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Cardiac Ay adenosine receptors mediate cardioinhibitory
properties of adenosine and structural congeners. The objective of
these studies was to increase our understanding of molecular
processes involved in ligand interactions with receptors mediating
cardioinhibitory effects of adenosine and the interactions of these
receptors with guanine nucleotide binding regulatory proteins.
Porcine atrial A; receptors receptors were characterized using both
agonist (N6-{3-[1251]iodo-4-hydroxypheny1isopropy]}adenosine,
[IZSI]HPIA) and antagonist (8-cyc1openty1-1,3[3H]dipropy1—
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[3H]DPCPX was shown to be the first useful antagonist
radioligand for labeling atrial A; adenosine receptors. The atrial
adenosine receptor displayed two agonist affinity states: a guanine
nucleotide-sensitive high affinity state and a guanine nucleotide-
insensitive low affinity state. The former was demonstrated to be
entirely the result of ternary complex formation in porcine atrial

membranes (agonist-receptor-G protein).



[IZSI]HPIA labeled a homogeneous population of membrane-bound
atrial Ay adenosine receptors which appeared to exist pre-coupled
(in the absence of agonist) to a guanine nucleotide binding protein.
Guanine nucleotides negatively modulated [1251]HPIA binding by
increasing the rate of dissociation of the agonist radioligand,
providing direct evidence for ternary complex formation in porcine
atrial membranes.

Solubilization of atrial adenosine receptors using a mixed
detergent system (digitonin/sodium cholate) resulted in a 2.5-fold
enrichment of adenosine receptor specific activity over that of
porcine atrial membrane preparations. Both pharmacological
specificity and receptor-G protein interactions were preserved in
detergent solution. [1251]HPIA interacted via a simple bimolecular
reaction with solubilized atrial adenosine receptors that existed
precoupled to G protein(s). Guanine nucleotide-initiated [1251]-
HPIA dissociation was biphasic and appeared to arise from indepen-
dent, non-interconvertible populations of receptor-G protein
complexes. Thus, kinetic evidence indicates that the atrial

adenosine receptor is able to couple to two distinct G proteins in

detergent solution.
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PHARMACOLOGICAL CHARACTERIZATION OF
THE PORCINE ATRIAL A; ADENOSINE RECEPTOR

CHAPTER 1

INTRODUCTION

Drury and Szent-Gyérgyi first described physiological properties
of exogenously-administered adenosine and adenine nucleotides in 1929
(1). These pioneers studied the effects of intravenously-administer-
ed crude tissue extracts on several physiological parameters. Drury
and Szent-Gy6rgyi identified the active constituent of these extracts
as adenylic acid but also noted that adenosine (prepared from
hydrolysis of yeast nucleic acid) had identical physiological
activity. They found that, when administered to anesthetized and
atropinized animals, adenosine:
1. Produced a rapid and transient sinus bradycardia.
2. Produced a complete A-V biock in guinea pigs.
3. Decreased the force with which atrial tissue contracted.
4. Reversed experimentally-induced atrial flutter and
fibrillation and restored normal sinus rhythm in dogs.
5. Lowered arterial pressure (due in part to cardiac slowing and
in part to a general arterial dilatation).
6. Increased perfusion of numerous tissues, most notably that of

dog myocardium.



7. Decreased renal blood flow and urine production.

8. Decreased motility of the small intestine in cats.

9. Induced sedation when given to unanesthetized rabbits.
Findings 1,2 and 3 represent adenosine-induced negative chronotropy,
dromotropy and inotropy, respectively, and have been experimentally
and clinically confirmed repeatedly for the past sixty years. The
enormity of Drury and Szent-Gydrgyi’s work would provide the basis
for a new field of biomedical research, that of purine physiology and
pharmacology. As shown in Table I-1, a tremendous amount of
diversity in physiological actions of adenosine is now appreciated.
Analogous to many other hormone and neurotransmitter systems, much of
this diversity can be explained by the existence of tissue-specific
adenosine receptor subtypes (see below).

