linearise the vector. 

For all other plasmids, in the pBK-CMV vector, Xbal was used to linearise the 

DNA. Following digestion, the DNA was incubated with proteinase K for 30 min. to 

remove all RNases and the restriction enzyme. The template DNA was extracted 

with phenol/chloroform and ethanol precipitated. The DNA was then resuspended 

in RNase free TE (lOmM Tris/HCI, ImM EDTA, pH 8.0).

mRNA was prepared using the mCAP mRNA capping kit (Stratagene). The mCAP 

kit contains the enzymes, buffers and cofactors needed to synthesise RNA in vitro 

with a 5' cap structure similar to those present on eukaryotic mRNA. The 5' cap 

structure of in vitro mRNA transcripts increases the yield and stability of the 

synthesised RNA. The presence of the cap structure has been shown to enhance 

the translation efficiency of RNA transcripts by micro-injected Xenopus

84



oocytes. The cap structure is also essential for in vitro processing of RNA (Nielsen 

and Shapiro; 1986). Capped RNA was synthesised using either T3 or T7 RNA 

polymerase, CAP analog and the necessary reagents provided in the kit. 

Following the capping reaction (3 hours), the capped RNA was phenol/chloroform 

extracted, ethanol precipitated and resuspended in Rnase-free TE.

The quality and quantity of the RNA was verified using a 1% 

agarose/formaldehyde gel. The gel was prepared by dissolving 1g agarose in 

82ml 1 X 3-(N-morpholino)propanesulfonic acid (MOPS) and adding 8.5ml 

formaldehyde. The samples were prepared by mixing 1pl RNA with lOpI of loading 

buffer (50pl formamide 100%, 20pl formaldehyde 37%, 20pl 5 X MOPS, Ipl 

ethidium bromide (19mg/ml stock)) followed by dénaturation for 5min. at 80°C 

before loading on the gel. The gel was pre-run for 5 min. prior to loading the 

samples on the gel. An RNA marker consisting of mixtures of RNAs of known size 

was purchased from GIBCO BRL and loaded in the outer lanes of the gel which 

was run in 1 x MOPS at 100V for % 2 hours at 4°C. At the end of the run, the gel 

could be visualised and photographed under ultraviolet illumination as shown in 

Figure 2.6.

The RNA was then made up to a concentration of 1 pg/pl and frozen in 3pl 

aliquots at -20°C until use. Repeated freezing and thawing was avoided as this 

can denature the RNA.
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Figure 2.6: Quantification of RNA prepared of the chimeric constructs and 
wildtype receptors.

An RNA marker consisting of mixtures of RNAs of known size (GIBCO BRL) was 
loaded in the three outer lanes of the gel (1|ig, 2pg, 3|ig RNA respectively). The 
synthesised RNA was run on the gel in the order shown in the figure. The gel was 
photographed under ultraviolet illumination as shown.
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2.3.2 Preparation of oocytes

1. A Xenopus female was anaesthetised in 0.2% MS222 solution (aqueous 

solution of ethyl-m-amino-benzoate) for 20 - 30 min.

2. When fully anaesthetised, the spinal cord of the frog was cut and the skin cut 

away to reveal the ovary.

3. The ovaries were immediately transferred to filtered 0R2 medium (83mM NaCI, 

2.5mM KOI, 1mM Na2HP0 4 , 5mM HEPES, pH 7.5). 0R2 contains no or Ca^'’ 

to avoid chelation with the collagenase which is added at a later stage.

4. The ovary lobes were cut into small clumps (3-5 oocytes) and rinsed a few times 

with 0R2 media.

5. Excess 0R2 was removed from the oocytes and they were incubated in freshly 

filtered 0R2 containing 2% collagenase, gently shaking for 1h to dissociate the 

follicular cells from the oocyte.

6. After rinsing, the oocytes were reincubated in fresh collagenase solution for 1 h.

7. When the majority of oocytes were dispersed, they were washed thoroughly to 

remove the collagenase and transferred to a solution of ND96 (96mM NaCI, 2mM 

KCI, 5mM HEPES, 5mM Napyruvate, 1.8mM CaCb, 1mM MgCb, pH 7.5).

8. The good quality oocytes were selected and transferred to ND96 solution 

containing 10ug/ml Penicillin/Streptomycin. At this stage it was important to assess 

the quality of the oocytes since, there is much variability in the success of mRNA 

expression. For the best chance of expression, only the highest quality oocytes 

should be injected. These oocytes are 'firm' and show a sharp contrast in colour 

and boundary between the animal (dark brown) and vegetal (creamy) 

hemispheres. Occasionally whole batches had to be discarded, either for lack of 

the correct stages of oocytes or because they were not of good quality.

9. The oocytes were maintained at 18-20°C and the medium was changed every 1 

or 2 days. Dead cells were removed and healthy cells were injected up to 4 days 

following preparation.
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2.3.3 Injection of RNA

To prevent RNase contamination during RNA injection, gloves were worn and 

sterile plastic tips, pipettes and DEPC treated water were used. The injection 

apparatus was contained within a flow cabinet to reduce the risk of contamination.

1. Electrodes for injecting mRNA into the oocytes were pulled from thin-wall glass 

capillaries (Drummond microcaps 0.66^1) in a 1 -stage pull on a horizontal puller. 

This resulted in pipettes with sharply tapering shanks ideal for injection. The 

pipettes were pen marked at 0.5mm intervals (corresponding to a 100nl volume) 

near the tapering end.

2. The injection pipette was attached to the automatic injection device (Inject + 

matic ) via a microelectrode holder with a pressure port. The tip was brought into 

focus under the microscope and sterile forceps used to break it carefully to a 

diameter of approx. 10 - 15|.im (tips of larger size may damage the oocyte 

membrane). The pipette was calibrated using DEPC treated water to eject 

approximately 50nl per injection. The water was then ejected from the pipette.

3. A frozen aliquot of the mRNA was thawed and pipetted onto the inner face of a 

piece of parafilm.

4. The mRNA was drawn up into the injection pipette. Blockage of the tip was 

prevented by alternate 'injecting' and 'ejecting' actions.

5. Oocytes in ND96 (pen/strep) were transferred using a Pasteur pipette to a 

rubber dissection platform previously cleaned in 70% ethanol. Using forceps to 

hold each oocyte the micropipette was directed towards the equator of the two 

poles for injection. Impalement was indicated by an indentation of the oocyte 

membrane followed by a return to its original position.

6. 20-60nl of mRNA was injected into each oocyte. A slight swelling of the oocyte 

indicated that the mRNA had been injected.

7. Following injection groups of 10 - 20 oocytes were kept in small (50mm) petri 

dishes (Nunc) in ND96/Pen/Strep. These were kept in an incubator at 18 - 20®C. 

Both the incubation medium and the petri dish were changed every 1-2
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days and any oocytes showing signs of infection were discarded.

8. Electrophysiological investigations of the oocytes usually began 4-5 days after 

mRNA injection.

2.3.4 Electrophysiological recordings

Membrane recordings from mRNA-injected oocytes enable the characterisation 

and study of the functional properties of expressed ligand-gated ion channels. The 

technique used was the two-electrode voltage clamp. One electrode recorded the 

membrane potential while the other injected current. The large size of the oocyte 

facilitates impalement with two electrodes, but the inherent large capacitance limits 

the clamping speed. To overcome this, the electrode resistances were kept low 

and the bath level maintained close to the surface of the oocyte.

The intracellular microelectrodes were pulled using a two stage pull on a Flaming 

Brown micropipette puller to give a tip resistance of 0.2 - 0.5 MO when filled with 

3M KCI. Precision disposable micropipettes (Drummond) of borosilicate glass 

(1.5mM diameter) were used.

The oocyte was placed in a small perfusion chamber and continually perfused with 

ND96 at a rate of approximately 3ml/min at room temperature. Solution entered 

the chamber from the bottom and excess solution was drawn off from the top by 

vacuum pump to a waste flask, via a micropipette attached to plastic tubing. The 

perfusion system allowed application of up to nine different solutions by continuous 

bath perfusion. The bath was grounded with a silver/silver chloride pellet.

Upon impalement of the oocytes with the electrodes a resting potential of between 

-30 and -BOmV was usually recorded. Oocytes with a resting potential below 

-20mV were discarded. Once stable, the oocyte was voltage clamped at -60mV 

and tested for receptor expression. Most agonist applications were performed at a 

holding potential of -60mV. Steady-state 'current-voltage' (l-V)
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relationships were obtained by stepping the potential to various levels before, 

during, and after the application of drug as described in section 5.3.2.

Voltage and current recordings were followed on a Maclab 14 recorder. For digital 

storage of records and data analysis a computer controlled data acquisition 

package was used (pCLAMP, Axon instruments). A geneclamp 500 amplifier 

(Axon instruments) was used.

2.4 Binding Studies on COS ceiis transientiy transfected with 

Ai, A2a or A 1/A2A chimeric constructs.

2.4.1 Materials

All cell culture reagents were obtained from GIBCO laboratories. COS M6 cells 

were obtained from Glaxo Institute for Molecular Biology, Geneva. Tissue culture 

flasks and the cellcube were from Costar. All chemicals were obtained as above in 

section 2.1.1 or from standard sources.

2.4.2 COS cell culture

COS cells were grown in 1:1 mixture of DMEM and HAMS F-12 containing 10% 

new born calf serum and 2mM L-glutamine and maintained at 37*, 5% CO2, in a 

humidified incubator. Cells were grown in 225cm^ flasks and subcultured twice 

weekly at a ratio of 1:10 or 1:20 by trypsinisation.

Cell generation on a large scale was also done in the 21500cm^ CellCube (Figure 

2.7). Both sides of the growth plates were inoculated with % 3x10^ COS cells each 

as follows: the Cellcube was filled with cell suspension, kept lying on one side and 

incubated for 1.5 hrs at 37 C. Medium was then transferred back into a connecting 

vessel and the second part of the cells were added. The suspension was then
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Figure 2.7: Photograph of the Cell Cube and confluent cells after
electroporation.

Cell generation on a large scale was carried out using a 21500cm^ cell cube as 
described in the text (part a). Part b shows an example of confluent cells 72 
hours after electroporation.

a)

b)

m

M
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transferred back into the Cube to inoculate the other side of the plates. For 

cultivation, 5.4 litres of medium were filled into a spinner and 0.02% Pluronic F-68 

added to protect the cells from agitation damage. A Watson and Marlow peristaltic 

pump circulated the medium from the spinner through the Cellcube and back into 

the spinner at 330ml/min. The stirred spinner was surface aerated with a gas 

mixture of 50% N2, 40% air and 10% CO2 (shifting to pure air towards the end of 

cultivation). To detach the cells, the medium was drained and the CellCube rinsed 

with PBS. It was then filled to 2/3 of the volume with PBS/1 mM EDTA (37*C). 

During 5 minutes the Cube was repeatedly turned to facilitate cell detachment 

before the cell suspension was spun down.

2.4.3 Transient transfection of COS cells

Transfection was carried out using electroporation. COS M6 cells, after 

harvesting from flasks using trypsin/EDTA or from the CellCube as explained 

above, were diluted in culture medium and spun at 2000rpm, 5min, 4°C in a 

bench-top centrifuge. They were washed in electroporation buffer, re-spun and 

then resuspended in electroporation buffer at a density of % 2x10^ cells per ml. 

0.5ml of the cell suspension containing SOpg of plasmid was placed in each 

cuvette (Gene puiser cuvette with 0.4cm electrode gap) and electroporated. 

Electroporation was carried out using a GEN PULSAR from BIORAD using 

electroporation conditions of; 260V, infinite resistance, OSOpF, 1 pulse. The 

electroporation conditions used had been previously optimised by Horst Blasey, 

Glaxo Institute for Molecular Biology, Geneva. Cuvettes were kept several minutes 

on ice, before and after electroporation. The electroporation buffer contained in 1 

litre H2O: 8g NaCI, 0.37g KCI, 0.135g Na2HP0 4 .2 H2 0 , 1g glucose and 5g HEPES, 

pH adjusted to 7.3, sterilised by filtration.

After electroporation COS MB cells transfected with the same construct were 

pooled, split into 225cm^ flasks, and incubated at 37°C, 5% CO2. 24 hours after 

transfection the culture medium was changed, and membrane preparation was 

carried out 72 hours after electroporation. Figure 2.7b shows an example of 

confluent cells 72 hours after electroporation.
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2.4.4 Membrane Preparation

Membrane preparation of COS MG cells was Identical to that of the CHO.Ai cells 

described above. The COS MG cell membranes were pretreated with the 

permeabilising agent saponin (0.1 mg/ml).

2.4.5 Radioligand binding

All binding assays were performed in triplicate in a final volume of 1ml (unless 

otherwise stated), using 12 x 75-mm polypropylene tubes. Cell membranes were 

previously treated with 3U/ml adenosine deaminase for % hour at 25*C. Direct 

ligand binding was carried out on all wildtype and chimeric receptors with f  H]CHA 

(InM), [^H]PIA (InM), fhiJNECA (InM for all constructs, and in additional 

experiments, lOnM for CH3, CH2a and CH3a ) and [^H]DPCPX (0.5nM) in the 

presence and absence of GTP (ImM). Non-specific binding was assessed in the 

presence of theophylline (3mM).

For the competition studies, varying concentrations (0.1nM-30pM) of inhibitor 

(CHA, PI A, NECA or DPCPX) were included in the assay with f  H]DPCPX (0.5nM) 

or [^H]NECA (0.2nM for Ai adenosine receptor, CHI, CH4 and CH4a, 5nM for A2A 

adenosine receptor, lOnM for CM2, CH3, CH2a and CH3a). Studies were also 

performed both in the absence and presence of GTP (ImM) where appropriate. 

Studies examining the allosteric effects of PD81 on binding were carried out in the 

presence of PD81 (0-1 OpM). Binding assays were initiated by the addition of cell 

membranes at a final protein concentration of 40-80|.ig/ml in assay buffer (NaCI 

100 mM, HEPES 20mM, MgCb 10mM). For experiments carried out on CH3, 

CH2a and CH3a, the final protein concentration was increased to % 80-1G0pg/ml. 

Assay buffer consisting of HEPES 20mM, EDTA 0.1 mM was used in certain 

experiments where indicated in the text. Reactions were continued for 1 hour at 

25*C. Non-specific binding was determined by the addition of 3mM theophylline. 

Bound and free ligand were separated by filtration through Whatman GF/B paper 

and filtration was performed as described in section 2.1.
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CHAPTER 3: CHARACTERISATION OF THE HUMAN Ai 

ADENOSINE RECEPTOR

3.1 Introduction

At the commencement of this research, there was no detailed characterisation of 

the human Â  adenosine receptor, in tissue or a cell line. Therefore it was 

necessary to characterise the properties of the receptor as a prelude to the 

investigation of the effects of PD81 on the binding and function of the human Ai 

adenosine receptor. Furthermore, it was necessary to investigate the binding of 

adenosine to human Ai adenosine receptors as it is essential to characterise the 

interactions of the allosteric ligand with the endogenous ligand for the receptor in 

order to determine how allosteric ligands might behave in vivo.

Investigations of the binding properties of Ai adenosine receptors in membrane 

preparations from mammalian tissues have been complicated by the presence of 

endogenous adenosine during the assay. It has been postulated that the 

adenosine is released from small sealed vesicles present in both membrane and 

even soluble preparations (Prater et ai. 1992, Schiemann et al. 1990). In all but 

the earliest reported binding studies (e.g. Huang and Daly; 1974), adenosine 

deaminase has been added to the incubations in order to convert adenosine to 

inosine which is inactive at binding to adenosine receptors. The elimination of the 

endogenous adenosine increases radioligand binding (Linden; 1989). However, 

there appears to be a pool of adenosine that may be trapped in small vesicles and 

thus is inaccesible to adenosine deaminase (Prater et ai. 1992, Schiemann et al.

1990). Furthermore, the addition of adenosine deaminase to the experimental 

assay has necessarily precluded the measurement of the binding properties of 

adenosine itself and as a consequence there have been, to my knowledge, no 

detailed characterisation of the adenosine binding properties of Ai receptors.

Various studies have attempted to release the pool of adenosine trapped inside 

vesicles in order that it can be metabolised by adenosine deaminase. Prater and 

co-workers (1992) dissolved the vesicular lipids in acetone whilst Schieman et al.
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(1990) employed Triton X-100 detergent in order to release the trapped adenosine 

from the vesicles. Both of these methods of solubilising the membranes may have 

a deleterious effect on the stability of the receptors within the membranes and 

cause unknown alterations on the binding of ligands. Thus I sought to 

permeabilise these vesicular structures whilst retaining the integrity of the 

membranes.

Saponins permeabilise different membrane structures at different concentrations. 

At low concentrations, they have been widely used to permeabilise the plasma 

membrane of different cells (see for example Burgess et al. 1983; Wassler et al. 

1987). The saponin interacts with cholesterol in the cholesterol-rich plasma 

membrane to form pores which allow small molecules to permeate the membrane 

freely. Higher concentrations of saponins also permeabilise intracellular

membrane vesicles (Willingham etal. 1978, Wassler etal. 1987).

Since differential permeabilisation of the cellular membranes seems to occur with 

varying saponin concentrations, I investigated the use of saponin, at various 

concentrations, as a suitable agent to permeabilise putative vesicular structures in 

preparations of CHO cell membranes. During the course of the studies, I 

discovered that saponin could simplify the binding properties of the transfected 

human Ai adenosine receptor and facilitate the characterisation of its binding and 

functional properties. Furthermore, I have been able to estimate the affinity of 

adenosine for the Ai receptor, when coupled to and uncoupled from its G- 

protein.

3.2 Removal of some of the complexities associated with 

adenosine receptor binding assays.

The direct identification of adenosine Ai receptors has been carried out by [^H]- 

labeled ligand binding techniques using labeled antagonists such as 1,3- 

diethyl-8-phenylxanthine (Bruns et al. 1980) and 8-cyclopentyl-1,3- 

dipropylxanthine (DPCPX) (Lohse et al. 1987) and agonists such as N®-
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cyclohexyladenosine (CHA) (Bruns et al. 1980), N®-phenylisopropyIadenosine 

(PIA) (Schwabe and Trost; 1980), and 2-chIoroadenosine (Williams and Risiey; 

1980).

Compared to other in vitro and in vivo measures of receptor affinity, binding 

assays have the advantage of being insensitive to many confounding 

influences, including differences in intrinsic activity, differences in 

pharmacokinetics, and the existence of extraneous postreceptor effects. 

However the presence of endogenous adenosine in adenosine receptor 

binding assays has generated a complexity which I have attempted to remove.

3.2.1 Adenosine is present in binding assays using CHO-Ai membranes

The addition of adenosine deaminase to the incubation increased the binding of a 

low concentration (0.2nM) of the radiolabelled antagonist fH]DPCPX 2.9 ± 0.07 

fold (n = 5). This is in agreement with the increases of specific agonist binding 

found by Schwabe and Trost (1980) as a result of the addition of adenosine 

deaminase. In the presence of GTP (ImM) the enhancement of [^HJDPCPX 

binding was still present but was of a much smaller magnitude (1.22 ± 0.07 fold, n 

= 5). These results are in accord with adenosine being present in the assay at a 

concentration at which it binds to the receptors strongly in the absence of GTP and 

relatively weakly in the presence of GTP.

3.2.2 Effects of saponin pretreatment on the binding of [^HJDPCPX in the 

presence of and absence of ADA and GTP

CHO-Ai cell membranes were pretreated with various concentrations of saponin 

during the course of preparation of the membranes. It was anticipated that saponin 

would permeabilise vesicular structures and remove or prevent the formation of 

adenosine in the assay. This change would be manifest as an attenuation of the
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stimulatory effect of ADA on [^H]DPCPX binding in the presence of and, 

particularly, in the absence of GTP.

The data (Table 3.1) show that the binding of [^H]DPCPX under all conditions 

increased with the saponin pretreatment. However the enhancement of 

[^H]DPCPX binding by ADA measured in the presence of GTP was unaffected and 

that measured in the absence of GTP was only partially attenuated at the highest 

saponin concentrations. This latter change could have been due to a lowering of 

endogenous adenosine levels or to a perturbation of the agonist binding properties 

of the Ai receptor by the saponin pretreatment.

TABLE 3.1: Effect of saponin pretreatment on the binding of [^HJDPCPX 

(0.2nM) to CHO-A1 membranes, measured in the presence or absence of 

ADA and GTP.

Data are the results of 5 experiments, all performed at the same protein 
concentration (SOpg/ml), and have been normalised to the control value [100] of 
the binding of [^HjDPCPX in the presence of ADA and GTP (10'^M). Additional 
experimental details are described in the Materials and Methods section.

[Saponin]

(mg/ml)

-ADA

-GTP

+ADA

-GTP

-ADA 

+ GTP

+ADA 

+ GTP

0 26 ±2 75 ±3 82 + 7 [100]

0.03 31 ±2 84 ±1 86 ±2 112±4

0.1 24 ±2 85 z 2 87 ±4 112±3

0.3 46 ±4 113z3 98 ±8 117±3

1.0 59 ± 6 123 ±4 92 ±10 123±10
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3.2.3 Effects of saponin pretreatment on the binding of CHA to Ai receptors

The binding of the agonist CHA was measured in competition experiments with 

[^H]DPCPX in the absence and presence of ADA and GTP. The membranes had 

been pretreated with 0-1000 lag/ml saponin. The results are presented in Table

3.2 and Figure 3.1.

Control samples, those not treated with saponin, gave inhibition curves which were 

not mass action but could be fitted well to a 2-site model. The effect of ADA was to 

increase the proportion and affinity of the high affinity binding component. As 

found with all G-protein coupled receptors, GTP decreased the fraction of the high 

affinity component but a high affinity binding component was still observed in the 

presence of GTP.

A dramatic change in the CHA binding properties of the Ai receptors in the 

presence of GTP was detected in membranes treated with 0.1-1 mg/ml saponin 

(Figure 3.1, Table 3.2) : the inhibition curves became simple mass action curves 

and no high affinity binding component could be detected. However, no change 

was detected in the CHA-inhibition curves in the absence of GTP (Table 3.2).

The affinity constant for the low affinity component was unchanged by pretreatment 

with up to 100 pg/ml saponin but showed a tendency to decrease in membranes 

pretreated with 0.3 and 1 mg/ml saponin. This decrease in agonist affinity is in 

accord with the observed decrease in inhibition produced by endogenous 

adenosine at these saponin concentrations, (Table 3.1) and by a 40-60% decrease 

in the binding of [^H]CHA (1 nM) (data not shown).
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Figure 3.1: Competition by CHA of [^H]DPCPX binding to human Ai
Adenosine receptors pretreated with varying saponin concentrations.

Membranes were prepared with a pretreatment of saponin at the following 
concentrations: Opg/ml ( •  ) , lOO^g/ml ( ■ ). Binding assays were carried out 
by competition with a fixed concentration of [^H]DPCPX (0.2nM) in the 
presence of ImM GTP using membranes that were previously treated with 
3U/ml ADA for 30 minutes at 25°C. Data points are the means of triplicate 
determinations of one experiment. The error bars generally fall within the data 
points. Curves are computer generated best fits to a 1-site or 2-site model, as 
appropriate. Parameter estimates from two to five experiments are summarised 
in Table 3.2.
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TABLE 3.2: Effect of saponin pretreatment on the competition by CHA of 

f  H]DPCPX binding to human Ai adenosine receptors in the presence and 

absence of GTP and ADA.

Binding assays were carried out by competition with a fixed concentration of 
[^H]DPCPX (0.2nM) using membranes that were previously treated with or 
without 3U/ml ADA for 30 minutes at 25®C. Binding assays were carried out in 
the absence or presence of 1mM GTP. The values listed in the table are 
means ± s.e.m. of 2 to 5 separate experiments each performed in triplicate. 
Log Kappi and log Kapp2 are the log of the apparent affinity constants of the 
high and low affinity states respectively of the Ai receptor obtained by a 2-site 
analysis of the inhibition curve; FRi represents the fraction of the high affinity 
state.

Condition [Saponin] FRi logKAPPi logKAPPz
 ___________________________________

+ADA 
+ GTP

0 0.33 ±0.02 8.31 ±0.04 5.65 ± 0.02
30 0.28 ±0.03 8.41 ±0.27 5.58 ±0.06
100 0 - 5.58 ±0.02
300 0 - 5.43 ±0.01
1000 0 - 5.35 ±0.02

+ADA
-GTP

0 0.79 ± 0.04 8.48 ± 0.05 5.90 ± 0.20
100 0.88 ±0.02 8.31 ±0.06 5.71 ±0.08

-ADA
+GTP

0 0.27 ± 0.01 7.40 ± 0.21 5.68 ± 0.08
100 0 - 5.60 ±0.03

-ADA
-GTP

0 0.50 ±0.08 7.65 ±0.13 5.83 ±0.13
100 0.68 ±0.04 7.60 ±0.10 5.67 ±0.10
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3.2.4 Effect of the presence of saponin [n the assay on the binding of CHA

The results of analogous experiments to those depicted in Figure 3.1 and Table

3.2 in which saponin was included in the binding assay rather than during the 

preparation of the membranes are summarised in Table 3.3. There was the same 

conversion of a heterogenous CHA binding curve, measured in the presence of 

ADA and GTP, to a homogenous binding curve when 10-100 pg/ml saponin was 

present in the assay. No decrease in the affinity constant of CHA for the low 

affinity state of the receptor was noted at these saponin concentrations. 

fH]DPCPX binding was also relatively unaffected by 10-100 pg/ml saponin in the 

assay (97 ± 6% of control, n = 6).

TABLE 3.3: Competition by CHA of [^H]DPCPX binding to human Ai 

adenosine receptors in the presence of varying concentrations of saponin 

in the assay.

Binding assays were carried out using membranes that were previously treated 
with 3U/ml ADA for 30 minutes at 25°C. Binding of [^H]DPCPX was measured 
in the presence of ImM GTP and varying concentrations of saponin. The 
values listed in the table are means ± range/2 of 2 separate experiments each 
performed in triplicate.

[Saponin]

(l.ig/ml)

in assay FRi log Kappi log l<APP2

0 0.34 ±0.01 8.37 ± 0.06 5.67 ± 0.06

10 0 - 5.51 ±0.13

25 0 - 5.38 ±0.03

100 0 - 5.57 ±0.01
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3.2.5 Effects of saponin treatment on receptor function

The binding of [^S]GTPyS to G proteins reflects the exchange of GDP for GTP 

stimulated by receptor agonists. Stimulation of [^S]GTPyS binding by agonists 

enables the receptor-G protein interactions to be studied independently of the 

effector system. The technique was first developed to investigate the interaction of 

purified p-adrenergic receptors with G proteins after reconstitution (Asano at a/. 

1984, May and Ross; 1988) and has since been used to study the coupling of a 

variety of other G protein coupled receptor systems (e.g. Hilf at a i 1989).

Activation of G proteins by Ai adenosine receptors has been demonstrated by the 

stimulation of [^S]GTPyS binding to 1 ) purified G proteins by affinity-purified Ai 

adenosine receptors from bovine brain (Freissmuth at ai 1991, Munshi at ai

1991), and to 2) G proteins activated by adenosine receptor agonists in bovine 

cerebral cortex (Lorenzen at a i 1993). In this latter study the inclusion of Mg^" 

ions, NaCI and GDP (lOpM) were found to be necessary to obtain a good ratio 

between unstimulated and agonist-stimulated values of [^S]GTPyS binding.

I determined appropriate conditions for CHO.Ai-induced stimulation of G proteins 

in preliminary experiments based on the conditions described by Lazareno at ai 

(1993). The final concentrations used are outlined in Chapter 2. Interestingly, I 

found the optimal [GDP] to be 10uM, the same concentration as that found to be 

optimal for Ai receptors on bovine brain membranes (Lorenzen at a i 1993), a 

result which was published after I had established my assay.

In order to investigate whether saponin pretreatment, at concentrations up to 

1000|.ig/ml, did not have a detrimental effect on agonist-receptor-G protein 

coupling and activation, [^SjGTPyS functional assays were performed (Figure 3.2, 

Table 3.4). As was observed in the binding studies, a 30|.ig/ml saponin 

pretreatment had little effect but 100|.ig/ml produced a substantial increase in both 

basal binding and the stimulation produced by high concentrations of CHA. At 

higher concentrations of saponin (>100).ig/ml) basal binding decreased and the
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agonist potency decreased 5 fold but the stimulation (expressed as dpm above 

basal) was unchanged relative to that found at lOOpg/ml saponin (Table 3.4).

TABLE 3.4: The effect of saponin pretreatment on CHA-stimulated

binding of f  ®S]GTPyS to CHO - Ai membranes.

Experiments were performed as described in the legend to Figure 3.2. The 
values listed in the table are means ± s.e.m of 3 or 4 experiments each 
performed in triplicate. Data of individual experiments are normalised to the 
basal binding found with no saponin pretreatment. (100% = 3180 ±160 dpm, 
n = 4)

Saponin

pretreatment

(|ig/ml)

Basal Binding 

% control

Stimulation 

% basal

- log E C 5 0

0 [1 0 0 ] 44 ±2 8.55 ±0.13

30 1 2 0  ± 8 46 ±4 8.17 ±0.29

1 0 0 178 ±16 63 ±4 8.23 ± 0.06

300 123 ± 6 82 ± 8 7.68 ± 0.03

1 0 0 0 115±4 79 ±7 7.71 ±0.04

Under similar conditions of a saponin pretreatment of lOOpg/ml, and the 

presence of ADA, the Log EC50 value obtained for G protein activation by CHA 

(8.23± 0.06) is similar to the affinity of the high affinity state for CHA binding to 

the CHO.A1 receptor (8.37±0.02 ).
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Figure 3.2: The effect of saponin pretreatment on CHA-stimulated binding 
of [̂ ®S] GTPyS to G proteins.

CHO - Ai membranes were prepared with a pretreatment of saponin at the 
following concentrations; Opg/ml ( # ) , 30|^g/ml ( ■ ) , lOOpg/ml ( A ). 
Membranes were treated with 3U/ml ADA for 30 minutes at 25°C prior to assay. 
[^^SJGTPyS binding assays were performed as described in the Materials and 
Methods. Data points are the means of triplicate determinations of one 
experiment. The error bars generally fall within the data points. The curves 
depict the fits to a 1-site model. Parameter estimates from four experiments 
are summarised in Table 3.4.
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In parallel experiments a similar increase in the stimulated response was found 

when 10-25mg/ml saponin was present in the assay although smaller increases in 

basal levels of binding were observed (Table 3.5). At 10Opg/ml saponin in the 

assay a decrease in the magnitude of the response and the CHA potency was 

observed, as was found in membranes pretreated with 300 and 10OOpg/ml 

saponin.

TABLE 3.5: CHA-stimulated binding of f'SlGTPyS to CHO - A,

membranes in the presence of varying concentrations of saponin.

[^®S]GTPyS binding assays were carried out using membranes that were 
previously treated with 3U/ml ADA for 30 minutes at 25°C. Experimental 
conditions are as described under Materials and Methods but in the presence 
of varying concentrations of saponin. The values listed in the table are means 
± range/2 of 2 separate experiments each performed in triplicate. Data of 
individual experiments are normalised to the basal binding found with no 
saponin treatment (100% = 2950 ± 30 dpm).

[Saponin]

(|ig/ml)

Basal Binding 

% control

Stimulation 

% basal

- log EC50

0 100 43± 3% 8.55 ±0.14

10 118 ± 4 70 ±1% 7.90 ±0.38

25 101 ±7 79 ±15% 7.61 ±0.26

100 65 ± 4 39 ±14% 7.24 ±0.09

It seems that the presence of 10^g/ml saponin in the binding and functional assays 

may be broadly equivalent to pretreating the membranes with 100|.ig/ml saponin. 

In all subsequent characterisation experiments, CHO-A1 membranes pretreated 

with 10O^g/ml saponin were used.
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3.3 Characterisation of the binding properties of human Ai 

receptors

The above studies show that saponin pretreatment (100pg/ml) simplifies the 

binding properties of Ai receptors in the presence of GTP and increases receptor 

function without affecting agonist binding or potency. The binding properties of the 

human Ai receptor have been examined by kinetic, saturation and competition 

studies. All experiments were carried out on saponin pretreated membranes and 

the results, where appropriate, were compared with those of untreated 

membranes.

3.3.1 Kinetics of radioligand binding

The dissociation of the antagonist radioligand [^H]DPCPX from Ai receptors was 

monophasic (Figure 3.3, upper) with a k_i of 0.11 ± 0.01 min'\ A monophasic 

dissociation of [^H]DPCPX has also been found using rat or calf brain membranes 

(Lohse et ai. 1987, Leung et a/. 1990). Dissociation was unaffected by the 

experiment being carried out in the presence of GTP (data not shown). It has been 

found similarly that Gpp(NH)p does not effect the dissociation from rat adipocyte 

membranes, of fH]8-{4-[({[(2-amino-ethyl)amino]carbonyl} methyl)oxyl] phenyl}- 

1,3-dipropylxanthine (pH]XAC), another Ai adenosine receptor antagonist 

(Ramkumar and Stiles; 1988).

The dissociation of [^H]CHA (Figure 3.3, lower) was biphasic, consisting of a slow 

component with k_i of 0.03 ± 0.01 min'  ̂ and a very slow pseudoirreversible 

component. However, as shown in Figure 3.3 both the slow and very slow 

components are converted to a fast component with k.i of >0.5 min'  ̂ in the 

presence of ImM GTP. An analogous pseudoirreversible component was detected 

in dissociation studies with [^H]PIA (data not shown, Schwabe and Trost 1980).
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Figure 3.3: The dissociation kinetics of [®H]DPCPX and fH]CHA binding 
to Ai adenosine receptors.

Dissociation of [^H]DPCPX (upper graph) was measured in the absence ( • )  of 
GTP and dissociation of [^H]CHA (lower graph) was measured both in the 
absence (#) and presence (■) of 1mM GTP. CHO - Ai membranes were 
equilibrated with fH]DPCPX (0.5nM) or fH]CHA (2nM) for 1hour at 25°C after 
which dissociation was initiated by diluting the incubation 10-fold with buffer 
containing theophylline (final concentration of 3mM) with or without GTP as 
appropriate. Binding was determined as described under Materials and 
Methods. Data points are the means of triplicate determinations in one of three 
experiments. The error bars generally fall within the data points. The data are 
fitted to single exponential functions.
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The association of both a radiolabelled agonist and an antagonist to the Ai 

receptor was complex. In the absence of GTP the rate of approach to equilibrium 

of fH]DPCPX (0.2nM) consisted of a fast component with Kapp of 0.18 ± 0.01 min'  ̂

(n = 5) and a slow component whose rate constant was less well defined (Kapp  

<0.01 min'  ̂ n = 5, Figure 3.4). The Iwp of the fast component of fH]DPCPX 

binding was unaffected by the presence of either ADA or GTP (mean value for all 

conditions, 0.18 ± 0.01min'\ n = 11). However the slow component was 

essentially abolished if the binding was carried out in the presence of GTP (Figure 

3.4). A similar GTP effect was found measuring the association to both calf brain 

membranes and rat adipocyte membranes of fh]XAC (Leung et al. 1990, 

Ramkumar and Stiles; 1988).

An index of the slow component is the ratio of binding of fh]DPCPX at 160 min 

and 20 min. In the presence of GTP, the ratio was 1.16 ± 0.02, (n = 5) which was 

significantly different (P<0.05, single tailed t-test) from the ratio found in the 

absence of GTP (1.38 ± 0.06, n = 3). The ratio found in the presence of GTP was 

close to the ratio predicted for a simple bimolecular association process (1.08 ± 

0.03) which was calculated utilising the observed dissociation rate constant of 

fh]DPCPX (k.i), its concentration [L], and its affinity constant (ka ) using the 

equation kobs = k_i(1 + I^L]. This suggests that, in the presence of GTP, the 

binding of [^H]DPCPX to Ai receptors in membranes pretreated with saponin can 

be described to a reasonable approximation by a simple bimolecular kinetic 

scheme. Other groups however, have found monophasic association kinetics for 

binding of [^H]DPCPX in the absence of GTP to Ai receptors (e.g. Lohse at ai. 

1987). However, their time course tested was just 30min, which was not long 

enough to observe the ‘creep.’

109



Figure 3.4: Association of fH]DPCPX to Ai adenosine receptors in the 
presence or absence of GTP (1mM).

Binding assays were carried out on membranes previously treated with 3U/ml 
ADA for 30 minutes at 25°C. The binding of [^H]DPCPX (0.2nM) was measured 
as a function of time in the presence (#  ) or absence (A ) of GTP (1mM). The 
curve through the closed circles (+GTP) is the best fit simple exponential 
function with a rate constant of 0.14± 0.01 min'^ and maximum value of 5450 ± 
120 dpm. The curve through the data in the absence of GTP (A ) represents a 
best fit 2 exponential function with rate constants of 0.17± 0.04 min'^ and 
0.008± 0.010 min'^ and amplitudes of 3310 ± 480 dpm and 1830 ± 370 dpm 
respectively. The quoted errors are estimates of parameter errors provided by 
the program (Enzfitter) and illustrate the ill-defined value of the slow rate 
constant.
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Figure 3.5: Association of [^H]CHA to Ai adenosine receptors.

Binding assays were carried out on membranes previously treated with 3U/ml 
ADA for 30 minutes at 25°C and using 2nM [^H]CHA. The curve through the 
data points is the best fit 2 exponential function with rate constants of 0.08± 
0.01 min'^ and (7± 6)x10'"̂  min'^ with amplitudes of 170 ± 10 dpm and 990 ± 670 
dpm respectively. The quoted errors are estimates of the parameter errors 
provided by the program (Enzfitter) and illustrate the ill-defined estimate of both 
the rate constant and maximum amplitude of the slow component.
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The association of [^H]CHA (2nM) also consisted of a component with Rapp of 0.07 

± 0.01 min  ̂and a slow component with a Rapp that was also not well defined (n = 3, 

Figure 3.5). This was also observed for fH]PIA (data not shown). In contrast to 

this result, monophasic association Rinetics have been seen for [^H]PIA binding to 

both calf and rat brain membranes (Leung et al. 1990, Lohse et al. 1984). 

Perhaps also in these reports, the time course used (SOmin) was not long enough 

to see the ‘creep.’

In both the association and dissociation experiments, the rate constants which 

could be determined agreed well with those determined in experiments using 

membranes not treated with saponin (data not shown).

3.3.2 Saturation analysis

[^H]CHA, [^H]PIA and fH]DPCPX in the presence of ADA showed saturable 

binding to a homogeneous population of high affinity Ai receptors in saponin 

pretreated membranes with Bmax values of 1.10 ± 0.05, 1.11 ±0.08 and 1.15 ± 0.05 

pmoles/mg of protein and Kd values of 4.3, 3.3 and 0.91 nM respectively (Figure 

3.6, Table 3.6). Presentation of these binding data by the method of Scatchard 

(1949), as shown in the insets to figure 3.6, yield linear plots as predicted for a 

single class of binding sites. It was not possible to quantitate the binding 

parameters of [^H]CHA, [^H]PIA and fH]DPCPX in the absence of ADA and GTP 

because the inhibitory actions of endogenous adenosine resulted in low levels of 

binding.

Further parameter estimates from saturation studies using [^H]DPCPX in the 

presence of GTP and the presence and absence of ADA could be obtained, and 

are summarised in Table 3.6. In the presence of ADA, the addition of GTP 

resulted in a small increase in the Bmax from 1.15 ± 0.05 pmoles/mg protein to 1.26 

± 0.03 pmoles/mg protein but left the Ko unchanged. In the absence of ADA, the 

B m a x  was essentially unchanged, again indicating that in the presence of GTP, 

endogenous adenosine does not alter binding.
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TABLE 3.6: A ffin ity constants and Bmax values fo r ligand binding to

saponin pretreated human Ai adenosine receptors.

Saturation studies were performed as described in the Materials and methods, 
in the presence or absence of ADA (3U/ml) and GTP (1mM). The values listed 
are the means ± s.e.m. of three separate experiments each performed in 
triplicate. The affinity constants are expressed as log Ka.

Ligand Conditions logKA Bmax

(pmoles/mg)

[^H]CHA +ADA -GTP 8.37 ±0.02 1.10±0.05

[’ H]PIA +ADA -GTP 8.48 ± 0.06 1.11 ±0.08

[^H]DPCPX +ADA-GTP 9.04 ±0.04 1.15±0.05

[^H]DPCPX +ADA +GTP 9.04 ± 0.02 1.26 ±0.03

[^HJDPCPX -ADA +GTP 8.97 ± 0.06 1.32 ±0.01
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Figure 3.6: Saturation Isotherms for agonist and antagonist binding to the 
human AiAR.

The binding of [^H]CHA (top), [^H]PIA (middle), and [^H]DPCPX (bottom) to 
AiAR was investigated in the same experiment. Binding assays were carried 
out using membranes that were previously treated with 3U/ml ADA for 30 
minutes at 25°C. Other incubation conditions are as described in Chapter 2. 
Data points are the means of triplicate determinations in one of three 
representative experiments. Main panels are saturation isotherms of specific 
(■) and non-specific ( • )  binding. The insets show the Scatchard plots of the 
same data. The concentration of free ligand was determined by subtracting the 
amount of bound ligand from the added ligand concentration for those 
concentrations at which the amount of ligand bound was > 10% of the added 
ligand concentration. The plotted line represents that obtained from linear 
regression. The K d  and B m a x  (receptor concentration) values from this analysis 
are the same as those determined using the curve fitting programme Sigma 
Plot. The affinity constants and B m a x  values from three such experiments are 
summarised in table 3.6.

B/F: specific bound/Free 
B : Specific Bound (DPM)
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3.3.3 CHA binding properties in competition experiments under various 

conditions

CHA-[^H]DPCPX competition experiments were performed on saponin pretreated 

(100|ig/ml) membranes in the presence and absence of ADA and GTP. The 

results are illustrated in Figure 3.7 and Table 3.2. In the presence of GTP, all 

[^H]DPCPX-CHA inhibition curves on saponin pretreated membranes are well 

described by simple mass action curves (Figure 3.7) with a mean logKAPP = 5.59 ± 

0.02 (n = 5), log K c o r r  = 5.67 ±0.10 (where logKcoRR represents the affinity 

constant corrected for receptor occupancy (Cheng-Prussof) by the radioligand or 

other competing ligand). In the absence of GTP, this low affinity site (mean log KAPP 

= 5.69 ± 0.06; logKcoRR = 5.77 ± 0.14) is also present as a minor component 

together with a high affinity component. In the absence of ADA the low affinity 

component comprises 32 ± 4% of the observable [^H]DPCPX binding. In the 

presence of ADA this component falls to 12 ± 2% of the observable [^H]DPCPX 

binding (Table 3.2). This is significantly lower than the value (21 ± 4%) found in 

membranes not treated with saponin (P <0.05, unpaired t-test).

The high affinity binding component has different apparent affinity constants in the 

absence and presence of ADA; logKAPP = 7.60 ±0.10 and 8.31 ± 0.06 respectively. 

The log pKcorr value for CHA of 8.39 ± 0.14 in the presence of ADA agrees well 

with the directly measured value of 8.37 ± 0.02 (Table 3.6) as would be expected. 

Similarly, the percentage of high affinity CHA sites relative to total [^H]DPCPX sites 

(measured +ADA, -GTP) measured in competition and saturation experiments are 

in reasonable agreement (88 ± 2% versus 96 ± 7% respectively).

In the absence of ADA and GTP, the logKAPP value for the high affinity CHA 

component (7.60 ±0.10) is much lower than that found in the presence of ADA. 

This difference results from the competitive effect of endogenous adenosine on 

CHA binding which is sufficient to produce a 5 fold shift in the Kapp value (0.7 log 

unit) of the high affinity CHA binding component. Similarly the absence of ADA
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Figure 3.7: Competition by CHA of [®H]DPCPX binding to CHO - Ai
membranes pretreated with 100|ig/ml saponin in the presence and 
absence of GTP and ADA.

Binding assays were carried out by competition against a fixed concentration of 
[^H]DPCPX (0.2nM) using membranes that were untreated (□, ■ ) or previously 
treated (O, #  ) with 3U/ml ADA for 30 minutes at 25°C. Incubation conditions 
are as described under Materials and Methods. Binding of [^H]DPCPX was 
measured in the absence ( filled symbols) or presence (hollow symbols) of 
1mM GTP. Data points are the means of triplicate determinations in one of 
three experiments. The error bars generally fall within the data points. Curves 
are computer generated best fits to a 1 -site or 2-site model where appropriate 
and give the following parameter estimates:

FRi logKAPPi logKAPP2

- ADA - GTP 0.55 7.83 6.05
+ GTP - - 5.61

+ ADA - GTP 0.87 8.32 5.39
+ GTP - - 5.60
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results in a 4-5 fold decrease in [^H]DPCPX binding to high affinity CHA binding 

sites (Figure 3.7, and legend). This effect results from the competition between 

f  H]DPCPX and endogenous adenosine for the high affinity agonist binding sites.

The low affinity binding sites for CHA observed in the absence of GTP are not 

affected to a detectable extent by ADA (Table 3.2, Figure 3.1). This is in 

agreement with the small effect of ADA on f  H]DPCPX binding measured in the 

presence of GTP.

3.4 Measurement of the binding properties of adenosine at the 

human Ai receptor

The ability to measure the binding properties of adenosine Ai receptors in the 

absence of ADA and to estimate the effects of endogenous adenosine on CHA 

and [^HJDPCPX binding means that it is possible to perform adenosine- 

[^H]DPCPX competition experiments and to estimate the affinity of adenosine 

for the observed high and low affinity agonist binding components.

In the presence of GTP, the adenosine-f H]DPCPX curve is well described by a 

mass action inhibition curve with a mean log Kapp = 5.02 ± 0.15; pKcorr = 5.10 

±0.15 (n=3) (Figure 3.8).

The adenosine inhibition curve in the absence of GTP can be fitted well to a 2- 

site model with the high affinity sites (70 ± 5%) having a log Kapp of 7.21 ± 

0.06 (n = 3) and the remaining sites having a log Kapp of 5.39 ± 0.04 (n=3), a 

value which is not significantly different from the value found in the presence of 

GTP (P < 0.05, unpaired t-test).

In order to estimate the true affinity constant of adenosine for the high affinity 

state of the Ai receptor it is necessary to correct the Kapp value of 7.2 for the 

competitive effects of endogenous adenosine and the radioligand fH]DPCPX.
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This was accomplished by measuring the effects of adenosine deaminase on 

the affinity constant of the high affinity binding sites for CHA in [^H]DPCPX- 

CHA competition experiments. These were carried out in parallel experiments 

to the [^H]DPCPX-adenosine competition experiments on the same membrane 

preparations and on the same day (Figure 3.8).

The fold change in the CHA affinity constant due to endogenous adenosine is a 

factor which is independent of the nature of the ligand which is binding to or 

monitoring the binding to the high affinity state of the receptor. Therefore the 

factor can be used to correct the log Kapp of adenosine to give the true affinity 

constant. This competitive factor (5.0 ± 0.6 fold or 0.7 log units, n=3) gives an 

estimate of the log affinity of adenosine for the high affinity binding component 

of Ai receptors of 7.9 ± 0.1. Since the fold shift on the CHA affinity constant is 

1 + Kado [adenosine]/(1 + Kdp[DPCPX]), where Kqp and Kado are the affinity 

constants of DPCPX and adenosine for the receptor, it is possible to estimate 

the concentration of adenosine in the assay as ça BOnM.
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Figure 3.8: Competition of [^H]DPCPX binding to adenosine Ai receptors 
on saponin pretreated CHO membranes by CHA and adenosine in the 
presence and absence of GTP and adenosine deaminase.

Binding assays were carried out by competition against a fixed concentration of 
[^H]-DPCPX (0.2nM) using membranes that were untreated (O, □ , • )  or 
previously treated (A) with 3U/ml adenosine deaminase for 30 minutes at 
25 °C. The competing agonist was adenosine (O, □ ) or CHA (#, A). The 
binding of [^H]DPCPX was measured in the absence (O, #, A) or presence 
(□ ) of 1mM GTP. Data points are means of triplicate determinations in one of 
three experiments. The error bars generally fall within the data points. Curves 
are computer generated best fits to a 1-site or 2-site model, where appropriate.
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3.5 Discussion

3.5.1 Endogenous adenosine in adenosine receptor binding assays.

Adenosine is present in binding assays utilising CHO cell membranes. This is 

seen most clearly as a 200% increase in the binding of the antagonist [^H]DPCPX 

produced by the addition of adenosine deaminase (ADA) which metabolises the 

adenosine and thus relieves the ‘tonic’ inhibition (Table 3.2). When the assays are 

carried out in the presence of GTP the binding of fH]DPCPX is higher and the 

enchancement in f  H]DPCPX binding in the presence of ADA is only 20%. The 

differential effects of ADA on f  H]DPCPX binding in the absence and presence of 

GTP reflects the high affinity (and hence high potency to inhibit fHJDPCPX 

binding) of adenosine in forming adenosine-receptor-G protein complexes in the 

absence of GTP versus the disruption of these complexes by GTP to form low 

affinity adenosine-receptor complexes.

The high affinity agonist-receptor-G protein complexes can be detected readily in 

CHA-[^H]DPCPX competition experiments (Table 3.2), as can the conversion of the 

high affinity state of receptor to a low affinity state by GTP. Similarly, the inhibitory 

effect of the endogenous adenosine is seen as a 6-7 fold decrease in apparent 

affinity of CHA for the high affinity state of the receptor when measurements are 

made in the absence of ADA (Table 3.2). Interestingly the apparent affinity 

constant of CHA for the low affinity (uncoupled) state of the receptor is unaffected 

by ADA. Hence the endogenous adenosine is present at levels which only affect 

the binding of agonists to the high affinity state and not the low affinity state of the 

receptor.

I have investigated the use of the permeabilising agent saponin to reduce the 

levels of endogenous adenosine or inhibit adenosine generation in membrane 

fragments from CHO cells. As found in studies which have used prolonged 

washing procedures or detergent treatment (Schiemann ef a/. 1990; Prater ef 

a/. 1992), saponin pretreatment of the membranes does not remove the 

endogenous adenosine which appears to be continually produced (Linden; 1989).
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However saponin treatment of membranes does result in the induction of a 

complete conversion of the high affinity state of the receptor to the low affinity state 

by GTP and increased coupling of the receptor to the G-protein in the absence of 

GTP (Table 3.2, Figures 3.1, 3.7). Associated with the increased 

coupling/uncoupling is an enhanced receptor function as monitored by agonist 

stimulation of [^S]GTPyS binding (Tables 3.4, 3.5, Figure 3.2).

One procedure is to treat the membranes with lOOpg/ml saponin during 

homogenisation of the CHO cells. Subsequent washing steps reduce the saponin 

concentration. This procedure does not appear to result in a significant 

perturbation of the binding kinetics or affinities of the ligands tested. It is also 

possible to carry out binding and functional assays in the presence of 10-25pg/ml 

saponin.

3.5.2 A possible permeability barrier between GTP and G proteins

The simplest interpretation of the effect of saponin on Ai adenosine receptors is 

that in CHO cell membranes there are G-proteins which are inaccessible by GTP. 

The effect of saponin may be to remove this permeability/access barrier, allow all 

agonist-receptor-G-proteins to be uncoupled by GTP, and to increase the agonist 

stimulated (and basal) binding of [^S]GTPyS in the functional assays. A 

permeability barrier is also suggested by Schiemann et al. (1990) who show that 

addition of detergent removes vesicles present in their membrane preparations 

and which may act as barriers between receptor-G protein complexes and 

endogeous agonist.

These findings are in accord with the increase in [^S]GTPyS binding to G-proteins, 

observed on treating purified atrial membranes with alamethacin, an antibiotic 

which forms pores in lipids and changes the structure of lipid bilayers (Hilf and 

Jakobs; 1992). Similarly, alamethicin has recently been reported to increase 

fH]agonist binding to adenosine A2a receptors (Luthin et ai. 1995). As the results 

obtained with saponin were satisfactory to continue with a characterisation of the
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properties of the Ai adenosine receptor, no studies with alamethacin were 

performed.

In a number of other G protein coupled receptor systems, incomplete formation of a 

low affinity agonist state in the presence of OTP or GTP analogue has been 

observed (Hill coefficients <1) (e.g. Matsui et al. 1995). The partial conversion 

from high- to low-affinity states by the addition of GTP has been seen at Ai 

adenosine receptors using guinea pig cerebral cortical membranes and rat testes 

(Stroher at ai. 1989), as well as solubilised receptors from rat brain (Stiles; 1985). 

This incomplete transition of the high-affinity to the low-affinity state of the 

membrane-bound Ai receptor upon addition of GTP, was interpreted as resulting 

from a low affinity of the membrane-bound receptor-G protein complex for GTP 

(Stroher at ai. 1989), or a tight receptor-G protein coupling in this system (Stiles; 

1985). It may in fact be that in these systems, as well as in CHO-A1 cells, there are 

G-proteins which are inaccessible to GTP.

3.5.3 Binding properties of the human Ai adenosine receptor

In general, the binding data on Ai receptors form a consistent set. The low affinity 

agonist state, irrespective of the conditions of the assay, has the same affinity 

constant for the agonist CHA. Similarly the properties of high affinity state, in 

terms of its affinity for CHA and the number of sites are the same, irrespective of 

the binding being measured directly in a saturation experiment or indirectly in a 

competition experiment.