The purpose of this introductory chapter is to briefly examine
the role of adenosine in myocardial function. Thus, I will consider:
1) Myocardial formation and metabolism of adenosine, 2) A general
overview of receptor proteins through which the actions of adenosine
are mediated, 3) The nature of the effects of adenosine on
cardiovascular function with particular emphasis on the heart, and 4)
Transduction mechanisms associated with cardiac adenosine receptor
activation. Implicit in this thesis is that through a better
understanding of the molecular nature of Tigand interactions with
cardiac adenosine receptors and of the latter with guanine nucleotide
binding regulatory proteins, it may be possible to selectively

modulate this system for therapeutic gain.



MYOCARDIAL FORMATION AND METABOLISM OF ADENOSINE. Adenosine

is an ubiquitous extra- and intracellular nucleoside and, as such, is
a participant in several metabolic pools (16). Three major pathways
of myocardial adenosine formation have been described (17): 1) From
5'-AMP via the action of membrane-bound 5’-nucleotidase, 2) From
5'-AMP via the action of soluble 5’-nucleotidase and 3) From
S-adenosylhomocysteine (SAH) via the action of S-adenosylhomocysteine
hydrolase (SAH hydrolase).

Membrane-bound 5’-nucleotidase is the most important source of
extracellularly-formed adenosine (18). Adenine nucleotides
(ultimately AMP) which are substrates for membrane-bound
5'-nucleotidase are primarily derived from platelets, endothelial
cells and/or vesicular release from nearby sympathetic terminals
(18,19). Endothelial cells in heart also possess a membrane-bound
5-'nucleotidase which can contribute to myocardial adenosine
formation under certain circumstances (18). However, cardiomyocytes
appear the major source of adenosine formation and release in heart
(18).

The dominant intracellular pathway of myocardial adenosine
production is highly dependent on the metabolic state of the cell
(17). Under normoxic conditions, very little intracellular adenosine
is formed via the soluble 5’-nucleotidase pathway because the enzyme
is strongly inhibited by normal cytoplasmic levels of ATP, ADP and
creatine phosphate (17). The alternative pathway of intracellular
adenosine production in heart involves SAH, a product of S-adenosyl-

methionine-mediated transmethylation reactions (17, 20-22). Although
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the equilibrium for SAH hydrolase lies far in the direction of SAH
formation (17), significant intracellular adenosine is formed via
this transmethylation pathway under normoxic conditions due to rapid
product removal (see below).

During periods of hypoxia or increased workload, the cellular
energy charge changes such that intracellular levels of ATP, ADP and
creatine phosphate are decreased (17). The effect of this metabolic
alteration is two-fold. Firstly, intracellular AMP Tlevels rise
rapidly which provides increased substrate for cytoplasmic
5’-nucleotidase. Secondly, inhibition of this enzyme by ATP, ADP and
creatine phosphate is relieved. The result of these changes is that
myocardial intracellular adenosine production via the soluble
5’-nucleotidase pathway increases dramatically (23-24). In contrast,
flux through the transmethylation pathway is largely unaffected by
the metabolic state of the myocyte (20).

The fate of intracellularly-formed adenosine is dependent on the
relative activity of two enzymes (adenosine kinase and adenosine
deaminase) and facilitated diffusion of the nucleoside into a
extracellular compartment (18). Schrader’s group has recently
demonstrated that, under normoxic conditions, intracellular adenosine
formed via the transmethylation pathway is rapidly shuttled back to
ATP by a series phosphorylation reactions initiated by adenosine
kinase (20). However, intracellular adenosine formed during hypoxia
or increased workload is predominantly released into extracellular
compartments (20). These homeostatic control mechanisms are likely
to be very important in the modulation of myocardial responsiveness

during periods of ischemia and/or catecholaminergic stimulation (25).