We now have a system which, in the presence of ADA and agonist can exist as 88- 

96% high affinity (coupled) state in the absence of GTP and ça 100% low affinity 

(uncoupled) state (Tables 3.1, 3.5, 3.6) in the presence of GTP. In addition it 

should be noted that there is one of the largest differences in the affinity of high 

efficacy agonists (300-600 fold for CHA, adenosine and PIA (Tables 3.2,3 6) 

between the two states of any G-protein coupled receptor. Both the features may 

be useful in the detailed analysis of aspects of receptor-G-protein coupling.
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In binding studies of G-protein coupled receptors (eg p-adrenoceptors and 

muscarinic receptors) it is commonly found that there is an apparent incomplete 

receptor-G protein coupling in the presence of agonist: the Hill slopes of 

[^H]antagonist/agonist competition curves are less than 1. Models of receptor 

binding, for example the ternary complex model, have had to postulate that the 

concentration of G proteins is less than that of the receptor in order to rationalise 

these binding data (De Lean et al. 1980; Wong et al. 1986). This postulate is at 

variance with the general finding that levels of individual G-proteins in membranes 

can be considerably higher than those of the receptors to which they can couple 

and furthermore that one receptor can activate catalytically several G-protein 

molecules (Hilf et al. 1989; Lazareno et al. 1993). It may be that, for many 

receptor systems, there is a population of receptors (very small in the case of 

CHO-Ai receptors) which for certain reasons are not capable of coupling to G- 

proteins. If so, the remaining part of the system may not be subject to the [R] > [G] 

restriction in order to explain the binding properties. In other words, the 

[^Hjantagonist/agonist competition curves consist of two separate components, (i) 

a minor population of receptors which does not couple to G-proteins and (ii) the 

remaining receptors which are capable of freely and reversibly interacting with a 

larger population of G-proteins according to the ternary complex model. This 

interpretation in terms of non-interacting pools of receptors may explain why many 

receptors, including Ai receptors, have agonist inhibition curves with minimum Hill 

slopes of less than 0.7, a finding which is incompatible with the predictions of a 

simple ternary complex model (Wong et el. 1986).

3.5.3.1 Kinetic studies

Two unusual findings of interest were observed in the kinetic studies which require 

interpretation. Firstly, the association kinetics of [^HjCHA and fHjDPCPX have a 

very slow component (Figures 3.4,3.5) which, in the case of [^HjDPCPX, is not 

present when the assay is carried out in the presence of GTP (Figure 3.4). 

Secondly, the off-rate kinetics of fHjCHA and [^H]PIA show two components, a 

slow component, (t% ~20 min) and a pseudoirreversible component. However,
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both components represent agonist-receptor-G-protein complexes as GTP 

enhances their off-rates. The molecular explanation for the existence of two 

components is not known but could for example result from the Ai receptor 

coupling to more than one G-protein and thus generating two kinetically different 

complexes. This has been suggested as the explanation for the biphasic 

dissociation kinetics of [̂ ^®I]HPIA seen in solubilised porcine atrial adenosine Ai 

receptors (Leid et al. 1989). However, their experiments were carried out using 

receptors solubilised with detergent so it is possible that the presence of detergent 

may have altered the dissocation kinetics. Other G protein coupled receptors, 

such as cloned m l, m2 muscarinic receptors and human dopamine D1 receptors 

have been shown to interact with more than one G protein (Ashkenazi at ai. 1987, 

Lazareno at ai. 1993, Kimura at ai. 1995). Alternatively the biphasic dissociation 

knietics could be the result of a slow isomérisation process of an agonist-receptor- 

G-protein complex. A very slow dissociation component has also been observed 

in autoradiographic studies of Ai receptors (Parkinson & Fredholm; 1992).

Conflicting data have been published on agonist dissociation from Ai adenosine 

receptors in the presence and absence of guanine nucleotides. Lohse at ai.

(1984) found that in the absence of GTP, the dissociation of [^H]PIA was 

monophasic but in the presence of GTP dissociation was biphasic. A similar result 

has been obtained using the agonist N®-3([^^^l]iodo-4-hydroxyphenyl 

isopropyl)adenosine ( [^^ l̂]HPIA) on the solubilised porcine atrial Ai adenosine 

receptor (Leid at ai. 1988, Leid at ai. 1989). However, the enhancement of agonist 

dissociation rate by addition of guanine nucleotides has been shown by Stiles

(1985) using the agonist f^^l]HPIA, binding to soluble Ai adenosine receptors. The 

conflicting data may be the result of artifacts of detergent solubilisation which 

would alter the membrane environment in which the receptor exists.
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3.S.3.2 Effects of GTP on antagonist binding

Conflicting results have been obtained by various groups for the effects of GTP on 

antagonist binding to adenosine receptors. In bovine and rat brain, GTP did not 

alter the antagonist binding (Lohse et al. 1984, Klotz et al. 1986, Olah and Stiles, 

1990). In other studies an increase in antagonist affinity has been seen in rat 

adipocytes (Ramkumar and Stiles; 1988) and increased Bmax values have been 

observed in rat and bovine brain (Yeung and Green; 1983, Green; 1984, Klotz et 

al. 1990, Stiles; 1988).

Ramkumar and Stiles (1988) proposed that the tight receptor-G protein association 

constrains the receptor conformation causing a decreased affinity of the receptor 

for antagonists. When the receptor is uncoupled from the G protein, by the 

addition of GTP, the receptor conformation changes, resulting in increased 

receptor affinity for antagonist with no change in receptor number. If endogenous 

adenosine had been completely removed in this study, the results would indicate 

that GTP affects the binding affinity of antagonists at Ai adenosine receptors. This 

would lead to the expectation that some adenosine receptor antagonists could alter 

tissue function in the absence of receptors occupied by agonists and act as 

‘inverse agonists’.

A model has been suggested that postulates two forms of the receptor - one with 

high affinity for antagonist and low affinity for agonist and the other with low affinity 

for antagonist and high affinity for agonist. The model predicts that addition of 

guanine nucleotides initiates a conversion between the two states of the receptor 

and results in an increase in antagonist affinity with no change in Bmax (reviewed in 

Schütz and Freissmuth; 1992). This explanation would not hold for the studies that 

observed increases in B m a x  with no effect on antagonist affinity (Green; 1984, Klotz 

etal. 1990, Stiles; 1988).

If adenosine is still present in the assay, then the results can be attributed to a 

decrease in the affinity of endogenous adenosine for the Ai adenosine receptors in 

the presence of GTP, and thus a reduction in its ability to inhibit antagonist binding
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to receptors. This does however still support the model predicting a change in 

antagonist affinity with no change in Bmax- It is difficult to remove endogenous 

adenosine entirely, which in fact may be generated constantly (Linden; 1989) so 

the conflicting results are probably due to variations in the endogenous adenosine 

levels in the assays performed.

In the studies described in this thesis, GTP enhances the binding of the antagonist 

[^H]DPCPX even in the presence of ADA. The effect is to increase the Bmax 

without affecting the antagonist affinity constant. These phenomena have been 

observed in this work and in several previous Ai receptor binding studies as 

mentioned above (e.g. Stiles; 1988, Leung et al. 1990, Klotz et al. 1990, 

Parkinson & Fredholm; 1992, Prater ef a/. 1992). The latter effect has been 

explained previously in terms of Ai receptors, R, being precoupled to G-proteins, 

G, to form R.G and, in that state, having a lower affinity than the uncoupled 

receptor for the antagonist, L (Ki > K2, Model 1 ). However, this model does not 

explain the data.

R R.G

K, I  11 K.

L.R ^ = 7  LR.G 

Model 1

If R is in equilibrium with R.G (and/or L.R is in equilibrium with LR.G) then the 

effect of GTP would be to increase the affinity of L without changing the Bmax and 

to change the dissociation rate constant of L. This is not observed.

If R and L.R are not in equilibrium with R.G and L R.G respectively during the time 

frame of the binding experiment but do equilibrate in the presence of GTP, then it 

might be possible to observe a GTP induced increase in Bmax affecting the Kd of L 

or its dissociation rate. This would only be true if K i» K 2 and the concentration of
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L was such that only insignificant amounts of LR.G were generated (K2[L]«1). 

Because of these multiple restrictions this model is somewhat implausible.

A more reasonable explanation is that, by analogy with the CHA and PIA kinetic 

studies, adenosine can form slowly reversible and pseudoirreversible adenosine- 

receptor-G-protein complexes. These complexes could be generated during the 

preparation of the membranes or even (because of the pseudoirreversible nature 

of the binding process) in the presence of ADA. Such complexes would not bind a 

radioligand, agonist or antagonist, until adenosine dissociated.

Dissociation of adenosine could be very slow in the absence of GTP, explaining 

the observed slow association component in the f  HJagonist or fH]DPCPX kinetic 

assays. In the presence of GTP, dissociation of adenosine would be fast and 

effectively generate extra receptor sites which would be detected as an increase in 

Bmax but not affinity of [^H]DPCPX. There is no necessity to postulate Ai receptor 

precoupling to G-proteins in the absence of agonist. Finally, because adenosine, 

as long-lived adenosine-receptor-G-protein complexes, is not metabolised by ADA 

it is not surprising that GTP induces increases in [^H]DPCPX binding even in the 

presence of ADA (Table 3.1). This phenomenon, sometimes described as that of a 

“locked agonist” has been reported for other receptors (e.g. Severne et al. 1987).

Thus, saponin treatment of membranes does not remove endogenous adenosine. 

It does appear to allow a more ready access of guanine nucleotides to G-proteins 

capable of coupling to Ai receptors. This procedure may facilitate the quantitative 

analysis and interpretation of receptor-G-protein coupling by eliminating an 

"inaccessibility factor". The presence of long-lived adenosine-receptor-G-protein 

complexes may explain a number of unusual findings that have been reported in Ai 

adenosine receptor binding studies.
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3.S.3.3 Comparison of affinity constant values obtained in this thesis with 

those obtained previously.

Despite > 90% receptor identity at the amino acid level, the pharmacology of 

adenosine Ai receptors differs markedly between species (Tucker and Linden; 

1993). There are differences in the affinities for different ligands as well as in 

rank order potencies (Klotz et al. 1991. Ukena et al. 1986). Bovine and canine 

receptors differ the most, with bovine Ai adenosine receptors having higher 

affinity for compounds such as PIA and DPCPX (Tucker and Linden; 1993, 

Tucker et al. 1992). Rat and human receptors are intermediate in their binding 

characterisitics (Klotz et al. 1991, Ferkany et al. 1986, Murphy and Snyder; 

1982). Binding data from recombinant receptors expressed in cell lines 

appears to correlate well with binding data of native receptors suggesting that 

structural differences in the Ai adenosine receptors among species cause the 

differences in structure-activity profiles (Tucker et al. 1994).

The affinities of ligands for Ai receptors has also been reported to vary 

between different tissues from the same species (Linden; 1991). For example, 

NECA has been reported to be 100-fold less potent than PIA in rat adipose 

tissue (Londos et al. 1980) whereas it is nearly equipotent with PIA in binding 

to Al receptors of rat heart and brain (Bruns et al. 1987). Thus it is very 

important to make comparisons of binding data from the same species, and in 

the same tissue if possible.

The discrepancies between many of the binding results on adenosine Ai 

receptors also arise by performing the different binding assays under non

identical buffer and assay conditions. For example, DPCPX bound to OHO 

whole cells transfected with the human Ai adenosine receptor with a 

dissociation constant of 0.56± 0.1 InM when a Tris ions buffer was used, and 

with a dissociation constant of 0.96± 0.20nM when a modified Krebs Buffer was 

used (Townsend-Nicholson and Shine; 1992). Libert and co-workers (1992), in 

their characterisation of a human Ai adenosine receptor expressed in OHO 

cells used an identical buffer to the one that I have used (HEPES buffer pH7.4,
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10mM MgCl2,100mM NaCI). It would seem that my results should correspond 

well to theirs. The log affinity values for DPCPX binding are similar in both 

cases; 8.97 for my results and 8.59 for theirs, assuming that their experiments 

were performed in the absence of adenosine deaminase ( it is not mentioned in 

the entire paper). However, they took no measurements of agonist binding to 

the high affinity state of the receptor and did not look at the agonist CHA at all 

so no further comparisons can be made.

3.5.4 The binding properties of adenosine

It is somewhat surprising that there have not been earlier reports on the 

detailed determination of the binding of adenosine, the endogenous ligand, to 

Ai receptors. A major reason has been that adenosine seems to be present in 

all membrane binding assays at concentrations at which it interferes with the 

binding of radioligands, most notably the binding of radiolabelled agonists. As 

a consequence, from the earliest studies, adenosine deaminase has been 

included in Ai receptor binding assays.

Bruns et al. (1986) have attempted to predict the affinity of adenosine at the 

high affinity agonist state of the Ai adenosine receptor indirectly by assuming 

that changes at two nonadjacent positions in the adenosine structure will have 

additive effects on affinity (Bruns at al. 1986). They used the three 

compounds (dissociation constants in parenthesis) 2-chloroadenosine (9.3nM), 

5’-methylthioadenosine (280nM) and 2-chloro-5’-methylthioadenosine (210nM). 

If the 2-chloro modification has the same effect on adenosine that it has on 5’- 

methylthioadenosine, adenosine’s affinity at the Ai receptor could be predicted 

to be 12nM (that is, 9.3 x (280/210). Since the buffer used here was a 

Tris/IVIg^" buffer it is not surprising that this value is extremely close to the value 

I obtained.

Libert at al. (1992) give a Kj value of adenosine for its inhibition of fhjDPCPX 

as 950nM. They do not mention the use of adenosine deaminase and in fact
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do not mention using adenosine in their assay protocols described in the 

materials and methods. A paper by Lohse et al. (1988) also briefly describes 

the measurement of a K value for adenosine. They use an inhibitor of 

adenosine deaminase, deoxycoformycin, after a pretreatment of adenosine 

deaminase to remove the endogenous adenosine. But as has been shown 

above, adenosine appears to be continuously produced in the membranes and 

so the measure obtained from the ‘added adenosine’ will be changing with time 

as more endogenous adenosine is produced in the preparation. Thus no firm 

values can be gleaned from either of these two papers (Libert at al. 1992, 

Lohse etal. 1988).

I have shown that it is in fact possible to perform [^H]DPCPX-agonist 

competition experiments in the absence of adenosine deaminase and thus it 

has been possible to measure readily the affinity constant of adenosine for the 

uncoupled receptor (log Ka = 5.10 ± 0.15) directly by performing [^H]DPCPX- 

adenosine competition experiments in the presence of GTP. (Figure 3.8). The 

affinity constant of adenosine for the high affinity state of the receptor was 

somewhat more difficult to estimate because of the enhanced inhibition by the 

endogenous adenosine. However a value (log Ka = 7.9 ± 0.1) could be 

obtained by estimating the competitive effect of endogenous adenosine on the 

high affinity state of CHA (an agonist not catabolised by adenosine deaminase) 

and applying the appropriate correction factor to the estimated apparent affinity 

constant of adenosine obtained from a [^H]DPCPX-adenosine competition 

experiment in the absence of GTP and ADA. Interestingly, adenosine only 

binds 3-7 times weaker than CHA and PIA to both states of the human Ai 

receptor. The ratio of affinities of the three agonists for the coupled and 

uncoupled forms of the receptor is 300-600. This ratio is often considered to 

be a monitor of agonist efficacy and thus it would therefore be predicted that 

CHA, PIA and adenosine would have comparable efficacies. It is now possible 

to relate the binding and actions of Ai agonists to those of the natural 

transmitter adenosine.
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It has also been possible to estimate the concentration of endogenous 

adenosine in the binding assay at ça 60nM. This is in general agreement with 

levels measured directly in assays using membranes from brain and smooth 

muscle (Prater et al. 1992; Schiemann at al. 1990) and in studies of adenosine 

stimulation of GTPy-^^S binding to Ai receptors on CHO cell membranes (see 

Chapter 4). At these concentrations, adenosine occupies ça 80% of the Ai 

receptor G-protein complexes and less than 1% of the uncoupled receptors, 

illustrating the profound and selective effects of endogenous adenosine on 

binding.
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CHAPTER 4: ALLOSTERIC ENHANCEMENT OF ADENOSINE Ai 

RECEPTOR BINDING AND FUNCTION BY PD81

4.1 Introduction

Activation of Ai adenosine receptors in heart and brain is thought to protect 

these organs from hypoxic and ischemic damage (Bellardinelli and Shryock; 

1992, Biaggioni et al. 1986). Several studies have suggested a clinical benefit 

in 2-amino-3-benzoylthiophenes, such as PD81, because of their potential to 

enhance the effect of Ai adenosine receptors selectively in ischemic areas. 

PD81 has been shown to enhance the inhibitory actions of exogenously 

applied adenosine and inhibit epileptiform bursting in the hippocampal brain 

slice (Janusz at al. 1991, Janusz and Berman; 1993). It has also been 

reported to potentiate the negative dromotropic, chronotropic and inotropic 

effects of adenosine Ai receptor activation in rat and guinae pig heart (Amoah- 

Apraku at al. 1993, Mudumbi at al. 1993) as well as to enhance atrioventricular 

nodal conduction delay mediated by adenosine in guinea pig heart (Kollias- 

Baker at al. 1994a, Kollias-Baker ef a/. 1994b).

Despite these studies, very little work has been performed to study the 

molecular mechanism of action of this group of compounds. In this chapter I 

describe the experiments that I have carried out in order to characterise 

quantitatively the interactions of the allosteric ligand, 2-amino-4,5-dimethyl-3- 

thienyl-[3(trifluoromethyl)phenyl] methanone (PD81) with the human 

adenosine Ai receptor, including its affects on the binding and function of the 

endogenous transmitter itself - adenosine.

Since an allosteric modulator acts only in conjunction with the endogenous 

transmitter and not alone, it is crucial to understand the interactions of PD81 

with adenosine. Complications in measuring the affinity of adenosine at the Ai 

receptor, due to the presence of endogenous adenosine in all membrane
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binding assays, have been overcome sufficiently, as described in Chapter 3, to 

enable an analysis of the allosteric effects of PD81 on the binding of adenosine 

itself as well as on other Ai selective agonists and antagonists. The results 

suggest that there is a well defined allosteric site on human Ai receptors with 

PD81 acting as an allosteric enhancer of the binding and actions of Ai receptor 

agonists including adenosine.

4,2 Binding Properties of CHO.Ai membranes in the presence 

ofPD81.

The CHO cell membranes used in the experiments described in this chapter 

were pretreated with the permeabilising agent saponin (0.1 mg/ml). This 

procedure favours access of guanine nucleotides to G-proteins and increases 

coupling and function without affecting the binding constants of ligands 

(see chapter 3).

The binding of the agonist CHA was measured in competition experiments with 

[^H]DPCPX (0.2nM) in the presence of GTP (ImM) and varying concentrations 

of PD81 (0 - 30pM). Since the experiments are performed in the presence of 

GTP, the receptor is uncoupled from the G protein and is thus in a low agonist 

affinity state. The concentration of fH]DPCPX used was well below its Kd (» 

InM, see Chapter 3). Under these conditions, specific binding of [^H]DPCPX 

decreased from 1140±5 dpm in the absence of PD81 to 871 ±1 dpm at lOpM 

PD81 and 478±2 dpm at 30)aM PD81 (Figure 4.1, upper). Furthermore, 

increasing concentrations of PD81 cause a leftward shift of the binding curves 

resulting from an increase in CHA affinity (figure 4.1, upper). When the data 

curves are analysed individually, the log ICso values increase from 5.53+0.03 in 

the absence of PD81 to 6.30+0.03 and 6.42+0.03 at lOpM and 30pM PD81 

respectively. All of the curves are well described by a mass action inhibition 

curve.
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Figure 4.1: The effect of varying concentrations of PD81 on the
competition by CHA of [^H]DPCPX binding to human Ai adenosine 
receptors.

Binding assays were carried out by competition of CHA against a fixed 
concentration of [^H]DPCPX (0.2nM) in the presence of 1mM GTP, using 
membranes that were previously treated with 3U/ml ADA for 30 minutes at 
25°C. Binding of [^H]DPCPX was measured in the presence of varying 
concentrations of PD81: OpM (•) , 1pM (■), 3pM (À), 10pM (T )  and 30plVI (♦ ) . 
Other incubation conditions are as described in Chapter 2. Data points are 
triplicate determinations from one representative experiment. Curves are 
computer generated best fits to an allosteric model using the curve fitting 
programme Sigma Plot. The upper graph shows the complete data set fitted to 
the allosteric model. The lower graph shows the data set fitted to the allosteric 
model without the values measured in the presence of 30pM PD81. Fitted 
parameters from this experiment ± 30pM PD81 are summarised below. Kj is 
affinity constant for CHA. Ka is the affinity constant of PD81. Alloi is the co- 
operativity of PD81 with CHA. Parameter estimates from three or four 
experiments are summarised in Table 4.1.

Log Kj Log Ka allOj

-30pM PD81 5.59+ 0.02 4.62+0.04 13.7+1.7

+30pM PD81 5.56±0.02 4.81+0.08 12.2+1.9
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Scheme 4.1 (below) describes the binding of an allosteric ligand, D, to a 

receptor, R. Ki is the affinity constant for the binding of the allosteric ligand to 

the unliganded receptor. K2 describes the binding of the allosteric ligand to the 

receptor when the competitive site is occupied by a competitive agonist or 

antagonist, L. The ratio K2/K1 gives the co-operativity between L and D.

K 3

R + L R.L
+ +

D D

Û f r
K i  U U  K 2

K 4

D.R+L o  D.R.L

The data set obtained can be fitted simultaneously to an allosteric model 

(described in appendix 1). In agreement with results shown in Table 3.2., the 

log affinity constant of CHA for the uncoupled receptor was 5.59 ± 0.02 (n=3). 

The log affinity constant of PD81 for the uncoupled receptor was 4.77 ± 0.11 

(n=3). Co-operativity between CHA and PD81 was positive, giving a value of

12.1 ± 2.5 (n = 3). The co-operativity between fHjDPCPX and PD81 was < 0.1 

(n = 3). Estimates of the co-operativity values and the parameter estimates 

obtained from the simultaneous fit of the data are shown in Table 4.1.
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TABLE 4.1: The co-operativity of binding between PD81 and four
agonists and their affinity constants at the human Ai adenosine receptor.

Binding assays were carried out by competition of agonist against a fixed 
concentration of [^H]DPCPX (0.2nM) in the presence of GTP (1mM). For 
assays using the agonists CHA, PIA and NECA, membranes were previously 
treated with 3U/ml ADA for 30 minutes at 25°C. Where adenosine was used as 
the competing agonist, membranes were incubated without ADA for 30 
minutes at 25°C. Binding of [^H]DPCPX was measured in the presence of 
varying concentrations of PD81 (0-30|iM). Other incubation conditions are as 
described in Chapter 2. The values listed in the table are means ± s.e.m. of 3 
or 4 separate experiments each performed in triplicate. K is the agonist affinity 
constant. K@ is the affinity constant of PD81. AllOj is the co-operativity of PD81 
with the agonist. The allosterism with DPCPX is < 0.1 for all cases. The slope 
factor for agonist binding was 0.94± 0.02 (n = 14).

Agonist Log Kj Log Ka allOi

CHA 5.59±0.02 4.77±0.11 12.1+2.5

PIA 6.03±0.09 4.75±0.06 13.4±4.4

NECA 5.56±0.19 4.77±0.05 10.3±3.4

Adenosine 5.39±0.16 4.86±0.15 10.2±1.2

The simultaneous fitting of all the data to the allosteric model (Scheme 4.1) 

provides a stringent test of its validity. If the data set from the OOpM PD81 is 

included in the analysis, slight deviations occur between the fitted curves and 

the data points (Figure 4.1, upper). Some additional effects are observed at 

this high concentration of PD81 (SOpM) which are possibly caused by 

insolubility of the compound at this concentration. If the data set from the 

SOpM PD81 is excluded from the analysis, the curves fit the data better (Figure 

4.1, lower). However there is no significant statistical difference (P<0.05, 

unpaired t-test) in the parameter estimates obtained when this data set is 

included or excluded from the analysis (data shown in legend to Figure 4.1).
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Competition studies between [^H]DPCPX and PIA, NECA and adenosine were 

performed under the same conditions as above (Figure 4.2). All three sets of 

agonist-[^H]DPCPX curves can be described by mass action inhibition curves. 

Figure 4.2 shows the data fitted to the allosteric model without the data set 

obtained in the presence of 30|iM PD81. PD81 causes an increase in potency 

of PIA, NECA and adenosine by -12 fold (Table 4.1). Thus, for all agonists 

tested the interactions with PD81 were positively co-operative. There was 

good agreement, as expected, between estimates of the common parameters 

from experiments using different agonists (n=14). These parameters were; the 

log affinity constant of PD81 for the receptor under these conditions of 4.79± 

0.05 (n=14) and the co-operativity between [^H]DPCPX and PD81 of < 0.1. 

This implies that there is strong negative co-operativity between [^H]DPCPX 

and PD81.

Binding of [^H]CHA was measured directly in the absence of GTP and in the 

presence of varying concentrations of PD81 ( 0 - lO^iM). PD81 did not effect 

the binding of the agonist to the high affinity agonist state of the receptor (data 

not shown). The binding of the agonist CHA was also measured in competition 

experiments with [^H]DPCPX in the absence of GTP and the presence of 

varying concentrations of PD81 ( 0 - SO îM). In the absence of GTP the binding 

of [^H]DPCPX again decreased with increasing concentrations of PD81 (10)liM). 

The decrease in binding in the absence of GTP was greater (46%) than in the 

presence (28%) of GTP. The data could be fit to a mass action inhibition curve 

and the data gives a log affinity constant for PD81 in the absence of GTP of 

5.69± 0.07 (n = 1). Under these conditions, however, although there is an 

increase in agonist potency at the low affinity agonist state as seen in the 

presence of GTP, there is no apparent change in the affinity at the high affinity 

agonist state with increasing concentrations of PD81. In the absence of PD81, 

log K h ig h  is -8.33± 0.06 with 66 ± 3% of the receptors in the high affinity state. 

In the presence of lOpM PD81, log K h ig h  is -8.18+ 0.07 with 71 ± 5% of the 

receptors in the high affinity state. If the fraction of receptors in the high affinity 

state is constrained for the individual curves, to 73% (the mean value obtained 

from fitting the data sets individually) there is no change at the high affinity

140



Figure 4.2; The effect of varying concentrations of PD81 on the 
competition by PIA, NECA and adenosine of [^H]DPCPX binding to human 
Ai adenosine receptors.

Binding assays were carried out by competition of PIA (top), NECA (middle) or 
adenosine (bottom) against a fixed concentration of [^H]DPCPX (0.2nM) in the 
presence of 1mM GTP, using membranes that were previously treated with 
3U/ml ADA for 30 minutes at 25°C in the case of PIA and NECA but untreated 
in the case of adenosine. Binding of [^H]DPCPX was measured in the 
presence of varying concentrations of PD81: Q^M (•) , 1pM (■), 3pM (A), 10pM 
(T) and 30pM (♦ ) . Other incubation conditions are as described in the 
Materials and Methods. Data points are triplicate determinations from one 
representative experiment. Curves are computer generated best fits to an 
allosteric model using the curve fitting programme Sigma Plot. Parameter 
estimates from three or four experiments are summarised in Table 4.1. The 
mean slope factors for all three agonists were very close to unity.
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agonist state with increasing concentrations of PD81 (8.25 ± 0.08) but at the 

low affinity state there is an increase (6.45±0.09 control, 6.97+0.11 at 30|iM 

PD81).