PURINE RECEPTORS. A major development in the field of
purinoreceptor research occurred in 1970 when two groups working
independently proposed the existence of cell-surface adenosine
receptors based on the same observation: adenosine elevated cAMP
formation in cerebral cortical slices and this effect was
competitively antagonized by methylxanthines (26,27). Sir Geoffrey
Burnstock later demonstrated that the effects of ATP could be
separated from those of adenosine in the gastrointestinal tract and
other tissues (28). This led Burnstock to suggest a classification
scheme which divided purine receptors present in various tissues into
Py and P, subtypes (29). Py receptors were those selective for
adenosine and nucleoside congeners and antagonized by methylxanthines
whereas P, receptors were selective for ATP and related nucleotides
and not antagonized by methylxanthines (29). In addition, Py
receptors (selective for adenosine) appear to require an intact
ribose ring for agonist activity, whereas P, receptors do not
(29). Py receptors were further subclassified when it was found
that adenosine, acting through Py receptors, stimulated cAMP
production is some tissues while inhibiting it in others (2,3,30).
Thus, Py receptors which stimulate adenylyl cyclase activity are
classified as Ry (or Ay) adenosine receptors and Py receptors
which inhibit adenylyl cyclase activity are classified as R; (or
Ay) adenosine receptors. Aj/A, nomenclature is used throughout
this thesis as it is now appreciated that physiological effects of
adenosine are not strictly mediated through modulation of adenylyl

cyclase activity (31). In addition to having opposing effects of
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adenylyl cyclase activity, A; adenosine receptors are distinguished
from A, receptors by the rank-order potency of agonist ligands
(7). N®-substituted agonists such as (R)-(phenylisopropyl)-
adenosine [(R)-RIAl, cyclopentyladenosine (CPA) and cyclohexyl-
adenosine (CHA) bind with higher affinity to A; receptors than do
non-N®-substituted ligands such as 5’-N-(ethylcarboxamido)adenosine
(NECA), 2-(phenylamino)adenosine (CV-1808) or 5’-N-(cyclopropylcarbox-
amido)adenosine (CPCA,31). (R)-PIA is approximately 20-40-fold
more potent at A; receptors than its less active diastereomer,
(S)-(phenylisopropyl)adenosine [(S)-PIA] (31). In contrast,
non-N®-substituted analogs are more potent at A, receptors (31).
Thus, one can summarize agonist rank-order potency at adenosine

receptor subtypes as follows:

Ay receptors: (R)-RIA = CPA > NECA > (S)-PIA >>> CV-1808.
A, receptors: NECA > CV-1808 > (R)-RIA > (S)-PIA > CPA.

Photoaffinity and crosslinking labeling methodology have been
used to covalently incorporate agonist and antagonist radioligands
into brain and adipocyte A; adenosine receptors (32-41). Covalent-
ly labeled brain/adipocyte receptors migrate as a diffuse band on
SDS-PAGE with a molecular weight of approximately 34-38 kDa. Degly-
cosylation of the receptor before electrophoresis results in a
reduction of the molecular weight of the labeled band to 32 kDa
suggesting that the intact receptor is approximately 10% glycosylated

(35,37). These molecular weight determinations have not been



corroborated by physical studies of A; receptors. Hydrodynamic
studies performed to address physical properties of solubilized brain
A; adenosine receptors are largely uninterpretable because the
detergents used in these studies are unsuitable for such
determinations (42-45). Recently, the rat brain A; adenosine
receptor was purified to apparent homogeneity using affinity
chromotography (46). The purified protein also migrated with a
molecular weight of approximately 34 kDa, suggesting that this is
indeed the molecular weight of the brain A; adenosine receptor.
(46). However, in the absence of reliable hydrodynamic data, one
cannot rule out the possibility of anomalous migration on SDS-PAGE or
presence of a persistent artifact which may have given rise to
inaccurate molecular weight estimates.

Most recently, the bovine striatal membrane A2 adenosine
receptor has been covalently radiolabeled using crosslinking
methodology (47). The A, binding subunit migrated as a diffuse
band on SDS-PAGE with an apparent molecular weight of approximately
45 kDa and the labeling displayed pharmacology appropriate for an
A, receptor (47).

CARDIOVASCULAR EFFECTS OF ADENOSINE

VASODILATION. After the work of Drury and Szent-Gydrgyi

(1), physiological research on adenosine and related compounds was
almost non-existent until 1963 when Robert Berne noted that inosine

and hypoxanthine, both of which are adenosine metabolites, were



released from ischemic myocardium (48). Berne proposed that
adenosine formation served as a homeostatic control mechanism which
matched local tissue flow to metabolic demand (48). The theory of
Berne is now supported by a plethora of studies demonstrating that
adenosine modulates blood flow in myocardial microcirculation in
response to hypoxia (reviewed in 49) but may have little effect on
blood flow under normoxic conditions (50,51). With the exception of
kidney (52), adenosine has been demonstrated to produce vasodilation
in the microcirculation of every organ or tissue in which the effects
have been studied including brain (53), heart (54), smooth and
skeletal muscle (53), adipose (55), gastrointestinal tract (56) and
spleen (57). The rank-order potency of adenosine analogs to reduce
coronary resistance (a measure of vasodilatory activity) in intact
canine heart is consistent with an Aj-mediated event (58). As A,
receptors are coupled to adenylyl cyclase in a stimulatory manner
(see above), one may envision analogies between adenosine- and

B, adrenergic receptor-induced vasodilation. However,

experiments conducted with porcine carotid and canine coronary strips
could not demonstrate adenosine-induced increases in cAMP formation
at physiological concentrations of the nucleoside (59). Other
mechanisms which have been suggested to underlie adenosine-induced
vasodilation include inhibition of Ca*t flux, stimulation of catt
sequestration (60), attenuation of inositol phosphates accumulation
(61) and Ay receptor-mediated stimulation of particulate guanylate
cyclase (62). Adenosine has been shown to indirectly produce

vasodilation presynaptically (via Ay receptor activation) by
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attenuating catecholamine release from sympathetic terminals which
innervate blood vessels (63).

NEGATIVE CHRONOTOPY. Negative chronotropic properties of

adenosine were originally described by Drury and Szent-Gyérgyi (1).
Adenosine depresses SA node activity and causes a "pacemaker shift."
The first cells to activate during normal atrial impulse generation
are the primary pacemaker cells of the SA nodal region (31). Under
adenosinergic modulation, the site of impulse generation shifts
toward the subsidiary pacemaker cells of the crista terminalis region
(31). In addition, West and Belardinelli have shown that, at high
concentrations, adenosine can cause complete SA exit block in rabbits
(64). Considered together, the above findings indicate that
pacemaker cells in the SA nodal region are exquisitely sensitive to
the effects of adenosine. Although adenosine has potent effects on
the action potentials of atrial and SA nodal cells, it does not
affect impulse propagation in atrial tissue (31). Other pacemaker
cells exhibiting sensitivity to the modulatory effects of adenosine
have been described in the His bundle region and Purkinje fibers (see
below) (31,65). The rank-order potency of adenosine analogs to
produce atrial and/or ventricular negative chronotropy in both
in-vitro and in- situ preparations is consistent with an A,
receptor-mediated event (66-68).

NEGATIVE DROMOTROPY. Drury and Szent-Gydrgyi were also

the first to demonstrate negative dromotropic properties of adenosine
(1). Adenosine appears to directly affect function of the AV node

(69). Belardinelli’s group has shown that adenosine prolongs A — H
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(Atria — Bundle of His), but not H — V (Bundle of
His — Ventricle), conduction time (70). The nature of
adenosine-induced negative dromotropy has recently been more
precisely defined as a direct depressant effect on AV nodal cell
excitability: depression of amplitude, duration and rate of rise of
AV nodal cell action potentials (71). Based on agonist rank-order
potency profiles, an Ay adenosine receptor mediates the negative
dromotropic effect of the nucleoside (71). The pronounced
sensitivity of conduction fibers to inhibition by adenosine may be
explained, in part, by the finding that these cells possess a high
density of A, adenosine receptors relative to cardiac myocytes
(72).