The binding of PD81 was measured in competition experiments against 

[^H]DPCPX in the absence and presence of GTP. PD81 inhibited the binding 

of [^H]DPCPX in the manner of a competitive agonist and there was a shift in 

ICso values of PD81 in the presence (4.53±0.04) and absence (4.91 ±0.09) of 

GTP (data not shown, preliminary data n=1). Thus PD81 is more potent at 

inhibiting the binding of f  H]DPCPX in the absence of GTP.

4.3 Dissociation Kinetics of[^H]PIA in the presence ofPD81.

The dissociation of fH]PIA is complex. It is biphasic and consists of a slow 

component with k-i of 0.12 ± 0.05 min'  ̂ and a very slow component (Figure 

4.3). PD81 slows down both the slow and very slow components in a dose- 

dependent manner as shown in Figure 4.3. At IpM PD81, the slow component 

is not changed (0.10 ± 0.05min'^) but the very slow component is dramatically 

reduced. At lOpM, both the slow and very slow components are almost 

completely abolished and the data can be fit to an essentially horizontal line by 

a linear least squares fit.

Agonist association at the human Ai adenosine receptor is also complex (see 

chapter 3) and consists of a secondary drifting phase which cannot be 

analysed easily. Thus the effects of PD81 on agonist association were not 

studied.
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Figure 4.3: The effect of varying concentrations of PD81 on
dissociation kinetics of [^H]PIA binding to Ai adenosine receptors.

the

Dissociation of fH]PIA was measured in the absence of GTP. CHO.Ai 
membranes were equilibrated with fH ]PlA (1nM) for 1hour at 25°C after which 
dissociation was initiated at various times by diluting the reaction 10-fold with 
buffer containing theophylline (final concentration of 3mM) and varying 
concentrations of PD81: OpM (■), IpM (V) and lOpM (•). Binding was 
determined as described under Materials and Methods. Data points are the 
means of triplicate determinations in one of three experiments. The curves 
were fit by bi-exponential functions using the curve fitting programme Graph 
Pad Prism except for the data at lOpM PD81 which was fitted to a straight line .
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4.4 Functional Properties of CHO.Ai membranes in the 

presence of PD81.

4.4.1 Modulation by adenosine agonists of f^S]GTPyS binding to G 

proteins.

The function of the cloned human Ai receptor has been measured by the 

modulation by adenosine agonists of [^®S]GTPyS binding to G proteins in 

membrane preparations as described in Chapter 3. Appropriate conditions for 

CHO.Ai-induced stimulation of G proteins were determined in preliminary 

experiments and the final conditions used are outlined in Chapter 2.

CHA, PIA and NECA stimulate [^®S]GTPyS binding to G proteins with an ECso 

of 15 - 25nM (Figure 4.4). In all cases, the Hill slopes were one. The values 

obtained for PIA stimulation of [^S]GTPyS binding to G proteins (14-16nM, n=8) 

were consistent with those found for PIA in bovine (3-18nM, n=3) and rat (13- 

21 nM, n=3) brain membranes (Lorenzen at al. 1993). However the values 

obtained for NECA stimulation of [^S]GTPyS binding to G proteins in bovine and 

rat brain membranes (Lorenzen at al. 1993) are « 60-fold and 4-fold less potent 

respectively than those obtained for CHO.Ai membranes (19-30nM, n=3). The 

rank order of potency is the same in all three systems.

In the presence of PD81 (lOpM) an 8 - 11 fold increase in the potency of all 

three agonists was observed (Table 4.2). In the presence of lOpM PD81 there 

was a small but significant increase in the basal level of [^®S]GTPyS binding, 

11.6+3.2% (n=10), compared to control levels. This could be due either to 

PD81 itself causing a weak stimulation of f^S]GTPyS binding or to PD81 

enhancing the basal levels which may be partly the result of stimulation by 

endogenous adenosine still present in the assay. There was no change in the 

maximum level of stimulation of [^^SJGTPyS binding in the presence of lOpM 

PD81 compared to control (98.5+1.5%, n=9).
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Figure 4.4: The effect of PD81 on agonist-stimulated binding of
f®S]GTPyS to G proteins in AiAR membranes.

Stimulation of [^®S]GTPyS binding to G proteins in CHO.Ai membranes by CHA 
(top), PIA (middle), and NECA (bottom) was investigated in the same 
experiment. Membranes were treated with 3U/ml ADA for 30 minutes at 25°C 
prior to assay. [^®S]GTPyS binding assays were performed as described in the 
Materials and Methods in the absence (hollow symbols) and presence (filled 
symbols) of PD81 (10pM). Data points are the means of triplicate 
determinations of one experiment. The error bars generally fall within the data 
points. The curves depict the fits to a 1-site model. Parameter estimates from 
three to eight experiments are summarised in Table 4.2.
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TABLE 4.2: The effect of PD81 on agonist-stimulated binding of
f®S]GTPyS to G proteins in CHO.A1 membranes.

Experiments were performed as described in the legend to Figure 4.3. The 
values listed in the table are means ± s.e.m of 3 - 8 experiments each 
performed in triplicate.

Compound logECso control logECso + PD81 (lOpM) Change in 
ECso (fold)

CHA 7.73+0.05 8.37±0.08 4.2+1.2

PIA 7.83±0.03 8.71±0.06 7.6±1.1

NECA 7.62+0.09 8.28±0.09 4.7±1.1

Adenosine 7.30±0.09 8.43±0.12 12.8±0.2

The effect of varying concentrations of PD81 (0-10|.iM) was examined in PIA- 

stimulated binding of [^^SjGTPyS binding to G proteins as shown in Figure 4.5. 

The parameter estimates from fitting the data to an allosteric model are 

summarised in Table 4.3. The data are compatible with a model of an 

allosteric interaction between PD81 and PIA. The simultaneous fitting of all the 

data to the allosteric model (Appendix 1) is a stringent test of its validity and 

further confirms that PD81 binds to a specific allosteric site on the receptor.

TABLE 4.3: The effect of PD81 on PIA-stimuiated binding of f®S]GTPyS 
to G proteins in CHO.A1 membranes.

The values listed in the table are means ± s.e.m of five separate experiments 
each performed in triplicate. Data of individual experiments are normalised to 
the basal binding in each experiment. The data are fit to an allosteric model. 
Ka is the affinity constant of PD81 and AllOj is the co-operativity of PD81, 723 
with PIA.

normalised data 
Log EC50 7.81 ±0.02
slope factor 1.08±0.02
Log Ka 5.41 ±0.07
AllOi 9.4±0.8
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Figure 4.5: The effect of varying concentrations of PD81 on PIA-
stimulated binding of f  ®S]GTPyS to G proteins.

Stimulation of [^S]GTPyS binding to G proteins in CHO.A1 membranes by PIA 
was measured in the presence of varying concentrations of PD81: OpM (■),
1pM (A), 3pM ( • )  and lOpM (♦). Membranes were treated with 3U/ml ADA for 
30 minutes at 25°C prior to assay. f®S]GTPyS binding assays were performed 
as described in the Materials and Methods. Data points are the means ± s.e.m 
of normalised binding data pooled from five experiments each assayed in 
triplicate. The error bars generally fall within the data points. Curves are 
computer generated best fits to an allosteric model using the curve fitting 
programme Prism. Parameter estimates from five experiments are summarised 
in Table 4.3.
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4.4.2 Modulation by adenosine of f^S]GTP/S binding to G proteins.

Added adenosine also stimulates [^^S]GTPyS binding to G proteins (Figure 

4.6). Endogenous adenosine is present in the assay due to the necessary 

absence of ADA. It causes an increase in [^®S]GTPyS binding to level (b) on 

Figure 4.6 above the basal level, marked (a) measured in the presence of ADA.
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The added adenosine combines with the endogenous adenosine to stimulate 

further the quantity of [^®S]GTPyS binding reaching a maximal level at point (d). 

In the presence of PD81, the [^®S]GTPyS binding due to the endogenous 

adenosine is enhanced to level (c). PD81 also increases the potency of the 

added adenosine 12-fold from a logECso of 7.07+0.05 in the absence of PD81 

to 7.74+0.13 in the presence of PD81 (10|iM).

Figure 4.6: The effect of PD81 on adenosine-stimulated binding of
f  ®S]GTPyS to G proteins in Ai adenosine receptor membranes.

[^S]GTPyS binding assays were performed as described in the Materials and 
Methods in the absence ( ■ ) and presence ( ▼ ) of PD81 (lOpM). Stimulation 
of [^^S]GTPyS binding to G proteins in membranes previously treated with 
3U/ml ADA for 30 minutes at 25°C in the absence of added adenosine or PD81 
is marked ( # ). Data points are the means of triplicate determinations of one 
experiment. The error bars generally fall within the data points. Curves are 
computer generated best fits to an allosteric model using the curve fitting 
programme Prism. Parameter estimates from four experiments are summarised 
in Table 4.4.
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These data can be fitted to a model (see appendix 1 ) to give an estimate of the 

concentration of endogenous adenosine in the assay, an EC50 value for 

adenosine as well as estimates for maximal levels of binding (d). In Figure 4.6 

the basal binding was fixed at 4250 dpm which was the mean determined 

value. This gave estimates of the maximal binding as 16870±270 dpm and 

16930+120 dpm in the presence and absence of PD81 respectively. Estimates 

of the concentration of endogenous adenosine present in the assay of 27±5nM 

and the logECso value for adenosine (in the absence of PD81) of 7.15±0.06 

were obtained. The parameter estimates from four such experiments are 

summarised in Table 4.4.

TABLE 4.4: The effect of PD81 on adenosine-stimulated binding of
[^®S]GTPyS to G proteins in CHO.A1 membranes.

The values listed in the table are means ± s.e.m of four separate experiments 
each performed in triplicate. The data is fit to a model that incorporates the 
effect of endogenous adenosine on the basal stimulation.

Log EC50 adenosine 7.30±0.09
Log [endogenous 7.59±0.10
adenosine]
fold shift ± PD81 (lOpM) 12.8±0.2

4.4.3 Measurement of the cAMP levels In CHO.A1, CHO.A2A snd CHO.A3 

cells.

A further functional assay was performed by measuring the cAMP levels in 

whole cells. Activation of Ai and A3 adenosine receptors decreases adenylyl 

cyclase activity causing a decrease in cAMP accumulation in cells. Activation 

of A2A adenosine receptors increases adenylyl cyclase activity causing an 

increase in cAMP accumulation in cells.
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PD81 increased the potency of NECA 5-fold in its inhibitory effect on cAMP 

production in CHO.A1 cells as seen in Figure 4.7. The data were fit to a one- 

site inhibition curve and the log EC50 value increased from 8.32±0.13 in the 

absence of PD81 to 9.05±0.01 in the presence of 10|.iM PD81 (n=3).

However PD81 did not appear to affect the cAMP response to NECA in cells 

bearing the human A2A adenosine receptor. The normalised data from three 

replicate experiments were fit to a sigmoidal dose response curve (Figure 4.7) 

giving log EC50 values of 7.26±0.37 control and 7.24±0.13 in the presence of 

lOpM PD81 (n=3).

The potency of NECA was decreased slightly in cells bearing the human A3 

receptor. The data were fit to a one-site inhibition curve giving log EC50 values 

of 7.66± 0.10 (control) and 7.35± 0.14 (+10f.iM PD81, n=3). The parameter 

estimates for the Ai, A2A and A3 human adenosine receptors are summarised in 

Table 4.5. The data confirm that PD81 acts as an allosteric enhancer at the Ai 

adenosine receptor. The enhancing effect appears to be specific for the Ai 

receptor because no enhancement is seen at the cloned human A2A receptor 

and a decreased effect is seen at the cloned human A3 receptor.

TABLE 4.5: The effect o f PD81 on cAMP levels induced by the non- 
selective adenosine receptor agonist NECA in CHO.A1 and CHO.A3 cells.

cAMP assays were carried out as described under Materials and Methods 
using CHO.A1 cells or OHO.A3 cells. The values listed in the table are the 
means ± s.e.m. of three separate experiments each performed in triplicate.

Log IC50
Receptor Control 3|.iM PD81 lOpM PD81 fold change at 

10|.iM PD81

Ai -8.32 ±0.13 -8.55 ±0.04 -9.05 ±0.01 5 fold increase

A3 -7.66 ±0.10 -7.55 ±0.14 -7.35 ±0.14 2  fold decrease

A2A 7.26 ±0.37 7.29 ±0.23 7.24 ±0.13 no change
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Figure 4.7: The effect of PD81 on cAMP levels induced by the non-
selective adenosine receptor agonist NECA in CHO.A1, CHO.A2A and 
CHO.A3 cells.

cAMP assays were carried out as described under Materials and Methods 
using CHO.A1 cells (upper graph), CHO.A2A cells (middle graph) or CHO.A3 
cells (lower graph). The cells were incubated in the presence of varying 
concentrations of PD81; OpM (■), 3).iM ( • )  and 10pM (A). Data points are the 
means ± s.e.m. of normalised data from three experiments each performed in 
triplicate wells which were assayed in duplicate.
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4.5 Discussion

The experiments described here and in the previous chapter have been 

performed under conditions of high ionic strength (lOOmM NaCI) and the 

presence of Mĝ "" ions (10mM MgCb). Mg^" is thought to be necessary for the 

formation of an agonist specific high-affinity state as well as for G protein 

activation (Freissmuth et al. 1989). Mĝ "" has also been shown to increase 

agonist binding to the Ai adenosine receptor (Olah and Stiles; 1990) The 

chosen conditions mimic the physiological conditions and can be used to look 

at both binding and function - so quantitative data can be easily compared 

between both binding and functional studies.

Previous studies on the effects of PD81 on binding and function at Ai 

adenosine receptors have been performed in the absence of Mĝ "" either using 

a Tris.HCI buffer (Bruns and Fergus; 1990, Janusz at ai. 1991) or one of 

HEPES/EDTA (Bhattacharya and Linden; 1995). This is primarily because 

PD81 was shown to have very little effect on high affinity equilibrium binding in 

the presence of Mĝ "" (Bruns and Fergus; 1990, Bhattacharya and Linden; 

1995, This thesis, data not shown). Thus comparisons between the results 

from my studies and previous studies must take into account the different 

conditions used and be analysed with care.

The ability of PD81 to bind to the coupled (R.G) and uncoupled (R) states of 

the receptor was assessed in competition studies with [^H]DPCPX in the 

absence and presence of GTP respectively. PD81 inhibits the binding of 

[^H]DPCPX and binds with lower affinity (SxIO ’̂M'^) to the uncoupled receptor 

(R) than to the coupled receptor (R.G) (8x10'‘M‘ )̂. The effect of GTP on the 

affinity of PD81 at the receptor is compatible with PD81 being an agonist of low 

efficacy, in that the GTP shift (2.5 fold) is small compared to the high efficacy 

agonists, CHA, PIA, adenosine (300-600 fold).

PD81 interacts with agonist bound to the coupled receptor (A.R.G), which is 

apparent from its ability to decrease the dissociation rate of an agonist
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radioligand, [^H]PIA, in kinetic assays. A substantial slowing of the dissociation 

of [^H]PIA is observed at 1plVI PD81 and at a concentration of 10^M PD81, the 

dissociation of [^H]PIA is completely abolished. It appears that PD81 

associates with the agonist-receptor complex and binds to the receptor 

simultaneously with the radiolabelled agonist at a different site from the regular 

agonist binding site. It was therefore surprising that PD81 had no effect on the 

direct binding of an agonist radioligand, fH]CHA to high affinity sites (A.R.G) 

as measured in equilibrium studies under the same assay conditions of Mĝ "" 

and high ionic strength.

PD81 increased the potency of all agonists tested (in the presence of GTP) to 

compete for fH]DPCPX binding to Ai adenosine receptors. That is, it 

enhances the binding of agonist to the uncoupled receptor (A.R). PD81 has a 

high affinity (16±2|.iM) for the agonist-occupied receptor complex and shows 

positive co-operativity (allOj: 10-14) with all agonists tested. Bhattacharya and 

Linden (1995) have shown that if the transfected human Ai adenosine 

receptors are treated with N-ethylmaleimide (NEM), which uncouples receptor- 

G protein complexes by inactivating the a-subunits of G proteins, agonist 

binding is still enhanced a small amount by PD81. However, if coupling 

between the receptor and G protein is destroyed, it is surprising that residual 

high affinity agonist binding occurs. NEM is not specific in its actions and in 

fact it labels almost all cysteine residues indicating perhaps that their findings 

are a result of an alteration of the receptor itself.

However, in the absence of GTP, there is no apparent change in the affinity at 

the high affinity agonist state (coupled receptor A.R.G) with increasing 

concentrations of PD81. This apparent lack of effect of PD81 on agonist 

binding to the high affinity agonist state is consistent with its lack of effect on 

direct agonist binding shown in equilibrium studies but not with the results 

showing a slowing of the agonist dissociation (section 4.3).

Two explanations for these apparent inconsistencies are possible: 1) that

PD81 has neutral cooperativity with agonists when binding to the A.R.G
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complex and 2) that an intrinsic inhibition of agonist binding to the high affinity 

agonist state of the receptor, resulting from the presence of low concentrations 

of endogenous adenosine, is potentiated by PD81. This increase in potency of 

endogenous adenosine for the high affinity state of the receptor masks the 

increase in agonist potency that is also occuring, giving no apparent increase 

in the potency of the added agonist. Such residual adenosine would not alter 

the dissociation kinetics, since the rate of dissociation of the agonist would not 

be altered by partial receptor occupancy by endogenous adenosine.

When direct agonist binding equilibrium studies were performed using 

fH]NECA, in a Mg^Vree, low ionic strength buffer, PD81 gave a concentration 

dependent enhancement of agonist binding (see chapter 5). In the absence of 

Mg^", the receptor may be less efficient at forming a high affinity agonist state 

compared to in the presence of Mĝ "". Either the presence of GTP or the 

absence of Mĝ "", may cause a destabilising of the receptor-G protein complex 

and a move to a less strongly coupled receptor. Thus in the absence of 

magnesium, an intermediate agonist-receptor-G protein state, A.R—G state 

may be present, at which PD81 may be able to enhance agonist binding in the 

same way as it has been shown to enhance agonist binding at the uncoupled 

receptor. Alternatively, less tightly coupled R.G complexes would give less 

endogenous adenosine coupling to receptor-G protein complexes, resulting in 

a decreased masking effect by endogenous adenosine of the PD81 induced 

enhancement of binding of added agonist. Results in Chapter 3 show that 

under the conditions used in these binding assays and in the absence of 

adenosine deaminase, endogenous adenosine is present in the assay up to a 

concentration of %60nlVI. In the presence of adenosine deaminase, as is the 

case when performing binding assays on CHA binding, one can assume that 

the concentration of endogenous adenosine will be significantly less than this 

value calculated in the absence of adenosine deaminase. This low 

concentration will not have an effect on the uncoupled receptor for which it has 

a dissociation constant of %10;.ilVI, but it may be sufficient to cause some effect 

on the coupled receptor for which we have estimated its affinity to be % 13nM.
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The ratio of affinities at the coupled and uncoupled states of the receptor is 

often considered to be a monitor of agonist efficacy. If the agonist affinity is 

increased at the uncoupled form of the receptor but unchanged at the coupled 

form, this would imply a smaller ratio between the two states and hence a 

decreased function of the receptors in the presence of PD81. However, in two 

functional assays, an increase in function was seen in the presence of PD81 

for all agonists tested. This further suggests that the enhancement at the 

coupled state of the receptor may in fact be occurring but is masked by the 

presence of residual endogenous adenosine.

Results from the GTPyS functional assay performed can be interpreted to 

further support this idea. In the absence of any agonist there is a basal level of 

[^®S]GTPyS binding to the G proteins in the membrane preparation. In the 

presence of PD81 (lOpM) this basal level of f®S]GTPyS binding is increased 

by a small but significant amount (11.6±3.2% (n=10)). This could be due either 

to PD81 acting as a weak agonist and causing a weak stimulation of 

[^®S]GTPyS binding by itself. Alternatively, it may result because PD81 

enhances the action of a low level of adenosine present in cells that is not 

removed by adenosine deaminase. An estimate of the concentration of 

endogenous adenosine present in these functional assays (in the absence of 

adenosine deaminase) of 25±5nM has been obtained by fitting functional data 

from adenosine stimulated binding of [^^SjGTPyS to the appropriate equation 

(Table 4.4). The concentration of adenosine in these assays is about 2-fold 

less than that estimated from the binding assays. This is consistent with the 

presence of half the concentration of membranes used in the functional assays 

(%20pg/ml) compared to that used in binding assays (%40pg/ml). If the ECso of 

adenosine is %50nlV1 (Table 4.4) and this is enhanced %13-fold in the presence 

of PD81 (10pM), it will become %4nN4. Thus to enhance the binding of 

[^^S]GTPyS by just 10% only ^0.4nM adenosine is necessary to be present in 

the assay. This quantity of adenosine may be present in the assay when 

performed in the presence of adenosine deaminase and thus one could explain 

the enhanced basal binding by suggesting that PD81 enhances the binding of
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the residual endogenous adenosine which in turn enhances the levels of 

[^®S]GTPyS binding to G proteins.

Surprisingly, there appeared to be less co-operativity between PD81 and 

agonists as measured in the functional assays compared to the binding assays. 

Furthermore, PD81 is more potent in the functional assay than the binding 

assay.

PD81 enhances the inhibition of cAMP production by NECA in intact OHO cells 

transfected with the Ai adenosine receptor. Because of the lower precision of 

the replicates in this assay, I have been unable to determine from my data 

whether PD81 enhances cAMP accumulation in the absence of added agonist. 

However, in whole cells, there appears to be far less of a problem of 

endogenous adenosine than in membrane preparations. In fact, the absence 

or presence of adenosine deaminase in these whole cell cAMP assays has no 

effect on the parameters obtained in the assay (P. Rollins, personal 

communication). Furthermore, in intact cells (as in membranes) the presence 

of intracellular GTP puts the receptor mostly into the low agonist affinity state 

of the receptor where it can be positively regulated by PD81, and it only 

transiently passes through the high agonist affinity state.

From the above contrasting suggestions it would appear necessary to look in a 

quantitative manner whether the presence of endogenous adenosine can in 

fact explain the lack of effect of PD81 on agonist binding in the absence of 

GTP. In the scheme below the adenosine receptor, R is able to interact with an 

added agonist, such as CHA, or endogenous adenosine (Ado) both alone or in 

the presence of PD81 (PD):
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From this scheme, the affinity of CHA (K c h a )  for the receptor, R can be

described as;

K c h a  =  ,___________K.d + K.tPDI)__________ ,

1 + Ko[PD] + K3[Ado] + K3Kj[PD][Ado]

When the concentration of PD81 (PD) is zero, the affinity of CHA (K c h a )  for the 

receptor (R) can be described as;

K c h a  - _______ :_________K i ^

1 + K3[Ado]

If, as has been observed, PD81 has no effect on agonist binding to the high 

agonist affinity state of the receptor, then the ratio of affinities of CHA for the 

receptor in the absence and presence of PD81 must equal 1.

Thus (1 + K.tPDD (1 + K3fAdol)_______, = 1

1 + Ko[PD] + K3[Ado] + K3 f<4[PD][Ado]

This equation can be solved to give;

[Ado] = ■ (K,-Kn) .
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This is the concentration of adenosine required to be present in the assay so 

that PD81 does not affect [^H]CHA binding. If the affinity of adenosine for the 

high affinity state of the receptor, K3 , is estimated as 0.08nM'^ (as shown in 

Chapter 3), then;

[Ado] = 13 (K? - Kn) ■ nM

( K 4  -  K 2 )

For this equation to be true only one concentration of adenosine would satisfy 

the lack of effect of PD81 on CHA binding. As this phenomenon has been 

reported under several conditions this is unlikely. Furthermore, if K2 > Ko then 

K4 > K2 in order for the concentration of endogenous adenosine to be positive. 

That is, there must be greater positive co-operativity between PD81 and 

adenosine than between PD81 and CHA. This is not observed for the low 

affinity state of the receptor (as shown in Table 4.1) and thus this equation 

cannot hold if the co-operativity at the coupled receptor is to be the same as 

the uncoupled receptor. Finally, no reasonable values of K4 and K2 could 

account for the concentration of endogenous adenosine in the presence of 

ADA being % 0.4nM as hypothesised from the functional studies (see page 

160). Thus it appears that the presence of endogenous adenosine in the 

assay cannot account for the lack of effect of PD81 observed on the binding of 

fHjCHA to the Ai adenosine receptor. This lack of effect must therefore be 

due to some other factor and further investigation is necessary to resolve the 

underlying mechanism of action of PD81

Bruns and Fergus (1990) were the first to examine the qualitative aspects of 

the interactions between various analogues of PD81 and Ai receptors. Under 

similar assay conditions our results are in general agreement. However, they 

found that at low ionic strength and the absence of magnesium, high 

concentrations of PD81, (100|.iM) gave 40% inhibition of agonist binding. They 

attributed this inhibitory phase of the concentration-response curve to

competitive antagonism. However these data are not quantitatively
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compatible with their data showing a greater ability of PD81 to inhibit 

antagonist binding. The inhibitory phase that they observe may in fact be due 

to a kinetic artifact caused by PD81 slowing down [^H]agonist binding kinetics. 

Under the conditions that I have used I find no evidence for an additional 

antagonistic action of PD81. At 30)iM PD81, there appeared to be a slight 

inhibitory effect of PD81 but this is attributed to a solubility problem with PD81 

at this concentration and the majority of assays were carried out only with 

concentrations of PD81 up to 10pM.

The results suggest that PD81 binds to a site distinct from the competitive 

agonist binding site. The data are compatible with a model of an allosteric 

interaction between PD81 and the various agonists. The conflicting effects of 

PD81 on the receptor when coupled or uncoupled from the G protein have not 

as yet been resolved however from the quantitative analysis described above, 

it seems that they are not secondary to the enhancing effect of PD81 on a 

residual quantity of endogenous adenosine which would be more apparent 

when looking at the coupled rather than the uncoupled receptor state.

In the cAMP functional assay the enhancing effect seen for the human Ai 

adenosine receptor is not observed at the cloned human A2A receptor. Bruns 

and Fergus (1990) showed that PD81 had no effect on the dissociation of 

[^H]CGS21680, an A2A selective agonist, from the rat A2A receptor implying that 

the enhancing effect is selective for the A2A receptor over the Â  receptor. The 

data presented here on the effects of PD81 on the A3 adenosine receptor are 

the first to be published. The effects of PD81 on agonist binding at the A3 

adenosine receptor would be an important follow up study.
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CHAPTER 5: Construction and Analysis of A /̂A2A Chimeric

Receptors

5.1 Introduction

A chimeric receptor is a hybrid receptor protein constructed by combining 

portions of dissimilar receptors to make a new receptor protein which may have 

properties of either or both parent receptors. The construction and analysis of 

chimeric receptor proteins basically involves the exchange of homologous 

regions of each receptor and an analysis of the functional consequences of this 

exchange. Chimeric receptors are often assayed by a combination of second 

messenger and radioligand binding techinques. The chimeric receptor 

approach has great potential for the rapid screening of protein domains 

essential for ligand binding and for narrowing down the likely regions important 

for the unique pharmacological properties of receptor subtypes.