The relative sensitivities of SA nodal, AV nodal, Hisian bundle
or Purkinje fiber cells to the depressant effects of adenosine
appears to be species-specific (1). The primary effect of adenosine
on guinea pig heart is AV block, whereas sinus block is the
predominant action in cat, dog and rabbit heart (1).

NEGATIVE INOTROPY. Adenosine produces a negative inotropic

effect via Ay receptor activation in both atrial and ventricular
tissue (68,73-76). However, the response observed in the former is
qualitatively distinct from that of the latter (31). In atria,
adenosine reduces contractility directly and attenuates
catecholaminergic-stimulated increases in contractility and adenylyl
cyclase activity (77-79). Modulation of myocardial responsiveness to
catecholaminergic stimulation has been referred to as the "anti-

adrenergic" property of adenosine (31). In contrast, adenosine
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does not directly reduce ventricular contractility, but does reverse
that stimulated by catecholamines as well as attenuating

catecholaminergic-stimulated adenylyl cyclase activity (80,81).

TRANSDUCTION MECHANISMS OF THE CARDIAC ADENOSINE RECEPTOR

Figure I-1 is a schematic diagram of transduction systems known
to be associated with activation of cardiac adenosine receptors.
Experimental evidence which forms the basis of this model is briefly

summarized below.

ACTIVATION OF POTASSIUM CONDUCTANCE. Adenosine, acting

through A; receptors, activates h2y+ efflux in guinea pig

atrial trabeculae (82) and 86Rb* efflux in whole guinea pig atria

(H. Tawfik-Schlieper, personal communication). Adenosine has also
been shown to activate a K* conductance in cardiac membrane patches
analogous to that activated by muscarinic acetylcholine receptors in
that the effect is GTP-dependent and exhibits pertussis toxin
sensitivity and the channel shows inward rectification (83,84).
Moreover, the effects of acetylcholine and adenosine on K*
conductance are not additive (84). Both muscarinic acetylcholine and
Ay adenosine receptors couple to this type of K* channel via an

interaction with a guanine nucleotide binding regulatory protein,

presumedly, G;

; (83,84). It has been suggested that A; adenosine

receptor activation of this inward-rectifying, which results in

cardiac myocyte hyperpolarization, is the molecular basis of
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adenosine-induced negative chronotropy in atria (31,84). Although it
is generally believed that similar mechanisms (activation of an
inward-rectifying K* channel) are responsible for the effect of
adenosine on AV nodal function (31), this has yet to be directly
demonstrated.

INHIBITION OF ADENYLYL CYCLASE ACTIVITY. As discussed above

and throughout this thesis, the adenosine receptor present in
myocardium is of the Ay subtype. A; adenosine receptors are

coupled in an inhibitory manner to adenylyl cyclase in other tissues
such as brain (reviewed in 7) and adipocytes (2). Overwhelming
evidence indicates that adenosine directly inhibits adenylyl cyclase
activity in atria (85-89, Leid et al., unpublished observations).
However, adenosine-mediated inhibition of adenylyl cyclase in
ventricular preparations is apparent only after prior stimulation of
the enzyme by catecholamines or forskolin (80,81). As the latter
observation closely parallels negative inotropic effects of adenosine
in ventricular tissue, it appears that adenosine receptor-mediated
inhibition of catecholamine-stimulated adenylyl cyclase activity may
represent the molecular basis of the so-called antiadrenergic effect
of adenosine (31). Isenberg and Belardinelli have shown that
adenosine attenuates B adrenergic receptor-stimulated, but not
basal, Ca*tt influx in isolated ventricular myocytes (90).

Therefore, it is likely that the negative inotropic properties of
adenosine in ventricle are related to A; receptor-mediated
inhibition of catecholamine-induced increases in cAMP formation,

Ca++

cAMP-dependent protein kinase activation, channel
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phosphorylation and Ca** influx (31). However, a more direct
effect of adenosine on Ca** channel function, such as a G
protein-dependent but adenylyl cyclase-independent pathway, cannot be
excluded at the present time.

INHIBITION OF INOSITOL PHOSPHATES (IPx) FORMATION. Acti-

vation of A; adenosine receptors on rat pituitary GH3 cells
attenuates TRH-stimulated accumulation of inositol phosphates (91).
This effect has also been demonstrated in rat cerebral cortical
slices in which IP accumulation was stimulated by histamine (92,93).
We have observed a similar effect in chick heart: adenosine analogs
inhibited carbachol-stimulated IP accumulation in primary cultures of
chick embryonic myocytes (Leid et al., unpublished data). The
mechanism(s) responsible for this effect is (are) unknown but two
candidate transduction pathways are: 1) A; adenosine receptor
activation may lead to generation of excess G protein By subunits
which then bind to and inhibit activated G protein a subunits
responsible for receptor-stimulated phospholipase C activity and IPx
formation. Alternatively or additionally, 2) Al adenosine receptor
activation may produce activated G protein @ subunits which

directly inhibit the catalytic activity of phospholipase C.
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OBJECTIVES

The intent of these studies was to increase our understanding of
molecular processes involved in ligand interactions with receptors
mediating cardioinhibitory actions of adenosine and the interactions
of these receptors with guanine nucleotide binding regulatory
proteins.

Chapter II describes experiments in which an A;-selective
antagonist radioligand, [3H]DPCPX, was used to label membrane-bound
porcine atrial adenosine receptors. Salient features of this work
are: 1) [3H]DPCPX was shown to be the first useful antagonist
radioligand for labeling cardiac adenosine receptors: [3H]DPCPX
bound to a homogeneous population of cardiac adenosine receptors with
high affinity and a pharmacological profile consistent with that of
an A; adenosine receptor, 2) The mechanism of [3H]DPCPX binding
to the membrane-bound receptor was consistent with that of a simple
bimolecular interaction, 3) Agonist titration of [3H]DPCPX binding
in the absence of guanine nucleotide allowed quantification of two
agonist affinity states of the cardiac adenosine receptor, and 4)
Agonist titration of [3H]DPCPX binding in the presence of guanine
nucleotide suggested that the high agonist affinity state of the
receptor was entirely due to formation of a ternary complex in
porcine atrial membranes (agonist-receptor-G protein).

Chapter III describes studies done using an agonist radioligand,
[1251]HPIA, to label membrane-bound porcine atrial adenosine

receptors. Noteworthy results of these experiments are: 1) [1251]-
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HPIA Tabeled a homogenous population of A; adenosine receptors
which appeared to exist pre-coupled (in the absence of agonist) to a
guanine nucleotide binding protein, 2) The association of [1251]-
HPIA with the membrane-bound cardiac adenosine receptor was via a
simple bimolecular interaction, and 3) Guanine nucleotides negatively
modulated [1251]HPIA binding by increasing the rate of dissociation
of the agonist radioligand. The latter finding provided direct evi-
dence for the ternary complex formation in porcine atrial membranes.

Chapter IV details detergent solubilization of the porcine atrial

adenosine receptor and characterization of agonist ([1251]HPIA)
radioligand interactions with this solubilized receptor. The most
significant observations of this chapter are: 1) Solubilization of
cardiac adenosine receptors using a mixed detergent system
(digitonin/sodium cholate) resulted in a 2.5-fold enrichment of
adenosine receptor specific activity over that of porcine atrial
membrane preparations and a tremendously enhanced signal to noise
ratio of [1251]HPIA binding, 2) Both pharmacological specificity
and receptor-G protein interactions were preserved in detergent
solution, 3) [1251]HPIA interacted via a simple bimolecular
reaction with solubilized atrial adenosine receptors that existed
precoupled to G protein(s), and 4) Guanine nucleotide-initiated
[IZSI]HPIA dissociation was biphasic and appeared to arise from
independent, non-interconvertible populations of receptor-G protein
complexes. Thus, kinetic evidence indicates that the atrial
adenosine receptor is able to couple to two distinct G proteins in

detergent solution.
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FIGURE 1-1