Another approach to defining binding regions is the technique of making single 

point mutations. This approach was pioneered by Khorana’s group in their 

studies on bacteriorhodopsin (Khorana et al. 1979, Khorana et al. 1988). 

Single point mutagenesis has been used to study ligand-receptor interactions 

for many G protein coupled receptors, including p-adrenergic, a2-adrenergic, 

muscarinic, dopamine and adenosine receptors. Although this technique has 

provided much important information, a number of difficulties are associated 

with using site directed mutagenesis alone to identify regions of ligand-receptor 

interactions. First, it is necessary to have a good idea in advance of the 

potential sites of interaction, because each mutation alters only one amino 

acid. Secondly, single point mutations often result in a loss of function so it is 

difficult to be absolutely sure that a specific mutation is directly involved in the 

function which is being measured. Thirdly, much attention is usually given to 

the function of conserved amino acids, since conservation may imply some 

important functional consequence. However, amino acids important for 

defining the unique pharmacology of each receptor subtype are likely to be
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non-conserved so it would be useful to have a technique to identify likely 

regions for the unique pharmacology of a particular receptor.

The generation of chimeric receptors is a rational approach for the initial 

attempts to locate the allosteric binding site on the Ai adenosine receptor. No 

studies have yet been reported on the location of the position of the allosteric 

site on the Ai adenosine receptor. Since the data obtained (see Chapter 4) 

suggests that PD81 acts as an allosteric enhancer at the Ai but not the A2A 

receptor, replacement of regions of the Ai receptor by complementary regions 

of the A2A receptor may elucidate the region where the allosteric ligand 

interacts with the receptor. Once a general area of interest has been 

suggested by these studies further, more specific, single point mutation studies 

could be used in that particular region.

In the initial chimeric receptors constructed, I have probed the role of the 

extracellular loops of the Ai receptor in the allosteric binding of PD81. It has 

been shown that PD81 slows the off rate of CHA (Bruns and Fergus; 1990), 

and PIA (This thesis, Chapter 4) from the Ai adenosine receptor. This is 

analogous to results found for allosteric agents at the muscarinic receptors 

where the allosteric site is thought to be close to the extracellular surface 

(Matsui et al. 1995). In addition to this, binding sites for some ligands of 

receptors such as the Substance P receptor have been suggested to be on the 

extracellular surface of the receptor (Fong at ai. 1992). Thus initially, it was 

decided to replace the extracellular loops of the human Ai receptor 

systematically with the analogous regions of the A2A receptor and assess the 

binding and function of chimeric receptors and the modification of this by PD81. 

In this way it was considered that it might be possible to localise the area of the 

allosteric ligand binding site. This technique would also allow me to probe the 

conventional agonist/antagonist binding site of the receptor.
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5.2 Construction of the chimeric receptors

Chimeric receptor proteins are often synthesised by digesting the cDNA which 

encodes for each protein with restriction endonucleases (which digest the 

cDNAs in homologous locations) and then ligating the resultant fragments to 

make a 'chimeric' cDNA (e.g. Wess et al. 1990). The cDNA is then used to 

direct the expression of the chimeric protein which can be studied by 

pharmacological techniques. ‘Gene splicing by overlap extension’ is a 

relatively novel approach for recombining DNA at precise junctions irrespective 

of nucleotide sequences at the recombination site and without the use of 

restriction endonucleases or ligase (Horton etal. 1989).

Gene splicing by overlap extension involves synthesising the chimeric 

receptors entirely by polymerase chain reactions (PCR). Sections from the 

genes that are to be recombined are generated separately and the PCR 

primers are designed so that the ends of the products are complementary. 

When these PCR products are mixed, denatured and reannealed in a third 

PCR reaction, the strands having the matching sequences at their 3’ ends 

overlap and act as primers for the other. Extension of this overlap by DNA 

polymerase produces a molecule in which the original sequences are ‘spliced’ 

together.

The chimeras were produced in a series of first (Figure 2.1) and second 

(Figure 2.2) generation constructs and fully sequenced as described in Chapter 

2. The exact points of interchange between the amino acids of the Ai and the 

A2A receptor sequences are described in Figure 5.1. Figure 5.2 shows the 

A1/A2A chimeric receptors produced. The expression, function and 

enhancement of binding and function by PD81 at the chimeric receptors was 

studied using both electrophysiological and binding techniques.
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Figure 5.1: The residues at the points of interchange between the Ai and 
the A2A adenosine receptor sequences.

The numbers labelled 1 - 9 refer to points labelled on the Ai adenosine 
receptor sequence shown in the figure. The first and second extracellular 
loops of the Ai and the A2A adenosine receptors contain the same number of 
amino acids whereas the third extracellular loop of the A2A adenosine receptor 
contains one more amino acid than that of the Ai adenosine receptor. The 
amino-terminus of the Ai adenosine receptor contains three amino acids more 
than the amino-terminus of the A2A adenosine receptor.

Construct Regions of Ai sequence Regions switched to A2A sequence

CHI 2 - 9 1 -2

CM2 1 -3 3 - 9

CH3 1 -5 5 - 9

CH4 1 -7 7 - 9

CH2a 1 -3 4 - 9 3 - 4

CH3a 1 -5 6 - 9 5 - 6

CH4a 1 -7 8 - 9 7 - 8
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Figure 5.2: Simple models of the A1/A2A chimeric receptors.

Simple seven transmembrane representations of the chimeric receptors 
produced are illustrated. Sections consisting of Ai sequence are shown in 
green and sections consisting of A2A sequence are shown in red.

Ch1

COOH

NH2 NH2

Ch2 Ch2a

COOH COOH

NH2 NH2

Ch3 Ch3a

COOH COOH

Ch4 Ch4a

COOH COOH
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5.3 Analysis of chimeric receptors using electrophysiology

5.3.1 The oocyte expression system

Oocytes are unfertilized egg cells which grow to more than 1mm diameter at later 

stages of development in lower vertebrates. This enables intracellular recording 

with multiple electrodes to be performed with ease. Furthermore, all the 

biochemical steps, from translation of RNA to insertion of protein in the plasma 

membrane, which usually occur rapidly on fertilization, may also be induced by 

injection of 'foreign' RNAs. If the resulting protein is able to generate an 

electrophysiological response, as in the case of ion channels or receptors, then 

electrophysiological recordings can be used to assay the induced characteristics. 

Oocytes of the clawed frog Xenopus Laevis have been found to be very useful in 

this respect and have become a fundamental part of studies aiming at elucidation 

of the molecular basis of function in proteins.

Xenopus oocytes have a non-uniform structure with 2 distinct regions: the creamy 

coloured 'vegetal' hemisphere and the dark brown 'animal' hemisphere, which are 

surrounded by several tissue layers. The oocyte's membrane gives rise to 

microvilli which form gap junctions with the macrovilli of the follicle cells. 

Importantly, the follicle cells also possess receptors and ion channels, and can 

contribute to the oocyte's overall electrophysiological response. In the studies in 

this thesis, the follicular cells were therefore uncoupled and removed from the 

oocyte by collagenase treatment to prevent interference of endogenous receptors 

or ion channels.

5.3.2 Expression of the adenosine Ai receptor and functional coupling to 

GIRK1 in oocytes

The G protein-gated ïC channel from rat atrium (GIRK1 or KGA) is a member of a 

gene family encoding inwardly rectifying fC channels (Kubo at a i 1993, Dascal at 

ai 1993b). This family of channels are coupled to seven-transmembrane receptors 

via the pertussis toxin-sensitive G/Go family of heterotrimeric G proteins. GIRK1
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has been shown to couple functionally to co-expressed serotonin 1A, 5-opioid and 

muscarinic m2 receptor in Xenopus oocytes (Dascal at al. 1993b). In each case, 

the inwardly rectifying K* current could be activated when both GIRK1 and the 

receptor were heterologously expressed, but not when the receptor or GIRK1 

alone was Injected. As the above mentioned receptors activate G proteins 

(Gilman; 1987), the activation of GIRK1 was probably mediated by endogenous 

oocyte G proteins that couple to the receptor.

The adenosine Ai receptor has been shown to couple to pertussis toxin-sensitive 

G proteins (Munshi at al. 1991) and agonists of adenosine Ai receptors open 

channels in neurons (Greene and Haas; 1991). If the Ai receptor could be 

demonstrated to couple to GIRK1 when they were co-expressed in oocytes, a good 

assay system would be generated with which to compare the effect of PD81 on the 

Al, A2A and chimeric A1/A2A receptors.

Human Ai adenosine receptor cRNA and GIRK1 cRNA (%1ng each) were 

coinjected into Xenopus oocytes, and after 4 or more days, an injected oocyte was 

placed in the chamber perfused with normal saline (ND96). The holding potential 

was set at -60mV and the solution was changed to a high potassium-containing 

solution (denoted highK or 90K) (90mM KCI, 3mM MgCI2, 5mM HEPES, pH 7.5). 

Because the conductance of the inward rectifier channel is dependent on both 

voltage and the ionic composition of the medium, recordings were made at 

negative voltage and in a buffer containing a high concentration of \C to increase 

the signal. The change of solution from ND96 to highK led to the development of 

an inward current which may consist of an endogenous inwardly rectifying current 

and/or basal GIRK1 activity. This ‘background’ current was subtracted from all 

subsequent adenosine-activated currents.

Bath application of adenosine (InM) induced an inwardly rectifying current under 

two electrode voltage clamp. A current-voltage (l-V) relationship was constructed 

by stepping the voltage from -GOmV to a range of voltages ranging between 

-120mV and +20mV, using a voltage-step protocol, and recording the current at 

each voltage (Figure 5.3). The l-V curve suggests that it is in fact GIRK1 being 

activated because of the inward rectification shown. The conductance
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at this dose of adenosine could be calculated from the linear section of the l-V 

graph, between -120mV and -40mV.

Figure 5.3: The construction of a current-voltage (l-V) relationship by using a 
voltage-step protocol.

(a) The step voltage applied under two electrode voltage clamp. The voltage was 
stepped from -60mV to a range of voltages ranging between -120mV and +20mV 
and the current recorded at each voltage. A current voltage relationship can be 
constructed ( b) by plotting the current recorded against the voltage applied. Data 
analysis was carried out using the software package pCLAMP.

a) Step protocol
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E -40-
0)
O)s

- 100 -

Tim e (40m s /  step)-120-J

b) l-V  relationship

-100 -50

Voltage (mV)

- -80

- -160

170



Figure 5.4: Current recordings as a result of increasing concentrations of
adenosine followed on a Maclab 14 recorder.

A range of adenosine concentrations (0.1-1000nM) was applied consecutively and 
the voltage step protocol applied at each dose. Voltage steps were applied only 
after a steady state had been reached after each adenosine dose application. The 
vertical lines show where the voltage steps were applied but their size does not 
represent the relative amount of current. An approximate time interval of 2 minutes 
elapsed between dose applications.
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Figure 5.5: Dose response of adenosine acting at the Ai adenosine receptor
expressed in Xenopus oocytes.

An l-V relationship was constructed for each concentration of adenosine as 
described in the text, and the conductance values calculated. The conductance 
values obtained were normalised to those obtained at a concentration of 1|aM 
adenosine and plotted against the concentration of adenosine applied. The data 
points are the mean normalised data from 18 experiments on eggs from four 
different batches. The mean log ECso value was -8.74+0.11
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A range of adenosine concentrations was applied consecutively and the voltage 

step protocol applied at each dose (Figure 5.4). An l-V relationship was 

constructed for each concentration, and the conductance values calculated and 

plotted against the concentration of adenosine applied. Figure 5.5 shows the 

dose-response curve for adenosine at the Ai adenosine receptor. The curve is a 

simple mass action curve with a Hill slope of unity. The EC50 for adenosine was 

1.8nM (Log EC50 = -8.74±0.11, n= 18, 4 batches of eggs) and the mean 

conductance at IpM adenosine was 0.90±0.23nA/mV.

Before studying the effect of PD81 on the cloned human Ai adenosine receptor 

expressed in Xenopus oocytes, it was necessary to carry out a number of 

preliminary control experiments. Questions that were addressed included; 1) is 

endogenous adenosine present in, or released from, the oocyte? 2) does the Ai 

adenosine receptor couple only to the heterologously expressed \C channel, 

GIRK1, or are there endogenous FC channels present in the oocyte that are also 

able to couple to the receptor and 3) are there endogenous adenosine receptors 

in the oocyte?

1) Is endogenous adenosine present in or released from the oocyte?

Oocytes were co-injected with Ai cRNA and GIRK1 cRNA and after the appropriate 

number of days (% 4), current-voltage characterisitics were recorded as described 

above. The change of solution from ND96 to highK led to the development of an 

inward current which did not show inward rectification (Figure 5.6). The chamber 

was perfused with IpM DPCPX, an Ai selective antagonist, and the current- 

voltage characteristics again recorded. The l-V response in the presence and 

absence of DPCPX were identical (n=3) as shown in Figure 5.6. Since no part of 

the conductance was removed in the presence of an antagonist it is reasonable to 

conclude that endogenous adenosine is not activating the adenosine receptor and 

the receptor is not precoupled to the \C channel. Thus endogenous adenosine 

does not complicate this assay system and it is not necessary to preincubate the 

oocytes prior to taking measurements with adenosine deaminase to remove 

endogenous adenosine. This result is expected since in this system, the oocyte is 

continuously perfused at a rate of 3ml/min with medium and so if any
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endogenous adenosine was being released from the egg it would be carried away 

immediately.

Figure 5.6: Determination of whether endogenous adenosine is present in, or 
released from Xenopus oocytes.

Current-voltage characteristics were recorded as described in the text in the 
presence (■) or absence ( • )  of DPCPX (IpM). Similar results were obtained in 
each of three expreiments.
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2. Does the A i adenosine receptor couple to the heterologously expressed GIRK1 

alone or is it able to couple to endogenous K" channels that may be present in the 

oocyte?

Oocytes were injected with Ai cRNA only and recordings were carried out as 

described above in the highK solution. The current-voltage characteristics were 

recorded in the presence and absence of adenosine (1uM), The l-V responses +/- 

adenosine were identical (n=3) as shown in Figure 5,7, The presence of 

adenosine in the bath does not induce any extra \C current in addition to the 

‘background’ current that is always observed when moving from ND96 to highK. 

Thus the Ai adenosine receptor does not couple to an endogenous \C channel 

when activated by adenosine.
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Figure 5.7: The possible coupling of Ai adenosine receptors to endogenous
K* channels in Xenopus oocytes.

Current-voltage characteristics were recorded as described in the text in the 
presence (■) or absence (•) of adenosine (1|^M). Data points are the means ± 
s.e.m. of three experiments each performed on separate oocytes.
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3. Are there endogenous adenosine receptors in Xenopus oocytes?

Adenosine was applied to an oocyte injected with GIRK1 cRNA only and 

recordings were taken as described above. Adenosine (1|.iM) had no effect on 

oocytes that had not been injected with Ai mRNA and no additional current was 

superimposed on the ‘background’ current observed in highK solution. In fact, in 

the range of concentrations tested, the inwardly rectifying current was only 

activated when both GIRK1 and the receptor were heterologously expressed.

5.3.3 Expression of the adenosine A2A receptor and functional coupling 

to GIRK1 in oocytes

The A2A adenosine receptor couples to a Gs subtype of G protein and therefore 

might not be expected to activate GIRK1. In order to compare the effect of 

PD81 on the chimeras to that produced on the wild type Ai and A2A adenosine 

receptors, it was necessary to check whether or not the A2A adenosine receptor 

would couple functionally to GIRK1.

Surprisingly, this receptor also gave a functional response when co-expressed 

in oocytes with GIRK1. Adenosine was 100-fold less potent at the A2A receptor 

than at the Ai adenosine receptor giving an EC50 value of 170nM (Log EC50 = 

-6.78+ 0.10, n = 3). The dose-response curve gave a simple mass action curve 

with a Hill coefficient of %1 and a conductance value at 1|.iM adenosine of 

0.78±0.08nA/mV (Figure 5.8).
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Figure 5.8: Dose response of adenosine acting at the A2A adenosine receptor
expressed in Xenopus oocytes.

An l-V relationship was constructed for each concentration of adenosine as 
described in the text, and the conductance values calculated. The conductance 
values obtained were normalised to those obtained at a concentration of 3pM 
adenosine and plotted against the concentration of adenosine applied. The data 
points are the mean normalised data from 3 experiments. The mean log EC50 
value was -6.78±0.10
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5.3.4 The effect of PD81 on the Ai adenosine receptor

The coupling of the Ai and the A2A adenosine receptors to GIRK1 in this 

expression system has allowed me to perform a variety of studies. This initially 

involved experiments to test the effect of PD81 as an allosteric enhancer of 

adenosine receptor coupling in the oocyte system. If an enhanced response could 

be seen at the Ai adenosine receptor but not the A2A receptor, this system would 

be ideal to assay the expression and effect of PD81 on the chimeric A1/A2A 

receptors and hence to help identify regions of the Ai adenosine receptor involved 

in binding PD81.

Initial experiments were carried out on the Ai adenosine receptor. A low 

concentration of adenosine (1nM) was applied to the oocyte in highK solution and 

the l-V relationship measured by applying the voltage step protocol described 

above. PD81 (0.1-10pM) was then applied along with the adenosine and the l-V 

relationship measured again in each case. There appeared to be no 

enhancement, if anything a very slight inhibition, of the conductance values after 

addition of PD81 (Figure 5.9a).

It was thought that perhaps, contrary to the initial hypothesis that PD81 may 

interact with the extracellular loops, PD81 may in fact exert its effect from the inside 

of the membrane and thus needs time to permeate the membrane and show its 

enhancing effect. Thus a second type of experiment was carried out which 

involved applying 1nM adenosine to the oocyte in highK solution and recording the 

l-V using the voltage step protocol. The adenosine was washed out from the bath 

and the oocyte removed and soaked for 30min in PD81 (10).iM). After this, the 

oocyte was replaced in the bath and the l-V relationship measured in highK 

solution. Adenosine (1nM) was added and the l-V recorded in the presence of 

both adenosine and PD81. This experiment was very difficult to perform as the 

oocytes were less stable after re-impalement with the electrodes and non specific 

effects could have occurred. Control experiments were carried out by soaking the 

oocyte in 10% DMSO (the concentration used to dissolve the PD81, see Chapter

2) since this may have some effect on its own. An enhancement of conductance
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was observed in the PD81 soaking experiments of 160+100% (n=8). However, an 

enhancement of conductance was also seen in the control DMSO soak 

experiments of 100+40% (n=3). Thus any enhancement that was seen was not 

significant and probably resulted from poor experimental design caused by the 

removal and re-impaling of the oocytes.

A third set of experiments were carried out to see if perhaps PD81 had a non

specific inhibitory effect on some component of the oocyte system which would 

mask the enhancing effect of PD81 on the binding of adenosine to the Ai 

adenosine receptor. Oocytes injected only with cRNA of GIRK1 were used and the 

the l-V relationship was measured by applying the voltage step protocol described 

above. PD81 (lOpM) was then applied and the l-V relationship measured again. 

There appeared to be an inhibition of the conductance after addition of PD81 as 

shown in Figure 5.9b. This inhibition was reversible when PD81 was removed 

further confirming that the PD81 itself was causing the inhibitory effect. This result 

was seen in three eggs.

It therefore appears that PD81 may be interacting with the GIRK1 channel in an 

inhibitory way and this inhibition may mask its enhancing effect on the adenosine 

receptor itself. If PD81 does act in a non-specific manner, this assay system 

cannnot be used to look at the effects of PD81 on the wildtype or chimeric 

receptors. So, unfortunately, this section of the project was necessarily 

abandoned.

5.3.5 Expression and Function of the chimeric receptors

I was no longer able to use the electrophysiological assay system to look at the 

effect of PD81 on the chimeric receptors in comparison to the wildtype receptors so 

further studies using the oocyte expression system were limited to a test of 

chimeric receptor expression and function in this system. This was nevertheless 

important as it showed us from an early stage whether the chimeras were 

functional, at least in this system.
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Figure 5.9: The effect of PD81 In the Xenopus oocytes injected with cRNA 
from both the Ai adenosine receptor and GIRK1, and injected with cRNA of 
GIRK1 only.

An example of a recording on a Maclab 14 recorder taken using an egg injected 
with cRNA from both the Ai adenosine receptor and GIRK1. Electrophysiological 
recordings were taken as described in the text. A non-maximal dose of adenosine 
(InM) was applied and the voltage step protocol applied. PD81 (10|iM) was then 
added together with the adenosine (InM) and the voltage steps again applied. 
Figure (b) shows an example of a recording taken using an egg injected with cRNA 
from GIRK1 only. PD81 alone (lOpM) was applied and the voltage steps recorded. 
Voltage steps were applied only after a steady state had been reached following 
each application. The vertical lines show where the voltage steps were applied but 
their size does not represent the relative amount of current. An approximate time 
interval of 2 minutes elapsed between dose applications.
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RNA was prepared for each construct and the relative coupling to GIRK1 in the 

oocyte system analysed. Chimeric A1/A2A adenosine receptor cRNA and GIRK1 

cRNA (%1ng each) were co-injected into Xenopus oocytes, and after the 

appropriate number of days (% 4), an injected oocyte was placed in the chamber 

perfused with ND96. The holding potential was set at -60mV and the solution was 

changed to highK. The inward current produced on changing the solution from 

ND96 to highK was subtracted from all subsequent adenosine-activated currents.

A range of adenosine concentrations (0.1-10,000nM, where appropriate) were 

applied consecutively and the voltage step protocol used at each dose. Current- 

voltage (l-V) relationships were constructed for each concentration, and the 

conductance values calculated and plotted against the concentration of adenosine 

applied. Table 5.1 summarises the mean EC50 values for each of the constructs 

and the wildtype receptors and the conductance values measured at IpM 

adenosine concentration.

TABLE 5.1: Mean conductance values and EC50 values obtained for the
wildtype and chimeric receptors.

Chimeric A1/A2A adenosine receptor cRNA and GIRK1 cRNA (%1ng each) were co- 
injected into Xenopus oocytes, and after ^ 4days, electrophysiological receordings 
were taken to construct current-voltage (l-V) relationships for a range of adenosine 
concentrations (0.1-10,000nM, where appropriate) as described in the text. For 
each chimeric and wild type receptor, the conductance values were calculated at 
each concentration and plotted against the concentration of adenosine applied.

CONSTRUCT Log EC50 Conductance at 1^M 

adenosine (nA/mV)

no. of eggs/ no. of batches

Ai 8.74+0.11 0.90±0.23 18/4

CHI 6.38±0.11 2.85±0.27 12/3

CH2 Response too small to quantitate

CH3 Response too small to quantitate

CH4 8.09±0.21 1.22±0.11 11 / 2

CH2a 6.73±0.05 2.77±0.37 11/3

CH3a 7.41±0.07 2.26±0.81 7 /2

CH4a Response too small to quantitate

A2A 6.78±0.10 0.77±0.08 3/1
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The inward rectification observed for the Ai adenosine receptor (Figure 5.3) was 

similarly observed for all the constructs that gave a response. Figure 5.10 shows 

the l-V responses of both CHI and CH4 at lOOnM adenosine, both showing inward 

rectification. It appears from this that these constructs also activate GIRK1.

The size of the conductance at 1|iM adenosine varied considerably between the 

constructs. CHI and CH2a showed the largest conductances, CH2, CH3 and 

CH4a gave responses that were too small to measure accurately and CH4, CH3A 

gave intermediate size conductances. The relative size of conductances are 

compared in Figure 5.11.

The potency of adenosine at these receptors also varied dramatically as shown in 

Figure 5.12 and summarised in Table 5.1. An interesting point can be seen here. 

CHI, CH2a and CH3a show simple mass action curves with Hill coefficients of 

unity. However CH4, gave a Hill coefficient of 0.46 ± 0.11 in contrast to the Ai, 

A2A, and other chimeric receptors. This may indicate that CH4 activates GIRK1 by 

two mechanisms. The dose-response curve could be fitted to a two component 

model having an EC50 of 2.4nM (Log EC50 = -8.62 ±0.17 (64 ± 7%) and 170nM 

(Log EC50 = -6.78 ± 0.33 (36 ± 7%). Both EC50 values are close to the values 

observed for the Ai and the A2A receptors as shown in Table 5.2.

TABLE 5.2: Comparison of the Hill Coefficient and EC50 values of the Ai, A2A 
and CH4 receptors.

The experiments were carried out as described in the legend to Table 5.1. Current- 
voltage (l-V) relationships were constructed for each concentration, and the 
conductance values calculated and plotted against the concentration of adenosine 
applied. Hill Coefficients were calculated by fitting the data to a sigmoidal dose- 
response cirve with a variable slope.

Construct Hi.!!..P.9.Gtficient .Log.EÇso (nM)
Ai ...........................% 1.............................8.7±0.i............  1 site fit

A2A % 1 6.8±0.1 1 site fit

limera CH4 % 0.4 8.4±0.2 (68%) 6.5+0.4 (32%) 2 site
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Figure 5.10: The inward rectification observed of the l-V responses of CHI 
and CH4 both stimulated by 1C0nM adenosine.

A current-voltage relationship is shown for both the chimeric receptors CHI (top) 
and CH4 (bottom). Adenosine (lOOnM) was applied and the current recorded at a 
range of voltages by using the voltage step protocol described in the text. Data 
analysis was carried out using the software package pCLAMP. It can be seen that 
both CH1 and CH4 show inward rectification
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Figure 5.11: A qualitative comparison of the conductance size at 1)iM
adenosine at CHI, CH4 and CH3.

The figure shows examples of recordings on a Maclab 14 recorder taken as high 
adenosine concentrations (IpM/IOuM) were added and the voltage step protocol 
applied at three chimeric receptors; CHI (top), CH4 (middle) and CH3 (bottom). 
Voltage steps were applied after a steady state had been reached following each 
adenosine dose application. The scale of the y-axis (current) is the same for all 
three figures. As can be seen in the top figure (CHI), at a dose application of 
lOpM adenosine, a large drop in the horizontal line is observed indicating a large 
current flow at -GOmV. At CH4 (middle), a smaller current flow is obtained at this 
voltage as a result of adding lOpM adenosine and an even smaller current is 
observed with CH3 (bottom). The vertical lines show where the voltage steps were 
applied but their size does not represent the relative amount of current. An 
approximate time interval of 2 minutes elapsed between dose applications 
depending on the time taken to reach steady state.
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Figure 5.12: Dose response of adenosine acting at CHI, CH4, CH2a and 
CH3a all expressed in Xenopus oocytes.