Schematic diagram of transduction mechanisms known to be
associated with adenosine receptor activation. A; and A,
represent currently defined adenosine receptor subtypes. G; and
G are guanine nucleotide binding regulatory proteins which couple
receptors to adenylyl cyciase (C) in an inhibitory and stimulatory
manner, respectively. G, represents a guanine nucleotide binding
regulatory protein of unknown identity which couples A; adenosine
receptors to phospholipase C in an inhibitory manner. DAG and IP3
represent diacylglycerol and inositol trisphosphate, respectively. P
is a purine binding site intimately associated with adenylyl cyclase
which mediates the inhibitory effects of intracellular purines on the
activity of the enzyme. The physiological significance of the P site

is unknown (7).
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TABLE I-1 Adenosine receptor distribution and physiological
effects of the nucleoside. References given generally

represent the original observation.

TISSUE/CELL RESPONSE REFERENCE
Adipocyte Inhibition of Tipolysis 2
Adrenals Stimulation of steroidogenesis 3
Brain Sedation 4
Inhibition of transmitter release 5
Anticonvulsant 6
Heart Negative chronotropy 1
Negative dromotropy 1
Negative inotropy 1
Liver Stimulation of gluconeogenesis 7
Lymphocytes Inhibition of function 8
Mast cells Enhancement of mediator release 9
Pancreas Potentiation of glucagon release 10
Platelets Inhibition of aggregation 11
Smooth muscle Relaxation (except tracheal) 12 (13)
Striated muscle Relaxation (centrally-mediated) 14

Testis Unknown 15



CHAPTER 11

Labeling of A; Adenosine Receptors in Porcine Atria with the

Antagonist Radioligand 8-cyclopenty1-1,3[3H]d1propy1xanth1ne
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ABSTRACT

The antagonist radioligand, 8-cyc1openty1-1,3-[3H]dipropy1-
xanthine ([3H]DPCPX), has been used to Tabel adenosine receptors in
porcine atrial membranes. [3H]DPCPX bound saturably, reversibly
and with high affinity to an apparently homogenous population of
receptors with a B, of 32 + 1 fmol/mg of protein and a Kp of
(3.9 £ 0.5) x 1010 . A kinetically-derived dissociation
constant (9.3 x 10-10 M) was in reasonable agreement with that
parameter obtained from experiments conducted at equilibrium,
assuming a simple bimolecular binding mechanism. Prototypic
adenosine receptor agonists and antagonists inhibited [3H]DPCPX
binding in a manner consistent with the Tabeling of an A; adenosine
receptor. Agonist, but not antagonist, titration curves yielded
indirect Hill slopes significantly less than unity which were best
described by a two-site model composed of high and low affinity
states. However, in the presence of GTP (100 uM), these
titration curves were monophasic and of Tow agonist affinity
indicating that the high affinity component of agonist titration
curves results from formation of a ternary complex consisting of
agonist, adenosine receptor and G protein. [3H]DPCPX appears to be
the first useful antagonist radioligand for characterization of

cardiac adenosine receptors.
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ABBREVIATIONS

Bmax’ maximum binding capacity; 2-CADO, 2-chloroadenosine; CPA,
N6-cyc1openty1adenosine; CV-1808, 2-phenylaminoadenosine;
[3H]DPCPX, 8-cyc1openty1-1,3[3H]dipropy1xanthine; Kps
equilibrium dissociation constant; k+1, association rate constant;
k_1, dissociation rate constant; NECA, 5'-(N-ethylcarboxamido)-
adenosine; (R)-PIA, N6-(R—pheny1isopropy])adenosine;

(S)-PIA, N6-(S-pheny1isopropy1)adenosine; 7 and 1'1,

relaxation time and reciprocal relaxation time, respectively.
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INTRODUCTION