Dose-response curves for adenosine at the chimeric receptors; CH1 (top left), CH4 
(top right), CH2a (bottom left) and CH3a (bottom right). An l-V relationship was 
constructed for each concentration as described in the text, and the conductance 
values calculated. The conductance values obtained were normalised to those 
obtained at a concentration of 1fiM adenosine and plotted against the 
concentration of adenosine applied. The data points are the mean normalised 
data from 7 - 1 2  experiments on eggs from two or three different batches. The 
mean log ECso value were; CHI; -6.38±0.11, CH4: -8.09±0.21, CH2a: -6.73±0.05, 
CH3a: -7.41 ±0.07.
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5.4 Analysis of constructs using radioiigand binding

5.4.1 Initial Screening of chimeric receptors

The ligand binding properties of the chimeric receptors were studied following 

their transient expression in COS M6 cells. The COS M6 cell membranes used 

in the experiments outlined in this chapter were pretreated with the 

permeabilising agent saponin (0.1 mg/ml) as described previously (chapter 2, 3, 

4). Membranes were pretreated with adenosine deaminase (3U/ml) for 30 

minutes at 25°C prior to assay.

Initial experiments were performed to assess whether any of four adenosine 

receptor specific radioligands showed specific binding at the chimeric 

receptors. The specific binding of three agonists, [^H]CHA (InM), [^H]PIA 

(InM) and fH]NECA (InM), and the Ai selective antagonist, [^HJDPCPX 

(O.SnM) was measured in the wildtype Ai and A2A adenosine receptors as well 

as in the chimeric constructs. Binding was also measured in membranes 

prepared from COS MG cells transfected with the vector containing no receptor 

sequence insert. The binding reactions were carried out under three 

conditions: 1) in the presence of GTP (1mM), 2) in the absence of GTP and 3) 

in the absence of GTP and in the presence of theophylline (3mM), to measure 

the non-specific binding.

None of the radioligands showed any binding activity in cells transfected with 

the empty pBK-CMV vector. This is an important control to show that no 

additional adenosine receptors are present in the COS MG cells that would 

interfere with the binding measurements. The Ai selective antagonist 

fH]DPCPX (O.SnM) bound to the Ai adenosine receptor but not to the A2A 

adenosine receptor as would be expected (Figure 5.13). fH]DPCPX binding 

was also seen at CHI, CH4 and CH4a. No binding greater than the non 

specific was observed for the other constructs, that is, for CM2, CH3, CH2a, 

CH3a (Figure 5.13). This could be due to a reduced affinity of these constructs
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for Al selective compounds or alternatively it could be due a lack of expression 

of these constructs in the cell membrane.

In the presence of GTP, [^H]DPCPX binding was % 10% higher (6007±120dpm) 

than in the absence of GTP (5486±88dpm). This was consistent with results 

shown in chapter 3 (section 3.3.2). This slight increase in binding in the 

presence of GTP was also observed for C H I, CH4 and CH4a.

Figure 5.13: Screening of [^H]DPCPX binding to the Ai, Â2a and A^IA 
receptors.

2A

Binding of [^H]DPCPX (O.SnM) was measured in the presence and absence of 
ImM GTP. using membranes that were previously treated with 3U/ml ADA for 
30 minutes at 25°C. Non specific binding was determined in the presence of 
3mM theophylline. Data points are triplicate determinations from one of three 
experiments. Other incubation conditions are as described in Chapter 2.
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The binding profiles of CHA and PI A, both Ai selective ligands were similar. In 

the absence of GTP, high levels of binding was seen for both agonists at the Ai 

adenosine receptor compared to the A2A adenosine receptor. As with 

[^H]DPCPX, binding was also observed at the constructs CH1, CH4 and CH4a 

(Figure 5.14). A small amount of binding was observed for PIA at CH3 and 

CH2a which consisted of 20-25% increase over non-specific binding. In the 

presence of GTP nearly all binding was abolished indicating that the CHI, CH4 

and CH4a chimeric receptors are still able to couple and uncouple from G 

proteins and hence have retained their functional properties.

The binding profile for [^HJNECA, a non-selective agonist, was slightly different 

from the two other Ai selective agonists. Firstly, a much greater degree of A2A 

binding was observed here, compared to binding of [^H]PIA and fH]CHA. 

There is however, still greater binding to the Ai than to the A2A adenosine 

receptor; 770±21dpm to the Ai adenosine receptor compared to 127±20dpm 

binding to the A2A adenosine receptor. Binding of [^H]NECA was also 

observed in CHI, CH2, CH4 and CH4a. Binding to CH2 had not been 

observed using the other ligands (see Figure 5.14).

Based on this finding with CH2 and fH]NECA, it was thought that perhaps the 

other chimeras, CH3, CH2a and CH3a, that had as yet shown no binding, might 

have a reduced agonist affinity and higher concentrations of [^H]NECA could 

show some binding. Even if the concentrations used would be too high to use 

in additional assays, it would at least give some idea as to whether the 

chimeras were expressed in the membrane or not. [^H]NECA (lOnM), a 10-fold 

higher concentration was used in binding studies with CH3, CH2a and CH3a in 

the presence and absence of theophylline (3mM) to measure non-specific 

binding. Although at this concentration of [^HJNECA the non-specific binding 

was increased, there was still a definite amount of specific binding as shown in 

Figure 5.15. Thus all the constructs are expressed in the membrane and have 

retained some form of binding. The affinity of the various compounds could 

now be assessed using more detailed binding studies.
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Figure 5.14: Agonist binding to the Ai, A%A and A1/A2A receptors.

Binding of [^H]CHA, [^H]PIA and [^H]NECA (1nM) was measured in the 
presence and absence of GTP (1mM). Other incubation conditions are as 
described in the legend to Figure 5.13. Patterned bars show amount bound in 
the absence of GTP, empty bars represent the amount bound in the presence 
of GTP and filled bars represent non-specific binding.
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Figure 5.15: Binding of f  H]NECA to CH3, CH2a and CH3a chimeras.

Binding of fH ]NECA (10nM) was measured using membranes that were 
previously treated with 3U/ml ADA for 30 minutes at 25°C .Non specific binding 
was determined in the presence of 3mM theophylline. Other incubation 
conditions are as described in Chapter 2. Data points are triplicate 
determinations from one representative experiment. Empty bars show the total 
amount bound and filled bars represent the non-specific binding.
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5.4.2 Binding Affinities of agonists and antagonists

Before being able to look at the alterations in binding of PD81 at the chimeric 

receptors it was necessary to determine what, if any, were the alterations in 

agonist and antagonist binding. Competition binding studies were carried out 

to determine the affinity with which different ligands bound to the wild-type and 

chimeric receptors. I attempted to obtain as many binding parameters as was 

feasible for each construct. Decisions as to which competition binding 

experiments could be carried out were based on the results of the initial 

screening assays described above.
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[^H]DPCPX bound with significant affinity to Ai, CH1, CH4 and CH4a and so 

[^H]DPCPX competition studies could be carried out with these constructs. 

[^H]DPCPX vs CHA, NECA, and DPCPX were carried out in the presence of 

GTP to give an estimate of the low agonist affinity binding state of the receptor. 

Since the A2A receptor and CM2, CH3, CH2a and CH3a did not give 

appreciable fh]DPCPX binding, as assessed in the screening assays, the 

affinity of CHA and NECA for the low affinity agonist states of these receptors 

could not be obtained.

[^H]NECA gave binding to all constructs depending on the concentrations of 

[^H]NECA used. [^H]NECA vs NECA competition experiments were carried out 

for all the constructs. Thus parameters for the binding of NECA to the high 

affinity agonist binding state of all the receptors were obtained. [^H]NECA vs 

CHA or DPCPX were also carried out for the relevant receptors giving 

estimates for the binding of CHA to the high affinity agonist state and further 

values for the affinities of DPCPX binding. Estimates of CHA affinity for the 

high affinity agonist state and the affinity of DPCPX at the constructs CH3, 

CH2a and CH3a could not be obtained because of the low levels of binding. 

Further competition assays were carried out using [^H]NECA vs COS 21680, a 

supposedly A2A selective agonist, on all constructs. The complete set of 

parameters obtained are summarised in Table 5.3.

5.4.2.1 Determination of antagonist affinities

The binding of DPCPX to the Ai, CHI, CH4 and CH4a receptors was measured 

in competition experiments with [^H]DPCPX (O.SnM) in the presence of GTP 

(ImM). The affinity of DPCPX at the chimeric receptors, CHI, CH4 and CH4a 

was very close to, or slightly higher than its affinity at the Ai adenosine 

receptor (Table 5.3). To measure the binding affinity of DPCPX at the A2A 

adenosine receptor and CH2, competition experiments with f  H]NECA (5nM for 

A2A , lOnM for CH2) were carried out. To ensure that this method of obtaining 

the affinity of DPCPX was not different than by competition experiments with 

[^H]DPCPX, competition experiments between [^H]NECA (0.2nM) and DPCPX 

were carried out at the Ai adenosine receptor at the same time.
195



Table 5.3: Parameter estimates of agonist and antagonist binding

affinities at the Ai, Â2a and A1/A2A chimeric receptors.

Experiments were performed as described in section 5.4.2. The values listed in 
the table are the means ± s.e.m. of three experiments (unless otherwise 
indicated in the text) each performed in triplicate. The affinity constants are 
expressed as log values.
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NECA NECA CHA CHA CGS21680 DPCPX

CONSTRUCT High

Affinity

Low

Affinity

High

Affinity

Low

Affinity

High

Affinity

Ai 9.47±0.06 5.62±0.09 9.18±0.12 5.38+0.05 6.82+0.08 8.48+0.06

A2A 7.19+0.06 - 5.03±0.03 - 7.99+0.03 6.74+0.03

CH1 9.07±0.08 4.49±0.04 8.71+0.11 4.82+0.12 6.43+0.05 8.50+0.02

CH2 7.12+0.18 - 5.96+0.26 - 7.83+0.12 < 6

CH3 6.87+0.06 - - <6 -

CH4 8.77+0.20 5.92±0.07 8.41+0.11 5.85+0.04 6.35+0.03 8.90+0.04

CH2a 6.71+0.08 - - <6 -

CH3a 7.09+0.13 - - <6 -

CH4a 9.25+0.13 6.45±0.13 9.03+0.14 6.03+0.15 6.45+0.14 8.63+0.04



The log EC50 values obtained for the affinity of DPCPX for the Ai adenosine 

receptor, using the two different methods were the same; 8.44±0.06 (n=2) 

using [^H]DPCPX, and 8.44+0.10 (n=3) using [^H]NECA. The values obtained 

in competition studies with [^H]NECA were corrected for receptor occupancy 

by the radioligand using the Cheng Prusoff correction. The affinity of DPCPX 

at the A2A adenosine receptor was % 55 fold lower than at the Ai adenosine 

receptor. The affinity of DPCPX at CH2 was very low (< 10"̂  M'^), and could 

not be measured more accurately due to the insolubility of DPCPX at higher 

concentrations. A comparison of the ability of DPCPX to inhibit the radioligand 

used at the Ai, A2A and CH4 receptors is shown in Figure 5.16.

Figure 5.16: Comparison of the affinity of DPCPX at CH4 and the Ai and 
A2A adenosine receptors.

Binding assays were carried out by competition of DPCPX against a fixed 
concentration of [^H]DPCPX (0.5nM) in the presence of ImM GTP, in the case 
of CH4 and the Ai adenosine receptor and [^H]NECA (5nM), in the case of the 
A2A adenosine receptor. Membranes were previously treated with 3U/ml ADA 
for 30 minutes at 25*C. Other incubation conditions are as described in 
Chapter 2. The square symbols ( ■ ) represent Ai, triangles ( T ) represent A2A 
and circles ( • ) represent data points of CH4. Data points are the means ± 
s.e.m of normalised data from two or three experiments each performed in 
triplicate. Curves are computer generated best fits to a one site model using 
the curve fitting programme Graph Pad Prism. Parameter estimates are 
summarised in Table 5.3.

■oc
3
O
CÛ
73
C
m
U)

T3

&
73
0)

E

I.OHh

0.5-

0 .0 -

-10 9 8 7 6 5 4 3 2

Log[DPCPX] (M)
198



S.4.2.2 Determination of agonist affinities

Competition studies were carried out between varying concentrations of CHA 

or NECA and a fixed concentration of [^H]DPCPX (O.SnM) in the presence of 

GTP (1mM) with the A  ̂ adenosine receptor, CH1, CH4 and CH4a. These 

studies give estimates of the affinities of CHA or NECA at the low affinity 

agonist states at the aforementioned receptors and are summarised in Table 

5.3. The log affinities of CHA and NECA to the Ai adenosine receptor are very 

similar, 5.38±0.05 (n = 3) and 5.62+0.09 (n=4) respectively. This similarity of 

binding affinities of the two agonists was also seen at CH1 (4.82±0.12 for CHA, 

4.49±0.04 for NECA), CH4 (5.85±0.04 for CHA, 5.92±0.07 for NECA) and at 

CH4a (6.03±0.15 for CHA, 6.45+0.13 for NECA).

The binding affinities of CHA are increased at the CH4 and CH4a receptors,

3-fold and 4-fold respectively, compared to the Ai adenosine receptor as 

shown in figure 5.17. This increase is seen also with NECA (2-fold and 7-fold 

for CH4 and CH4a respectively). However, the binding affinities of both 

agonists are reduced at CHI, 4-fold in the case of CHA and 13-fold in the case 

of NECA (Figure 5.17).

[^H]NECA vs NECA competition experiments were carried out for all the 

constructs. In competition assays using membranes containing Ai, CHI, CH4 

or CH4a receptors, 0.2nM [^H]NECA was used. When membranes containing 

CH2, CH3, CH2a or CH3a were used lOnM fH]NECA was used. For the A2A 

adenosine receptor, 5nM [^HJNECA was used. Parameters for the binding of 

NECA to the high agonist affinity binding state of the wildtype and aM the 

chimeric receptors were obtained and these are summarised in Table 5.3. All 

data were corrected by a factor to account for receptor occupancy by the 

radioligand (Swillens; 1992). It can be seen from the results that NECA binds 

to CHI, CH4 and CH4a with affinities close to that of the Ai adenosine receptor 

(Log ECso values are; 9.07+0.08, CH1; 8.77+0.20, CH4; 9.25+0.13, CH4a; 

9.47+0.06, Ai). In contrast, NECA appears to bind to CH2, CH3, CH2a and
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Figure 5.17: Comparison of the affinity of CHA at CH1, CH4, CH4a and the
Ai adenosine receptors.

Binding assays were carried out by competition of CHA against a fixed 
concentration of [^H]DPCPX (O.SnM) in the presence of 1mM GTP. 
Membranes were previously treated with 3U/ml ADA for 30 minutes at 25°C. 
Other incubation conditions are as described in Chapter 2. The square 
symbols ( ■ ) represent Ai, triangles ( T ) represent CHI, circles ( • ) 
represent CH4 and diamonds ( ♦ ) represent data points of CH4a. Data points 
are the means ± s.e.m of normalised data from three experiments each 
performed in triplicate. Curves are computer generated best fits to a one site 
model using the curve fitting programme Graph Pad Prism. Parameter 
estimates are summarised in Table 5.3.
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CH3a with affinities close to that of the A2A adenosine receptor (Log EC50 

values are: 7.12±0.18, CH2; 6.87±0.06, CH3; 6.71±0.08, CH2a; 7.09±0.13, 

CH3a; 7.19±0.06, Aza).

The possibility of there being Ai-like and A2A-like chimeric receptors depending 

on the presence of certain sections of each receptor, was tested by performing 

competition experiments with CGS 21680, an A2A selective agonist, and a fixed 

concentration of f  H]NECA. If CH2, CH3, CH2a and CH3a have lower affinities
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for NECA as a result of their A2A-like properties their affinities for CGS 21680 

should be high. However, if their affinities for NECA are reduced due to 

incorrect placement in the membrane or any other similar factor, their affinities 

for CGS 21680 could be low. The same concentrations of [^H]NECA were used 

for the various receptors as were used in the [^H]NECA vs NECA competition 

experiments described above. From these experiments it can be seen that 

CGS 21680 binds with 15-fold higher affinity to the A2A adenosine receptor 

(Log ECso T.99+0.03) than to the Ai adenosine receptor (Log EC5 0 :6.82±0.08). 

CHI, CH4 and CH4a bind CGS 21680 with similar affinités to the Ai receptor 

as has been seen for the other ligands (Log EC50 values: CHI, 6.43±0.10; 

CH4, 6.35±0.03; CH4a, 6.45±0.14 ; n=2). CH2 binds with higher affinity, similar 

to the A2A receptor with a log EC50 value of 7.83+0.12. However, no inhibition 

of [^H]NECA binding by CGS 21680 was detected for CH3, CH2a and CH3a.

5.4.3 Effect of PD81 on chimeric receptors

Since an enhancement of binding to the Ai adenosine receptor by PD81 was 

only observed at the low affinity state of the receptor (Chapter 4), it was only 

possible to look at the effect of PD81 on the chimeric constructs which showed 

binding of the antagonist fH]DPCPX, (CHI, CH4 and CH4a). Competition 

binding assays were thus carried out on the Ai adenosine receptor, CHI, CH4 

and CH4a only. The binding of the agonists, CHA or NECA, were measured in 

competition experiments with [^H]DPCPX (O.SnM) in the presence of GTP 

(ImM) and in the presence or absence of lOpM PD81. The concentration of 

f  H]DPCPX used was close to or below its Kd in each case.

Initial experiments were carried out on the Ai adenosine receptor using CHA as 

the competing ligand. The specific binding of [^H]DPCPX decreased from 

1166±20dpm in the absence of PD81 to 897±15dpm at lOpM PD81. Both in 

the absence and presence of PD81, the curves were well described by a mass 

action inhibition curve and addition of PD81 caused a leftward shift of the 

binding curve resulting from an increase in agonist affinity (Figure 5.18). The 

log IC50 values increased 9-fold, from 5.45+0.06 in the absence of PD81 to
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6.38±0.03 at 10|iM PD81. These results agreed favourably with the results 

from similar experiments carried out on Ai adenosine receptors expressed 

stably on CHO cells (Chapter 4). The positive co-operativity was also 

observed with NECA. Parameter estimates of three or four experiments with 

CHA or NECA as the competing agonist are summarised in Table 5.4.

Figure 5.18: The effect of PD81 on the competition by CHA of fH]DPCPX 
binding to the Ai adenosine receptor.

Binding assays were carried out by competition of CHA against a fixed 
concentration of [^H]DPCPX (O.SnM) in the presence of 1mM GTP. 
Membranes were previously treated with 3U/ml ADA for 30 minutes at 25°C. 
Other incubation conditions are as described in Chapter 2. The assays were 
performed in the presence (square symbols ■ ) and absence (circles • ) of 
PD81 (10pM). Data points are triplicate determinations from one 
representative experiment. Curves are computer generated best fits to a one 
site model using the curve fitting programme Graph Pad Prism. Parameter 
estimates from three such experiments are summarised in Table 5.4.
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Analogous competition experiments between [^H]DPCPX (O.SnM) and CHA or 

NECA (± PD81) were performed on CH1, CH4 and CH4a. In CH1 and CH4a, 

[^H]DPCPX binding decreased 14% and 51% respectively in the presence of 

PD81 (lOpM). Furthermore, at CHI and CH4a, PD81 (lOpM) caused a 3- and

4-fold increase in potency of CHA respectively (Figure 5.19). Similar increases 

in potency were also observed with NECA (Table 5.4). Thus, at CHI and 

CH4a, as found at the Ai adenosine receptor, positive co-operativity between 

PD81 and either CHA or NECA was observed.

However, surprisingly, in CH4, PD81 caused a seven-fold DECREASE in the 

potency of CHA. That is, PD81 acts in a negative co-operative manner with 

CHA at this chimera. Likewise, negative co-operativity was observed between 

PD81 and NECA at CH4. A further point to note in the case of CH4 was the 

tremendous decrease in specific binding of fH]DPCPX in the presence of 

PD81 (lOpM) from 3936±87 dpm in the absence of PD81 to 751 ±23 in the 

presence of PD81. This is an 80% decrease in binding compared to a 23% 

decrease in binding that is observed at the Ai adenosine receptor.

TABLE 5.4: The effect o f PD81 on the competition between [^H]DPCPX 
and either CHA or NECA at the Ai , CHI, CH4 and CH4a receptors.

Binding assays were carried out as described in the legend to Figure 5.18. The 
table summarises the parameter estimates obtained and the resultant change 
in ICso obtained from three or four experiments.

Construct Agonist IC50 control ICso + PD81 (10)iM) Change in IC50 (fold)

NECA 5.62+0.09 6.37+0.07 +5.7±1.1

CH1 CHA 4.82±0.12 5.30±0.02 +3.0±1.4

NECA 4.54+0.06 5.24+0.07 +5.0+1.2

CH4 CHA 5.85±0.04 5.00±0.15 -7.0±1.5

NECA 5.92±0.07 5.07±0.04 -6.3+1.1

CH4a CHA 6.03±0.15 6.61±0.08 +3.9+1.4

NECA 6.45±0.13 6.71±0.09 +1.7±0.1
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Figure 5.19: The effect of PD81 on the competition by CHA of f  H]DPCPX
binding to the chimeric receptors, CHI, CH4 and CH4a.

Binding assays were carried out as described in the legend to Figure 5.18. 
The assays were performed in the presence (square symbols ■ ) and absence 
(circles • ) of PD81 (lOpM). Parameter estimates from three such experiments 
are summarised in Table 5.4.
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A further experiment was carried out in order to determine the affinity of PD81 

at the Ai adenosine receptor and the chimeric receptors. Competition binding 

assays were performed with [^H]DPCPX (O.SnM) against varying 

concentrations of PD81 in the presence of GTP (1mM). As can be seen in 

Figure 5.20, PD81 binds to CH1 and CH4a with similar affinity to that observed 

at the Ai adenosine receptor, (log IC50: 4.70±0.04). However, PD81 is 11 -fold 

more potent in binding to CH4 than to the Ai adenosine receptor giving a log 

IC50 value of 5.73±0.03. Parameter estimates from three or four such 

experiments are summarised in Table 5.5.

Figure 5.20: Comparison of the affinity of PD81 at CH1, CH4, CH4a and 
the Ai adenosine receptor.

Binding assays were carried out by competition of PD81 against a fixed 
concentration of [^H]DPCPX (O.SnM) in the presence of 1mM GTP. 
Membranes were previously treated with 3U/ml ADA for 30 minutes at 25°C. 
Other incubation conditions are as described in Chapter 2. The square 
symbols ( ■ ) represent Ai, triangles ( T ) represent CH4, circles ( • ) 
represent CH1 and diamonds ( ♦ ) represent data points of CH4a. Data points 
are triplicate determinations from one representative experiment. Curves are 
computer generated best fits to a one site model using the curve fitting 
programme Graph Pad Prism. Parameter estimates are summarised in Table 
5.5.
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TABLE 5.5: The effect of PD81 on f  H]DPCPX binding to the Ai and three
chimeric adenosine receptors.

Binding conditions were as described in the legend to Figure 5.20. Parameter 
estimates are the means ± s.e.m of three experiments each performed in 
triplicate.

CONSTRUCT Log ICso

Ai 4.62±0.04
CH1 4.57±0.03
CH4 5.64±0.04
CH4a 4.78+0.14

5.4.3.1 Effect of altering the buffer contents on the binding of PD81

Since it was only possible to look at the effect of PD81 on the chimeric 

constructs which showed binding of the antagonist [^H]DPCPX, that is CH1, 

CH4 and CH4a, our initial aims of probing the involvement of the extracellular 

loops in the binding of PD81 were far from fulfilled. In order to look at the effect 

of PD81 on the other four chimeric constructs, it was necessary to devise a way 

to observe the effects of PD81 on the high affinity state of the receptor. An 

enhancement of binding to the high agonist affinity state of the receptor has 

been observed by other groups using a Mg^Vree buffer (Bruns and Fergus; 

1990, Bhattacharya and Linden; 1995), and so I decided to test the effects of 

PD81 on f  H]NECA binding in a Mg^Vree buffer.

Initial experiments were carried out to see if PD81 would give an enhancement 

of [^H]NECA binding to CHO.Ai cell membranes in the absence of Mg "̂”. The 

binding of fH]NECA (InM) was measured in the presence of PD81 (0-10|.iM) 

using a buffer containing Hepes (20mM), EDTA (O.ImM). The EDTA was 

added to the buffer to chelate any remaining divalent or multivalent ions that 

may be present in the assay. In the control buffer (Hepes 20mM, MgCb lOmM,
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NaCI lOOmM), lOjaM PD81 caused a decrease of binding to 65% of the original 

binding seen in the absence of PD81. However, in the Mg *̂-, NaCI-free buffer, 

10|^M PD81 caused an enhancement of fh]NECA binding to 200% of the 

binding in the absence of PD81 (Figure 5.21). Thus in the absence of Mg "̂, an 

enhancement of agonist binding to the high affinity agonist state in the 

presence of PD81 can be observed in these cell membranes.

Figure 5.21: The effect of buffer contents on the PD81 effect on |fH]NECA 
binding.

Binding of [^H]NECA (1nM) to CHO.Ai membranes was measured in the 
presence of increasing concentrations of PD81 (0 - lO îM), using membranes 
that were previously treated with 3U/ml ADA for 30 minutes at 25°C. Non 
specific binding was determined in the presence of 3mM theophylline. Other 
incubation conditions are as described in Chapter 2. Data points are triplicate 
determinations from one experiment.
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Thus it is possible to see the enhancing effect of PD81 on the high affinity state 

of the Ai adenosine receptor if the experiments are carried out in the absence 

of Mg^* and NaCI. Although these conditions are not consistent with those 

used in the rest of this project, preliminary experiments were carried out on all 

the chimeric receptors to determine if PD81 acts as an allosteric enhancer of 

agonist binding or whether this effect has in fact been lost.

Experiments were carried out as described above to measure the binding of 

[^H]NECA to the COS M6 cell membranes transiently transfected with the 

different wildtype and chimeric constructs. Assays were performed in the 

presence of various concentrations of PD81 (0-10|.iM), and the concentration of 

[^HjNECA used for each assay was appropriate for each particular construct. 

Thus in experiments using Ai, CH1, CH4 and CH4a, 1nM fhijNECA was used, 

whereas in experiments using A2A, CH2, CH3, CH2a and CH3a, 10nM 

pHjNECA was used.

The first interesting result observed was the effect of PD81 on the A2A 

adenosine receptor in these new buffer conditions. Firstly, the levels of binding 

to the A2A receptor were dramatically increased (compare Figures 5.14 and 

5.22). Secondly, PD81 did not have zero effect at the A2A adenosine receptor, 

as has been observed when the experiment is carried out using the regular 

buffer conditions (data not shown) and as has been postulated from the binding 

and functional assays carried out previously ( Chapter 4; this Thesis, Bruns 

and Fergus; 1990). In fact, a decrease in [^HjNECA binding was observed with 

increasing concentrations of PD81 (Figure 5.22). In four independent 

experiments, the mean inhibition observed at lOpM PD81 was 34±5%. This 

result suggests that there may be a binding site for PD81 on the A2A adenosine 

receptor, but the effect of PD81 is not observed in the assay conditions that I 

have normally used.

As can be observed in Figure 5.22, the effect of PD81 on the Ai adenosine

receptor under Mg^Vree conditions is relatively weak. It appears that in this

new buffer, the effect of PD81 on Ai-like receptors will be an enhancement of

fHjNECA binding and the effect of PD81 on A2A-like receptors will be a
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reduction in [^H]NECA binding. The effect of PD81 (using Mg^Vree 

conditions) on the chimeric receptors was assessed by measuring the binding 

of [^H]NECA to the chimeric receptors in the presence of increasing 

concentrations of PD81 (0-1 OpM). Table 5.6 summarises the qualitative results 

obtained in three replicate experiments

Figure 5.22: The effect PD81 on [^H]NECA binding to the Ai and A2A
adenosine receptors in a Mg^Vree buffer.

Binding of [^H]NECA (InM to Ai, 1GnM to A2a) was measured in the presence of 
increasing concentrations of PD81 (0 - 10|,iM), using membranes that were 
previously treated with 3U/ml ADA for 30 minutes at 25°C. Non specific binding 
was determined in the presence of 3mM theophylline. Other incubation 
conditions are as described in Chapter 2. Data points are triplicate 
determinations from one representative experiment.
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TABLE 5.6: Effect of PD81 on [^H]NECA binding to the chimeric receptors 
in a Mg^Vree buffer.

Binding of [^H]NECA (1nM to Ai. CH1. CH4, CH4a; 10nM to Aza. CH2, CH3, 
CH2a, CH3a) was measured in the presence of increasing concentrations of 
PD81 (0 - 10|iM). Other incubation conditions are as described in the legend 
to Figure 5.22. Resultant effect of PD81 is the result seen in at least two out of 
three or four replicate experiments. The effect on CH3a could not be 
evaluated from these experiments as no consistent dose dependent change in 
binding was observed.

CONSTRUCT Effect of PD81 on [^HJNECA binding

Ai Enhanced
A2A Diminished
CH1 Enhanced
CH2 Diminished
CH3 Very small reduction
CH4 Strongly diminished
CH2a No effect
CH3a -

CH4a Strongly enhanced

c m  and CH4a show a similar enhancement to that of the Ai receptor. CH2 

shows a similar level of reduction to the A2A receptor. CH4 shows a dramatic 

reduction in [^H]NECA binding such that in the presence of 10|.iM PD81 the 

binding of [^H]NECA is reduced to the level of non-specific binding.

A final experiment was carried out to see if the affinity of [^H]NECA for the Ai 

and the Aza adenosine receptors is altered in the Mg^Vree buffer since the 

levels of binding appear to have changed. Only one experiment was performed 

so the results must be treated with caution, however the results suggest that in 

the Mg^Vree buffer the affinity of [^H]NECA for the Ai adenosine receptor is 

decreased 5-fold (0.34nM in the presence of Mg^", 1.74nM in the absence of 

Mg^"). This result may help to explain results in Chapter 4 (see discussion). 

On the other hand, the affinity of [^HjNECA for the A2A adenosine receptor 

appears to be enhanced 5-fold in the Mg^Vree buffer (65nM in the presence of 

Mg "̂', 13nM in the absence of Mg^"). These interesting results will need to be 

followed up with further experiments to ascertain whether they are consistently 

obtained.
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5.5 Discussion

5.5.1 The technique of chimeric receptors

Chimeric receptors were constructed in an attempt to locate the allosteric 

binding site on the Ai adenosine receptor. The data obtained prior to the 

commencement of the chimeric receptor production (see Chapter 4) suggested 

that PD81 acted as an allosteric enhancer at the Ai but not the A2A receptor. 

Thus, replacement of regions of the Ai receptor by complementary regions of 

the A2A receptor was undertaken as an initial attempt to elucidate the region(s) 

where the allosteric ligand interacts with the receptor.

However, results obtained by analysing chimeric receptors in certain studies 

have not been reproduced by single-residue substitutions in the same regions 

(eg. Fong et al. 1992). This suggests that a reduction in ligand binding affinity 

observed in some chimeric receptors may not be due to a loss in specific 

electrostatic interactions but due to conformational changes. In the absence of 

single-residue substitutions, chimeric receptor studies cannot distinguish 

between direct interactions with ligands and conformational effects and even in 

conjunction with single residue substitutions this may not be possible. It is 

therefore necessary to interpret the results from the chimeric receptor studies 

that I have described in this chapter with caution.

The chimeric receptors were constructed using the technique of gene splicing 

by overlap extension as described in Chapter 2. This simple approach is 

advantageous compared to standard recombinant DMA techniques. Since it 

does not require restriction sites within the receptor sequence, the PGR 

approach is much more flexible in its ability to create DNA sequences with the 

desired control. I was able to insert entire extracellular loops of the A2A 

receptor at exactly the putative ends of the transmembrane helices of the Ai 

receptor without introducing any amino acid changes.
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However, this technique does have its disadvantages. The use of DNA 

polymerase in PCR amplification can potentially introduce random errors in the 

gene product due primarily to misincorporation of bases by the polymerase. 

The number of randon errors increases with length of PCR product. This made 

it necessary to analyse many independent clones of the same recombinant 

molecule and thoroughly sequence each of the clones until a perfect one was 

found. In some cases, rather than sequencing many clones, it was easier to 

repair sequencing errors by fusing the non-mutated portions of two clones. 

The use of thermostable polymerases with higher fidelity than Vent 

polymerase, such as Pfu, may improve the recovery of chimeras with correct 

sequences.

5.5.2 Using electrophysiologlcal techniques as a functionai assay

By using the blend of molecular biology and electrophysiology approaches I 

hoped to be able to assess in a relatively quick manner whether PD81 would 

enhance agonist binding in the various chimeric receptors constructed when 

expressed in Xenopus oocytes. Initial control experiments had to be carried 

out, firstly to assess the coupling of the wildtype receptors with GIRK1 and 

secondly to look for the possibility of contaminating currents due perhaps to the 

presence of endogenous adenosine receptors or endogenous fC channels that 

would distort the results obtained.

Results from my experiments suggest that there are no endogenous adenosine 

receptors in defolliculated Xenopus oocytes. Other groups have reported that 

oocytes that have not been injected with any receptor RNA can show responses to 

adenosine (Lotan at a i 1982, Greenfield at ai 1990). However in defolliculated 

oocytes, such as has been used here, Yakel and co-workers have reported, in 

agreement with my results, that adenosine has no effect on uninjected oocytes 

(Yakel a ta i 1992).
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GIRK1 has been shown to couple to serotonin 1A, muscarinic m2 and 5-opioid 

receptors via pertussis toxin-sensitive G proteins in Xenopus oocytes (Dascal et al. 

1993a, 1993b, Kubo et ai. 1993b). Since the Ai adenosine receptor also couples 

via a pertussis toxin-sensitive G protein it was not unexpected to find that the Â  

adenosine receptor also coupled to GIRK1 when heterologously expressed in 

oocytes. The surprising result was that the A2A adenosine receptor, which couples 

to a Gs subtype of G protein, also coupled to GIRK1 in oocytes. When these 

experiments were carried out there had been no reports of GIRK1 activation by 

a Gs linked receptor. However, recently, the coupling of the g: receptor, a Gs 

linked receptor, to GIRK1 has been observed (Lim et a!., 1995). The 

complicated experimental protocol used by this group leads to ambiguous 

interpretations of the mechanism of A2A receptor-GIRKI coupling and does not 

produce an obvious interpretation of the coupling mechanism. Further work is 

necessary to address the question of the mechanism of coupling between a Gs 

linked receptor and GIRK1.

5.5.3 Expression, binding and function of the chimeric receptors

The expression of the chimeric receptors was assessed in two systems. In the 

oocytes, CHI, CH4, CH2a, and CH3a gave a measurable functional response. 

The chimeras, CH2 and CH3, which both have mixed intracellular loops, some 

from the Ai adenosine receptor and some from the A2A adenosine receptor, do 

not couple to GIRK1. These results would imply that any receptor with intact 

first, second and third intracellular loops of the Ai adenosine receptor are able 

to functionally couple to GIRK1. As the second and third intracellular loops are 

thought to be involved in the coupling of the receptor with the G protein 

(Strader et ai. 1994) this theory is credible and it is likely that the receptors 

would couple with varying efficiency to GIRK1. However the lack of response of 

CH4a, a chimera which contains all the intracellular loops of the Ai adenosine 

receptor sheds a different light on this theory and suggests that other 

possibilities should be considered.
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Associated with this point is the variation in the size of conductances by the 

expressing chimeras. Perhaps the quality of the RNA varied, and this resulted in 

differing expression levels of the constructs. Thus CH1, which shows a large 

conductance was possibly expressed well in the membrane due to good RNA 

quality, and CH4a, shows conductance levels too low to measure due to poor 

quality RNA. This is in fact unlikely as different batches of RNA were prepared and 

used and in general the results, between batches were consistent. It would be 

unlikely that the same construct would be made badly or well in each separate 

preparation.

A second possible explanation for the variation in expression is the time taken for 

the receptor to assemble in the membrane correctly. All the experiments described 

here were carried out 4-5 days after injection. Certain receptors may assemble 

quickly and show high expression by this time. However, some constructs may 

need more time than this to assemble, especially if structural changes have been 

imposed by the combination of two different sequences. It would be necessary to 

carry out a more thorough study and observe the sizes of the responses after 

varying numbers of days for each of the constructs to test this possibility. A 

suggestion that this may have been plausible comes from testing an egg injected 

with A2A cRNA and GIRK1 cRNA 14 days after injection (L. McLatchie, personal 

communication). The size of the response was % 4 fold larger than that recorded 

after 4 days.

The measurement of \C current passing through GIRK1 as a response to the 

binding of adenosine to the chimeric receptor involves many steps and it is 

difficult to point to any particular one as responsible for the differences in 

potencies observed. These potency differences may be due in part to an 

alteration of agonist binding to the receptor, an alteration of the receptor-G 

protein coupling, an alteration of the coupling of the G protein(s) to GIRK1 or to 

the coupling of a different G protein with the chimeric receptor. It could also be 

due to a combination of any one of these. Thus the reason why adenosine is 

far less potent at the A2A adenosine receptor than at the Ai adenosine receptor 

in coupling to GIRK1 (log EC50 values: A2A. 6.78+0.10; Ai, 8.74±0.11) is not 

known. It is possible that the coupling of the adenosine receptors to GIRK1
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occurs via the (3y subunits of the G protein (Reuveny et al. 1994). This 

suggests possibly that in the case of the Ai adenosine receptor, the py subunits 

released from Gj could activate GIRK1 and in the case of the A2A adenosine 

receptor, the Py subunits released from Gs would do the same. Since the 

oocyte has been shown to contain less mRNA for Gas than for other Ga 

subunits (Onate at ai. 1992), this step in the signal transduction pathway could 

be rate limiting in the case of the A2A adenosine receptor and thus adenosine 

would appear to have lower potency at this receptor in activating GIRK1. In the 

mechanistic explanation of Lim et ai. (1995) for the coupling of the p- 

adrenoceptor (a Gs linked receptor) to GIRK1, it is necessary also to assume 

that the amount of Gs in the oocyte is limited.

An interesting finding is the result with CH4. This construct did not show a 

simple mass action dose response curve like CHI, CH2a or CH3a, but showed 

a flat curve with a Hill coefficient of 0.46±0.11. The dose response curve could 

be fitted to a two component model with EC50 values close to the values 

observed for the Ai and A2A adenosine receptors. It is possible that CH4 may 

activate GIRK1 by two mechanisms, probably those activated by the Ai and A2A 

adenosine receptors. Both agonist and antagonist binding characteristics at 

this construct suggests that it has Ai-like characteristics of binding. Thus 

although CH4 binds ligands as an Ai adenosine receptor, it appears to have 

both Ai and A2A adenosine receptor functional characteristics, possibly by being 

able to interact with Gj as well as Gs subtypes of G proteins.

In contrast to the oocyte studies, in the screening binding studies, all the 

chimeric receptors showed a certain degree of expression. This was very 

fortunate as it is often the case that structural alterations prevent the 

expression of chimeric receptors on the cell surface (Caron; 1993). Although 

they all express, the binding affinities of CH3, CH2a and CH3a were very low 

and both large quantities of membrane preparation and high fH]NECA 

concentrations had to be used when experiments were carried out with these 

constructs. This had two disadvantages; firstly, many transfections had to be 

carried out for a relatively small number of experiments and secondly, the
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signal.noise ratio was often high and the relatively few counts made accurate 

measurements difficult.

CH2, CH3, CH2a and CH3a all appeared to show A2A adenosine receptor 

binding characteristics. That is, none of them showed any binding of the Ai 

selective antagonist DPCPX, and they all had measurable and comparable 

affinities for NECA, an allegedly non selective adenosine receptor agonist, 

close to the value observed for the Aza adenosine receptor. This result would 

imply that either the second or third extracellular loop of the A2A adenosine 

receptor, is able to confer on the Ai receptor, properties of the A2A receptor. 

However, the affinity of NECA for the A2A adenosine receptor is lower than it is 

at the Ai adenosine receptor and so the decrease in NECA affinity could also 

have been due to a disruption in the receptor structure. When analysing 

results from chimeric receptors, it is far more credible if a gain of a function is 

observed rather than a loss. Thus we looked for a compound that showed 

higher affinity at the A2A than the Ai adenosine receptor.

The compound CGS 21680, was found to be 15-fold more selective for the A2A 

than the Ai adenosine receptor in our system (log EC50 values: Ai, 6.82±0.08; 

A2A, 7.99±0.03). If the affinity of CGS 21680 at CH2, CH3, CH2a and CH3a 

was found to be higher than at the Ai, this may provide more plausible 

evidence that these receptors are A2A-like in their binding. Only, CM2 showed 

an affinity value close to the A2A adenosine receptor (log ECso value for CM2 

was 7.83±0.12). CH3, CH2a and CH3a had log ECso values below 6 and no 

accurate measurement could be made. Thus in fact, it appears that the 

decrease in affinity at these constructs is due to a structural change that 

prevents the receptors binding ligands efficiently. This implies that the second 

and third extracellular loops are important for the formation of correct receptor 

structure. Olah et al. (1994b) have used A1/A3 chimeric receptors to show the 

importance of the second extracellular loop in agonist and antagonist binding. 

Substitution of eleven amino acids at the carboxyl end of the second 

extracellular loop were shown to be important for binding of both agonists and 

antagonists. Importantly, their findings are interpreted with respect to a ‘gain of
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function.’ By replacing discrete A3 adenosine receptor regions with the 

analogous segments of the Ai adenosine receptor, chimeric receptors were 

created that showed enhanced affinity for ligands. It is possible that a specific 

amino acid in this region directly interacts with ligands thus co-ordinating the 

molecule to the receptor. Alternatively, this region may contribute to the overall 

architecture of the receptor and thus influence the conformation of the ligand 

binding pocket and the amino acids which directly interact with the ligand 

elsewhere in the molecule. As the effect was observed for agonists of different 

categories as well as for antagonists, and in the light of the results that I have 

obtained in this study, it may be more likely that it is not the ligand directly 

interacting with the second extracellular loop that causes the enhanced affinity 

in their A3/A1 chimeric receptors but more likely to be an indirect role of the 

extracellular regions in ligand binding. This result should maybe be interpreted 

differently in the light of the studies described here. CH2 however, did show 

A2A like characteristics in all studies carried out. This implies that the first and 

second transmembrane domains are not important for either agonist or 

antagonist binding to the Ai or the A2A adenosine receptors.

In previous studies , NECA has been described as a non-selective agonist 

between the Ai and the A2A adenosine receptors (Bruns et al. 1986, Jarvis et al. 

1989), with dissociation constants of 6 nM and lOnM respectively at the high 

affinity states of the two receptors (Bruns et al. 1986). The results in my 

studies differ from these findings with dissociation constants of NECA at the 

high affinity agonist state of the Ai and A2A adenosine receptors of % O.SnM and 

% 60nM respectively. The dissociation constant of CHA at the Ai adenosine 

receptor also appears to be very high (% 0.6nM) in this study which does not 

correspond to results found previously as described in Chapter 3, where the 

dissociation constant of CHA was shown in saturation studies as % 4nM. Since 

the binding conditions used here and in the experiments described in Chapter 

3 were the same, the buffer conditions cannot explain the observed affinity 

differences. The only differences in conditions between the two studies is the 

cell line in which the receptor is expressed, COS M6  cells and CHO cells, and 

the vector into which the Ai adenosine receptor has been cloned. A further
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suggestion that something unusual is occuring with the Ai affinities measured 

and not the A2A adenosine receptor affinities, is the results observed with CGS 

21680, an A2A selective agonist. In the experiments carried out in my studies, 

this compound does indeed show selectivity for the A2A adenosine receptor, 

although only % 16-fold. In a study on the effects of this compound on rat brain 

Ai and A2A adenosine receptors, the dissociation constant at the A2A adenosine 

receptor (15nM) was close to that observed in my studies (lOnM), however, a 

140-fold decrease in activity at the Ai adenosine receptor was observed (Jarvis 

et al. 1989). This further suggests that the affinity measurements that I have 

made in this study at the Ai adenosine receptor transfected in COS M6 cells 

are higher than expected in the case of all the agonists measured.

CHI and CH4a show agonist and antagonist binding similar to the Ai 

adenosine receptor. The small differences in the binding affinities of the 

agonists at the chimeric receptors CH1 or CH4a compared to the Ai adenosine 

receptor are not significant and may result from a difference in the stability of 

the receptors in the membrane. Thus it appears that the amino terminus and 

the third extracellular loop are not critical for antagonist or agonist binding. It is 

surprising that adenosine has such low potency at CHI in the oocyte system, 

giving an EC50 for adenosine close to that found at the A2A adenosine receptor 

(log ECso value of 6.38+0.11). The low efficacy could perhaps result from low 

expression level in the oocyte. It remains unexplainable why CH4a showed no 

response in the oocyte expression system when it behaves as an Ai-like 

receptor in all binding studies. The functional potencies of all of the chimeras 

in the oocyte system do not appear to match the binding potencies observed in 

binding studies. A direct comparison can not be made however as the oocyte 

studies used adenosine and binding studies used other adenosine receptor 

selective compounds.

CH4 also shows antagonist binding similar to the Ai adenosine receptor but 

agonist binding is reduced slightly (5-6 fold). It appears that the seventh 

transmembrane domain may be involved in agonist binding. Certain residues 

in this region have been implicated in previous studies to form particular

binding interactions with agonists. For example, mutation of the histidine
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residue in transmembrane VII of the Ai adenosine receptor gave a chimeric 

receptor whose specific binding of both agonists and antagonists was less than 

10% of wildtype levels (Olah et al. 1992). Since both agonist and antagonist 

binding are effected and they are thought to occupy different sites on the 

receptor, this histidine residue may be important for the local environment of 

the ligand-receptor interaction. The histidine residue is conserved in both the 

human Ai and the human A2A adenosine receptors and so is present in CH4. 

So, the relatively unchanged agonist and antagonist binding that I observed 

would agree with the conclusions reached by Olah at ai. (1992). A further 

study suggests that the residue adjacent to the hisitidine residue of the Ai 

adenosine receptor, threonine 277 is essential for the binding of NECA but is 

less important for the binding of other agonists such as PIA (Townsend- 

Nicholson and Schofield; 1994). In CH4 this threonine residue is replaced by a 

serine. Townsend-Nicholson and Schofield, (1994), showed in single point 

mutagenesis studies that mutation of the threonine of the human Ai adenosine 

receptor to a serine caused a reduction in the binding affinity of NECA but not a 

significant decrease in binding of other agonists such as PIA. Thus the switch 

of this single residue does not entirely explain the decrease in agonist affinités 

that I have observed.

5.5.4 The effect of PD81 on the wildtype and chimeric receptors

As described in chapter 4, PD81 acts at a specific site on the Ai adenosine 

receptor and enhances the binding of agonists to a different site. With this in 

mind it was thought that the enhancement of agonist binding would also be 

seen at Â  adenosine receptors expressed in Xenopus oocytes and result in an 

enhanced coupling to GIRK1 and a larger functional output. However, no 

enhancement in conductance was seen when PD81 was present in the bath 

together with adenosine compared to the conductance seen with adenosine 

alone. Further experiments suggested that in fact PD81 acts in a non-specific 

manner inhibiting the GIRK1 channel itself.
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This nonspecific interaction of PD81 with the ion channel could be possible since 

the series of 2-amino-3-benzoylthiophenes, from which PD81 came from, were 

originally synthesised as chemical intermediates in the synthesis of 

benzodiazepine-like compounds (Bruns and Fergus; 1990) and may indeed have 

non-specific effects. Furthermore, one of the muscarinic receptor allosteric 

compounds, gallamine, does act as a neuromuscular blocker at nicotinic receptors 

at certain potentials. These receptors are ion channels and thus an interaction of 

allosteric compounds with ion channels has been seen in another circumstance.

If PD81 does act in a non-specific manner, it is not possible to use this assay 

system to look at the effects of PD81 on the chimeric receptors. The non-specific 

interactions of PD81 with GIRK1 may mask the enhancement of binding of 

adenosine to the Ai adenosine receptor making it impossible to see any 

enhancement. However, if time had been less limited, I would have carried out 

further experiments to verify the conclusion that PD81 was indeed non-specific in 

its interactions. These would have included; 1 ) Measurement of the conductance 

of adenosine with a larger range of concentrations of PD81. 2) Using adenosine 

concentrations as low as O.InM, with PD81. Maybe the concentration of 

adenosine that was continuously used (InM) was too high to see an enhancement. 

This should not have been the case since the ECso value was close to this (1.8nM) 

and so one would expect from previous work to see an enhancement (see Chapter 

4). 3) Looking at the effect of PD81 on a number of other Ai adenosine receptor 

agonists.

It is also possible that PD81 does not have an enhancing effect on the Ai 

adenosine receptor in the oocyte system. If the mechanism of action of PD81 is to 

change the interaction between the Ai adenosine receptor and the G protein 

(Bhattacharya and Linden; 1995), PD81 may have different effects on receptors 

coupled to different G proteins. The endogenous G proteins in the oocytes may 

differ from those in the CHO and COS MG cell lines that we have used. This theory 

could be tested by co-injecting cRNAs for different G proteins and seeing if PD81 

is now effective. Alternatively binding studies could be carried out using

membranes of oocytes injected with cRNA of Ai adenosine receptor only.
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The effect of PD81 on agonist binding to oocyte membranes could in principle be 

analysed in a similar way to the assays performed on CHO or COS cell 

membranes (Chapter 4, Chapter 5).

Thus the comparison of the effect of PD81 on the chimeric receptors and the 

wildtype receptors was only possible using binding assays on membranes 

transiently transfected with the relevant constructs. This method was also 

limited since the experiments described in Chapter 4 have shown that using 

our assay conditions, an enhancement of agonist binding by PD81 is only 

observed at the low agonist affinity state of the receptor. Measurement of 

binding to this low affinity state of the receptor could only be carried out in 

competition assays against the antagonist [^H]DPCPX thus limiting the studies 

to the constructs which showed measurable binding of fH]DPCPX, that is, 

CH1, CH4 and CH4a. Thus the initial aims of probing the roles of the 

extracellular sections of the receptor was initially restricted to looking at the 

involvement of the N-terminus and the third extracellular loop. In addition to 

this, CH4, a first generation chimera could be used to study the involvement of 

the seventh transmembrane domain and the C-terminal tail of the receptor.

PD81 enhances the binding of CHA and NECA to the low affinity state of the Ai 

adenosine receptor when expressed transiently in COS MG cells. The levels of 

co-operativity agree with those observed for the Ai adenosine receptor 

expressed stably in CHO cells (see Chapter 4). This positive co-operativity 

was also observed at CH1 and CH4a. The degree of co-operativity was slightly 

less in CH1 and CH4a than at the Ai adenosine receptor, but the difference is 

only small and so most likely results from an alteration in the receptor 

conformation rather than the result of a loss of a ligand-receptor interaction. 

Thus it appears that the amino-terminus and the third extracellular loop are not 

critical for the positive co-operative interactions of PD81 with agonists

Unexpectedly, PD81 decreased agonist binding to CH4 at least seven-fold.

Thus the interaction between PD81 and agonists at this receptor may have

been switched from positive to negative co-operativity as the binding site has in

some way been perturbed. Furthermore, PD81 was far more
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potent at binding to CH4 than to the Ai adenosine receptor or to CH1 or CH4a. 

This seems to be a bizarre finding that the addition of a segment of the A2A 

adenosine receptor, which is not thought to interact with PD81, and certainly 

does not under these assay conditions, should actually result in an enhanced 

binding of PD81 compared to its binding to the wildtype Ai adenosine receptor. 

It may be that the coexistence of these two particular Ai and A2A adenosine 

receptor segments causes the formation of a competely novel structural binding 

site for PD81 which is now able to interact allosterically with the regular 

agonists in a different way from that observed at the wildtype Ai adenosine 

receptor. Alternatively, it may suggest that residues not in transmembrane 

domain VII of the Ai adenosine receptor, but also not of transmembrane 

domain VII of the A2A adenosine receptor may be crucial for the binding of 

PD81.

If the allosteric effect had been totally lost, this would not inform us whether a 

structural change had occured or whether a particular ligand interaction had 

been altered (suggesting that the original plan of chimeric constuction was not 

sufficient - it would be necessary also to try and impose the allosteric effect on 

the A2A adenosine receptor by addition of specific sections of the Ai adenosine 

receptor). The fact that a negative co-operative allosteric effect is obtained, 

rather than no effect at all does seem to imply that transmembrane VII is not 

crucial for binding of PD81, but it is important for the manifestation of a positive 

co-operative effect. CH4 consists mostly of the Ai adenosine receptor with the 

third extracellular loop, the seventh transmembrane domain and the COOH- 

terminus domain of the A2A adenosine receptor. Experiments with CH4a have 

shown that the third extracellular loop is not critical for the expression of a 

positive co-operative effect. Taking this fact in combination with the results 

obtained from CH4, it suggests that the seventh transmembrane domain and/or 

the COOH-terminus of the Ai adenosine receptor may be critical for the 

positive co-operative interaction between the agonist binding site and the 

allosteric site.

In attempts to try and look at the effect of PD81 on the other chimeric receptors

I decided to alter the buffer conditions to see if it was possible to show an
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effect of PD81 on the high affinity state of the receptor, as has been found by 

other groups in experiments carried out in the absence of Mg '̂" (eg. Bruns and 

Fergus 1990). Bruns and Fergus (1990) found that PD81 enhanced [^H]CHA 

binding by 45% in the presence of 20|iM PD81 using a Tris.HCI buffer, but in 

the presence of Mĝ "", the enhancing effect of PD81 was abolished. If 

experimental conditions could be established where it would be possible to 

observe an enhancement of binding at the high affinity state of the Ai 

adenosine receptor, we could perform analogous experiments at the A2A 

adenosine receptor and ALL the chimeric constructs. In this way it would be 

possible to see if the allosteric interaction had been abolished at any of the 

chimeric receptors.

In a Hepes/EDTA, buffer an enhancement of agonist binding at the Ai 

adenosine receptor was observed in the presence of PD81. The presence of 

lOpM PD81 gave a 100% enhancement of [^H]NECA binding compared to 

control levels observed in the absence of PD81. This was the first time that I 

observed an effect of PD81 on the direct agonist binding to the Ai adenosine 

receptor.

Functional experiments measuring the levels of cAMP in cells transfected with 

the A2A adenosine receptor in the presence and absence of PD81 suggested 

that no detectable allosteric effect existed (Chapter 4). Furthermore, Bruns and 

Fergus (1990) reported that PD81 did not alter the dissociation rate of 

[^H]CGS21680, an A2A selective agonist, from rat striatal membranes assays, 

suggesting also that PD81 does not bind to the A2A adenosine receptor. 

Nevertheless, when Bruns and Fergus reported the effect to be selective for 

the Ai adenosine receptor they reported that ‘the enhancing effect is not 

observed at the A2A receptor, but an effect of sorts, even an inhibitory one is 

seen’. In the experiments described in this chapter, carried out in the absence 

of Mg^"”, the presence of PD81 appears to reduce the binding of [^H]NECA 

suggesting that there is in fact a binding site for PD81 on the A2A adenosine 

receptor. The interaction of agonist with PD81 is not however a positive co

operative one but a negative one at least under low ionic strength conditions.



This preliminary finding is crucial for the interpretation of the effects of PD81 on 

the chimeric receptors and it implies the importance of using the same buffer in 

all comparative experiments. It also suggests the possibility of further 

experiments to analyse the different effects of PD81 at the Ai and A2A 

adenosine receptors in the presence and absence of Mĝ "" (see Chapter 6 , 

future directions). Besides this unexpected finding of PD81 interacting with the 

A2A adenosine receptor under these conditions, a large increase in NECA 

binding to the A2A adenosine receptor was observed in the absence, compared 

to the presence of Mg '̂". These effects of IVIĝ *, are also a very interesting lead 

into a new realm of exciting research to be carried out in the future.

The experiments carried out in the new Mg^^-free buffer on the chimeric 

receptors did not really give much greater information than had already been 

obtained. As has been discussed earlier, the agonist binding affinities for CH3, 

CH2a and CH3a were very low. Thus experiments using these constructs did 

not give many counts and so the results are difficult to analyse accurately. An 

additional result could be obtained from experiments using CH2 however. 

Here a decrease in agonist binding was seen in the presence of PD81 with a 

similar profile to the A2A adenosine receptor. Thus it appears that the first and 

second transmembrane domains of the Ai receptor are not involved in the 

allosteric binding site.

5.5.6 Modelling the position of the allosteric binding site

Using the results obtained from the binding studies above, the technique of 

molecular modelling was applied in collaboration with Pam Thomas (Glaxo 

Group Research) in order to try and predict where in the Ai adenosine receptor 

the allosteric ligand binding site may be located. Since it is not possible to 

model the extracellular and intracellular domains of the Ai adenosine receptor 

these modelling studies are limited. However, suggestions of residues in the 

transmembrane regions of interest that could possibly be involved in the
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interaction of PD81 with the receptor would be useful for further site directed 

mutagenesis studies.

All model building studies were carried out using the software Homology 

module of Insight (Biosym), running on a Silicon Graphics Indigo workstation. 

The DNA sequences for the human Ai adenosine receptor (Libert et al. 1992) 

and bacteriorhodopsin (Henderson at ai. 1990) were accessed from the 

GenBank data base. A three-dimensional model structure of the seven 

transmembrane domains of the human Ai adenosine receptor was constructed 

by using the atomic co-ordinates of the bacterial protein bacteriorhodopsin 

(Brookhaven Protein Data Bank, accession number IBRD). The amino acid 

residues of the seven transmembrane helices were ‘mutated’ on the computer 

screen to provide an initial structure of the Ai adenosine receptor. The helices 

of the Ai adenosine receptor were subsequently rotated such that most of the 

conserved, hydrophilic or charged residues were located at the inside of the 

receptor. A helix break is present in Helix VII based on changes in 

conservation and hydrophobic moments between the top and bottom half of 

transmembrane VII (Findlay at ai. 1993, Donnelly at ai. 1994).

The agonist, NECA was docked into the suggested binding pocket of the 

human Ai adenosine receptor based on the model of agonist binding to the 

canine adenosine Ai receptor of Ijzerman at ai. (1992). The human Ai and 

human A2A adenosine receptor sequences were aligned. Figure 5.23 shows 

the alignment of TMVII, the transmembrane region of interest for PD81 binding 

based on studies using CH4 (see above). Since no data for modelling the non

transmembrane parts of bacteriorhodopsin are available, the equivalent 

extracellular and intracellular domains of the Ai adenosine receptor could not 

be modelled. Thus the possibility that the allosteric ligand interacts with the C- 

terminus domain could not be looked at using this approach.
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Figure 5.23 : Alignment of TMVII of the human Ai and human A2A
adenosine receptors.

The TMVII region, with the same postulated start and stop ends as used to 
construct the chimeric receptors, is shown aligned for the human Ai and human 
A2A adenosine receptors. Residues in green are conserved between the two 
subtypes, whilst those in black differ.

- Y I A I F L T H G N S A M N P I V Y A F -

- Y L A I V L S H T N S V V N P F I Y A Y -

There are nine amino acids that differ between the two sequences. These are 

the most likely to be responsible for the difference in binding of PD81 to the Ai 

and the A2A adenosine receptors. Out of these, A-V, M-V, l-F, V-l and F-Y are 

most likely to be lipid facing or at an interface and so are unlikely to be involved 

in the ligand binding site. Also, l-L and T-S are conservative changes and so 

are unlikely to be responsible for the large changes in co-operativity between 

NECA and PD81 observed. Mutational studies of T-S show small changes in 

binding affinity for NECA (Townsend-Nicholson and Schofield; 1994). This 

leaves the G-T and F-V. Out of these, the least conservative change is the 

Phenylalanine -> Valine and this residue is close to the modelled position of 

the regular agonist binding site which may be important. Furthermore, the 

aromatic ring of the phenylalanine could interact with PD81.

Thus we predict that PD81 may interact with this phenylalanine in the Ai 

adenosine receptor. The aromatic systems of PD81 and the phenylalanine 

residue of the Ai receptor may interact by stacking in parallel or orthogonally, 

that is, edge to face. Preferences of the orientation of stacking are influenced 

by the atoms in the ring and the substituents of the ring. We can hypothesise 

that PD81, NECA and the aromatic ring of the phenylalanine residue of the Ai 

adenosine receptor form a ternary complex which is more stable than the Ai 

adenosine receptor/NECA complex in the absence of PD81. Alternatively, 

PD81 may interact with this phenylalanine residue and move it closer to NECA
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producing a more favourable interaction with NECA. These interpretations 

imply that PD81 lies close to the extracellular surface, just above NECA as 

shown in Figure 5.24.

In the A2A adenosine receptor this phenylalanine residue is not present and so 

the interaction with PD81 does not occur. PD81 may fall in closer to the 

agonist binding site instead of being held away from it by the aromatic ring of 

the phenylalanine residue and so may prevent the binding of NECA to its usual 

site causing a diminishing of binding rather than an enhancement.
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Figure 5.24: Proposed model of the binding of PD81 and NECA to the
human Ai adenosine receptor.

The figure shows a computer model of the Ai adenosine receptor which was 
constructed as described in the text. The Ai adenosine receptor is shown as a 
ribbon in green. The compounds are coloured by atom with the carbon-atoms 
of NECA shown in yellow and those of PD81 in pink. The aromatic ring of the 
phenylalanine residue that is present in the Ai but not the A2A adenosine 
receptor sequence is shown in orange.
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5.6 Conclusions

The chimeric receptor studies have suggested regions of the Ai adenosine 

receptor which are or are not involved in binding of the agonists , antagonist, or 

the allosteric agent. These interpretations of the chimeric receptor studies are 

summarised in the following points:

1) Adenosine receptors containing intact first, second and third intracellular 

loops are generally able to functionally couple to GIRK1.

2) CH4, a chimeric receptor comtaining intact first, second and third 

intracellular loops of the Ai adenosine receptor but the COOH-terminal domain 

of the A2A adenosine receptor appears to activate GIRK1 by two mechanisms, 

probably those activated by the Ai and the A2A adenosine receptors.

3) The second and third extracellular loop of the Ai adenosine receptor both 

appear to be important for maintaining the receptor conformation necessary for 

agonist and antagonist binding, but they may not be involved with direct ligand- 

receptor interactions.

4) The amino terminus, first and second transmembrane domains and and the 

third extracellular loop are not important for either agonist or antagonist binding 

to the Ai or the A2A adenosine receptors.

5) The seventh transmembrane domain of the Ai adenosine receptor may be 

involved in agonist but not antagonist binding.

6 ) The seventh transmembrane domain and/or the COOH-terminus of the Ai 

adenosine receptor may be critical for the positive co-operative interaction 

between the agonist binding site and the allosteric site.
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CHAPTER 6: SUMMARY, CRITICISM AND FUTURE 
DIRECTIONS

6.1: Summary

The work carried out in this thesis can be divided into three distinct sections. 

Initial studies involved a characterisation of the binding and functional 

properties of the cloned human Ai adenosine receptor expressed in Chinese 

hamster ovary cells. Endogenous adenosine complicates these studies and 

attempts to remove the presence of endogenous adenosine from the assay 

system are described. The core of the study was to investigate quantitatively 

the effects of allosteric agents, specifically PD81, on the binding and function of 

the Ai adenosine receptor. Finally, preliminary attempts were made to 

elucidate the location of the allosteric site on the Ai adenosine receptor using 

the technique of chimeric receptors.

6.1.1: Characterisation of the human Ai adenosine receptor

I have investigated some of the complexities associated with adenosine 

receptor binding in CHO.Ai cells. These were substantially eliminated by 

preparation of the membranes using a novel saponin pretreatment. This 

method allowed me to characterise the binding and functional properties of the 

human Ai adenosine receptor and provided a very useful model system for 

studying receptor - G protein coupling. To my knowledge, this is the first time 

that the binding properties of adenosine to the Ai adenosine receptor have
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been fully studied. It is surprising that no previous attempts have been made to 

characterise this most fundamental aspect of adenosine receptor pharmacology 

- that is - the binding of adenosine itself.

6.1.2: The allosteric action of PD81 at the Ai adenosine receptor

I have investigated quantitatively the effects of the proposed allosteric 

compound, PD81 on binding and function of the human adenosine Ai, A2A and 

A3 receptors. All the available evidence points to PD81 binding to a specific 

allosteric site on Ai receptors. The function of the cloned human A2A and A3 

adenosine receptors (Furlong et ai. 1992, Salvatore at ai. 1993) is not affected 

by PD81. However, preliminary studies on the binding of [^H]NECA to the A2A 

adenosine receptor in a Mg^Vree, low ionic strength buffer in the presence of 

PD81 suggest that PD81 has a weak negative co-operative or inhibitory action 

at the A2A adenosine receptor which thus may also possess the allosteric site.

6.1.3: The allosteric ligand binding site on the Ai adenosine receptor

In a first step to obtain information about the molecular position of the 

allosteric site, a series of seven A1/A2A chimeric receptors were constructed 

and their properties investigated using electrophysiological and binding 

techniques. The results have suggested regions of the Ai adenosine receptor 

which are or are not involved in binding of agonists , an antagonist, or the 

allosteric agent. However, since the alteration of even a single residue may 

cause a series of changes throughout the structure of the entire receptor,
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causing a disruption at a site distant from the alteration, the results, especially 

those in which binding and/or function are changed, must be interpreted with 

discretion. Cautious interpretation of the chimeric receptor studies suggest that 

the amino terminus, the first and second transmembrane domains and the third 

extracellular loop are not important for either agonist or antagonist binding to 

the Ai or the A2A adenosine receptors. Furthermore it appears that the seventh 

transmembrane domain of the Ai adenosine receptor may be involved in 

agonist but not antagonist binding and the seventh transmembrane domain 

and/or the COOH-terminus of the Ai adenosine receptor may be critical for the 

positive co-operative interaction between the agonist binding site and the 

allosteric site.

6.2: Critica! assessment of this study and suggested future 

directions

Variation in the levels of endogenous adenosine present in many previous 

experiments performed using intact tissues, cells or membranes has resulted in 

a set of controversial published data in the field of adenosine receptor 

pharmacology. My initial aim to remove the presence of endogenous 

adenosine from the assay system without the use of adenosine deaminase was 

not as easy as it may have first appeared. During preliminary stages of this 

project, it became clear that the devised saponin pretreatment of membranes 

was not sufficient to remove the endogenous adenosine from the assay. 

Although the saponin pretreatment allowed me to continue with a full



characterisation of the binding and functional properties of the human Ai 

adenosine receptor, the initial aim, to remove the presence of endogenous 

adenosine from the assay system, was not fulfilled.

Experiments could be carried out to further investigate the presence of 

endogenous adenosine in the assay system. A different permeabilising agent, 

such as alamethacin (McIntosh et al. 1982 ) could be used or alternatively a 

different approach of a series of washing steps to dilute the presence of 

endogenous adenosine from the assay.

The preliminary studies carried out toward the end of this thesis on the effects 

of PD81 on agonist binding to the Ai adenosine receptor in the absence of Mg '̂" 

and the absence of NaCI, together with previously published data using these 

same ionic conditions (Chapter 5; this thesis, Bhattacharya and Linden; 1995) 

suggest that under different ionic conditions, PD81 may behave in a different 

manner from that described in Chapter 4. A thorough analysis of the effect of 

PD81 on the binding and functional properties of the Ai adenosine receptor 

under various buffer conditions would be essential to fully describe the 

mechanism of action of this compound. These differences, dependent on 

varying ionic conditions were realised too close to the end of this project to be 

pursued but should be performed if possible in the future.

Since the ultimate aim of this thesis project was to distinguish key areas of 

importance for the binding of PD81 to the Ai adenosine receptor by 

constructing A 1/A2A chimeric receptors, a full analysis of the binding and
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functional properties of the A2A adenosine receptor should also have been 

carried out followed by a full analysis of the effect of PD81 on binding and not 

solely its effects on function.

An analogue of PD81 (PD71, 605) is available and it would be interesting to 

investigate the effects of structural variations in the chemical series of 2 -amino- 

3-benzoylthiophenes. The structure-activity relationships of a series of 

allosteric compounds and their perturbation by mutagenesis may give greater 

information about the nature of the important areas of the ligand for binding to 

the allosteric site of the receptor.

To try to discern whether the results obtained with the chimeric receptors were 

due to direct effects of the substituted section or due to indirect effects on the 

conformational changes of the receptor, the inverse chimeras could be 

constructed to try to impose the positive allosteric effect on the A2A adenosine 

receptor by substituting sections of the A2A adenosine receptor with those of the 

Ai adenosine receptor. Furthermore, if more studies had been carried out on 

the A3 adenosine receptor, it may have been found to be more appropriate to 

construct A1/A3 chimeric receptors instead of A1/A2A chimeric receptors since 

both the Ai and the A3 adenosine receptors coupled to G/Go proteins whereas 

the A2A adenosine receptor couples to a Gs type of G protein.

Further work could be carried out to follow up the preliminary 

electrophysiological studies carried out to assess the coupling between either 

the Ai or the A2A adenosine receptors with GIRK1. Firstly, the indirect effect of
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PD81 on GIRK1 in the oocyte system is not entirely conclusive and could be 

further studied using the suggested experiments outlined in section 5.5.4. 

Following this, further studies could potentially be carried out to see if in fact at 

certain concentrations of both agonist and allosteric agent, it would be posible 

to observe an allosteric enhancement of the coupling of the Ai adenosine 

receptor to GIRK1 in the oocyte system.

Follow up studies of the coupling of the A2A adenosine receptor to GIRK1 could 

also be carried out using A2A adenosine receptor selective agonists and 

selective and non-selective antagonists. Furthermore, expeiments carried out 

in the presence of pertussis toxin may help to elucidate by which G protein the 

A2A adenosine receptor, and the CH4 chimeric receptor couple to GIRK1.

The lack of coupling of CH4a to GIRK1 in the oocyte system was a surprising 

result considering that in binding assays CH4a behaves similarly to the Ai 

adenosine receptor. This may be due to a lack of expression on the same time 

scale of this chimeric receptor compared to the other receptors in the oocyte. 

Further experiments could be carried out by leaving the CH4a injected oocyte 

for an increased number of days before taking the electrophysiological 

recordings (as described in section 5.5.3).

Following the findings that the seventh transmembrane domain and/or the 

COOH-terminus domain of the Ai adenosine receptor may be involved in the 

positive allosteric interaction between the agonist binding site and the allosteric 

site, further studies of importance would include a probing of the role of these
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areas of the receptor using site directed mutagenesis of specific amino acids. 

The computer modelling studies performed lead to some suggestions of which 

residues would be sensible to change initially although these do not include 

residues in the COOH-terminus domain.

This future work should lead to a more detailed knowledge of the molecular 

localization of the allosteric site. Allosteric enhancers provide an exciting novel 

method of modulating the actions of endogenous adenosine. These agents may 

serve as models for the discovery of drugs with clinical usefulness in states of 

localized oxygen deficits.
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APPENDIX 1

The data from ligand binding and functional assays was analysed using the 

computer software SigmaPlot for windows or GraphPad Prism for windows. The 

equation describing the one site model of binding was readily available on the 

computer software used. It was used when an unlabelled ligand was found to 

compete with [^H]DPCPX for binding to a homogeneous population of binding 

sites, generating one affinity constant or for direct binding experiments. The 

two site model of binding was described by Birdsall et al. (1978) and was also 

available on the computer software used. It generates two fractions of binding 

sites, one having high affinity, the other having low affinity for the ligand. The 

more complex models that were used to analyse the data are described below.

Derivation o f the equation used to fit the allosteric data.

Definitions of terms used:

D: [^H]DPCPX concentration in assay

Kd: [^HJDPCPX Kd

I: Allosteric agent (PD81 ) concentration

K,: PD81 Kd

A: agonist concentration in assay

Ka: agonist Kd

a: cooperativity of D with I

p: cooperativity of A with I

The interactions of D, I and A with R (free receptor) are described by the 

following equations:

Kd

D + R o  RD
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K,

I + R <=> IR 

Ka

A + R o  AR

K ,/a  

l + RD o  IRD

Kd / a 

D + IR o  IRD

K ,/p  

I + RA <=> IRA

Ka/P 

A + IR o  IRA

Species present at equilibrium;

Rtot: Total receptor population 

R: Free receptor

RD: RD complex

Rl: Rl complex

IRD: ternary complex of antagonist, receptor and allosteric agent 

IRA: ternary complex of agonist, receptor and allosteric agent

The conservation equation for Rtot is: 

R io t  = R + RD + IR + IRD + RA + IRA
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By the law of mass action:

RD = R.D / Kd (assuming depletion of radioligand is minimal)

RA = R.A / Ka 

IR = I.R/K,

IRD = I.RD.a/K, => IRD = I. R.D. a / ( K , . Kd)

IRA = I.RA.p / K, => IRA = I. R.A. (3 / (K,. Ka)

Bound radioligand =  RD + IRD________ ,

Total R R + RD + IR + IRD + RA + IRA

This yields:

Bound radioligand = ,_________ Rtct .(1 + l.a / K ) .D / Kn___________,

1 + I / K ,  + (1 + la/K,) .  D/Kd + (1 + I (3 /K , ) .A /K a

Data are inserted as [bound radioligand], I, logA, [free radioligand] and Rtot 

into the above equation which has been modified to a log format such that the 

non-linear least squares analysis generates values of a, p, Kd, pKi and pKa.
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The equation used to calculate the concentration of endogeous 

adenosine present In the I^^S]GTPyS binding assay.

Definitions of terms used:

Y: DPM bound

b: basal

max: maximum binding

X: log[added adenosine]

Z: !og[endogenous adenosine]

logKA: log affinity constant for adenosine

The amount bound in the presence of both endogenous and added adenosine 

are described by the following equation:

Y = b + (max - b)/ (1 + 10"’'^ ’)/(10’‘ + 10^)
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APPENDIX 2

Chemical structures of compounds used in this study

1. Adenosine Receptor Agonists

R/S-PIA

CHA

NECA

Adenosine

NH

N,

N

R i

CH(CH3)CH2Ph
; 0

H

H

R2

HO OH

R2
CHgOH
CHgOH

CONHC 2 H 5

CH 2 OH

R3
H

H
H

H

2. DPCPX - A1 Selective Antagonist

NH
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3. PD81 (2-amino-4,5-dimethylthien-3-yl 
[3-trifluoromethylphenyl] -methanone).

Me

Me NH2
C F 3

4. CGS 21680 - A2 selective agonist

NH2

OH OH
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APPENDIX 3

Logistic function
Y=max.x7(x" + ECso")
Y= measured value, max=value when x-> x= concentration of ligand (M), n=slope 
factor, ECso = concentration of ligand giving half maximal value of Y (M).

One site binding (saturation)
Y=Bmax.x/(KD+x)
Y=measured specific binding of radioligand (DPM), Bmax=maximal binding capacity 
(DPM), Kd is the dissociation constant for radioligand binding (M), x= concentration of 
radioligand (M). Measured non specific binding (DPM) was subtracted from total 
binding (DPM) to give specific binding.

One site competition
Y=ns + (max - ns)/(1+10^(x-LoglCso))
Y=measured binding of radioligand (DPM), ns=non-specific binding (DPM), max = 
radioligand bound when x-> (DPM), x=log(concentration of competitor) (M), ICso= 
concentration of competitor giving half maximal inhibition of specific binding of 
radioligand (M). The IC50 can be corrected to give the dissociation constant for the 
binding of the competitor by dividing by (1+[L]/Kl) where [L] is the concentration of 
radioligand L (M) and Kl is its dissociation constant (M) (Cheng Prussoff correction).

Two site competition (displacement)
Y=ns + FR1 .max/(1 +1 O (̂x-LoglCso.i)) + (1-FR1 ).max/(1 +1 O^x-LoglCso.z))
Y=measured binding of radioligand (DPM), ns= non-specific binding (DPM), max = 
radioligand specifically bound when x ^  (DPM), x=log(concentration of competitor) 
(M), FR1 is the fraction of the sites that have an IC50 value of IC50.1 LoglCso.i and 
loglCso.2 are the loglCso values of the competitor for sites 1 and 2 respectively. The 
IC50 values (M) can be corrected to give the dissociation constants for the binding of 
the competitor to sites 1 and 2 by dividing each value by (1+[L]/Kl), where [L] is the 
concentration of radioligand L (M) and Kl is its dissociation constant (M) (Cheng 
Prussoff correction).

lonential association
Y=max.(1-exp(-iu^
Y=specific radioligand bound (DPM), max=rna5(imaFbM^^ t-> ~ (DPM), t= time 
(min), k=association rate constant (M'^min' )̂. The half timeiToB

One phase exponential decay (dissociation)
Y=max.exp(-k.t) + m
Y=specific radioligand bound (DPM), max=amplitude of the decay (DPM), t=time 
(min), k=dissociation rate constant (min^), m=value of Y when t ~ (DPM). The half 
life is 0.69/k (min).

Two phase exponential decay (dissociation)
Y=max1.exp(-k1.t) + max2.exp(-Ù.t) + m
Y=specific radioligand bound (DPM), max1=amplitude of decayl (DPM), 
max2=amplitude of decay2 (DPM), t=time (min), k1=dissociation rate constant for 
decayl (m in'\ k2=dissociation rate constant for decay2 (min^), m=value of Y when t 
-> “  (DPM). The half lives for decays 1 and 2 are 0.69/k1 and 0.69/k2 respectively 
(min).



Addition 1

2-amino-4, 5-dimethylthien-3-yl [3-(trifluoromethyl) phenyl] - methanone, or PD81, 723 is 
abbreviated as PD81 throughout this thesis.

Addition 2

A model of the allosteric action with two competitive ligands (pHjDPCPX and fHjCHA) 
and one allosteric agent (PD81 ) is shown as an addition to the derivation of the equation 
used to fit the allosteric data (appendix 1). Terms used (as defined also in appendix 1) 
are:

D: [^H]DPCPX concentration in assay (M)
Kd! ['H]DPCPX Kd (M)
I: Allosteric inhibitor (PD81 ) concentration (M)
K,: PD81 Kd (M)
A: agonist concentration in assay (M)
Ka: Agonist Kd (M)
a: cooperativity of D with I
p: cooperativity of A with I

+
Kd

+
Ka

+

DR D + R + A O AR

K|/a ft KiH K|/p fî

11 J]
DRI <=> D + Rl + A O ARI

Ko/a Ka/P



The binding of DPCPX to the Ai, CH1, CH4 and CH4a receptors was measured 
in competition experiments with [^H]DPCPX (0.5nM) in .the presence of GTP 
(1mM). To measure the binding affinity of DPCPX at the A2A adenosine 
receptor and CH2, competition experiments with [^H]NECA (5nM for A2A, 10nM 
for CH2) were carried out.
Competition studies were carried out between varying concentrations of CHA 
or NECA and a fixed concentration of [^H]DPCPX (O.SnM) in the presence of 
GTP (1mM) with the Ai adenosine receptor, CH1, CH4 and CH4a. These 
studies give estimates of the affinities of CHA or NECA at the low affinity 
agonist states at the Ai adenosine receptor, CH1, CH4 and CH4a.
[^H]NECA vs NECA competition experiments were carried out for all the 
constructs to estimate the binding of NECA to the high agonist affinity binding 
state. In competition assays using membranes containing Ai, CH1, CH4 or 
CH4a receptors, 0.2nM [^H]NECA was used. When membranes containing 
CH2, CH3, CH2a or CH3a were used 10nM [^H]NECA was used. For the A2A 
adenosine receptor, 5nM [^H]NECA was used.
[^H]NECA vs CHA competition experiments were carried out for the relevant 
receptors to estimate the binding of CHA to the high agonist affinity binding 
state. In competition assays using membranes containing Ai, CH1, CH4 or 
CH4a receptors, 0.2nM [^HJNECA was used. When membranes containing 
CH2, were used 10nM [^H]NECA was used and when membranes contained 
A2A adenosine receptor, 5nM [^H]NECA was used.
[^H]NECA vs CGS 21680 competition experiments were carried out for all 
receptors to estimate the binding of CGS 21680 to the high agonist affinity 
binding state. The same concentrations of [^H]NECA were used for the various 
receptors as were used in the pH]NECA vs NECA competition experiments 
described above.