Negative chronotropic properties of adenosine were initially
described by Drury and Szent-Gydrgyi (1). Others have confirmed this
finding and, in addition, adenosine has been shown to have negative
inotropic and dromotropic properties in isolated atrial, ventricular
or whole mammalian heart preparations (74,94). Cardioinhibitory
responses of adenosine are believed to be mediated via an interaction
with receptors of the A; subtype (95). Adenosine recognition sites
in myocardial membrane preparations have been radiolabeled using high
specific activity (1251) agonist probes (94-96). Recently, intense
interest has focused on development of highly selective A; receptor
antagonists (94,97). Reports of A; adenosine receptor selectivity,
relatively high specific activity (95-120 Ci/mmol) and antagonist
properties contribute to make [3H]DPCPX a potentially useful ligand
for the characterization of cardiac adenosine receptors. The results
of the present studies indicate that [3H]DPCPX labels adenosine
receptors in porcine atrial membranes with high affinity and a
pharmacological profile consistent with that of an A; adenosine
receptor. Kinetic experiments suggest that the interaction of
[3H]DPCPX with membrane-bound cardiac adenosine receptors is
adequately described by a simple bimolecular binding mechanism. In
addition, results of titration experiments have allowed the first
quantification of multiple agonist affinity states of a cardiac

adenosine receptor.
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MATERIALS AND METHODS

[3H]DPCPX (95 Ci/mmol1) was purchased from Amersham (Chicago,
IL). (R)- and (S)-PIA, NECA and adenosine deaminase were
obtained from Boehringer-Mannheim (Mannheim, West Germany).
Unlabeled DPCPX, CPA and CV-1808 were obtained from Research
Biochemicals (Wayland, MA). GTP, theophylline, caffeine and CADO
were from Sigma Chemical Company (St. Louis, MO) and CHA was obtained
from Calbiochem (La Jolla, CA). Particularly insoluble adenosine
analogs were initially dissolved in 100% DMSO and diluted to yield a
final DMSO concentration of 0.5%. Therefore, all tubes in each
experiment contained 0.5% DMSO.

MEMBRANE PREPARATION AND BINDING ASSAY. Porcine atrial

membrane preparations were generously provided by Professor Michael
I. Schimerlik of the Department of Biochemistry and Biophysics at
Oregon State University. Membranes were prepared as previously
described (98) yielding a P3 fraction which was then incubated with
adenosine deaminase (5 units/ml) for 30 minutes at 22°C and used
directly in binding assays. Binding reactions were carried out at
18°C in volume of 250 uL which contained 25 m¥ imidazole

buffer (pH 7.4) and 5 m¥ MgCl,. Reactions were terminated by
rapid filtration over Whatman GF/C filters using a Brandel Cell
Harvester (Model M-24R, Brandel Instruments, Gaithersburg, MD).
Filter strips were presoaked in 0.5% polyethyleneimine (Sigma) to
reduce non-specific binding. Filter disks were allowed to elute

overnight in 9ml Biocount Scintillation cocktail (Research Products
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International Corp., Mount Prospect, IL) and then counted using a
Beckman LS6800 scintillation counter at an efficiency of
approximately 50%.
ANALYSIS OF BINDING DATA. Saturation data were analyzed by

use of an iterative curve fitting routine, Lundon I Saturation
Analysis Software (Lundon Software, Cleveland, OH). FITFUN on the
PROPHET II system was used to analyze [3H]DPCPX association rate

experiments, fitting data to a monoexponential equation:
B = By(l - e t/7) (Eq. II-1)

Where By and B are the amount of [3H]DPCPX bound at equilibrium
and time t, respectively, and 7 is the relaxation time for the
single kinetic phase. Similarly, [3H]DPCPX dissociation

experiments were analyzed by fitting to a monophasic decay equation:
B = Bye t/7 (Eq. 1I-2)

Competition experiments were analyzed using the iterative public
procedure NEWFITSITES2 on the PROPHET system assuming a one-site
model :

B
B = T (Eq. II-3)

1+ ([L1/ICgq)"
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where B is the amount of [3H]DPCPX bound, By is the total number

of binding sites Tabeled by the [3H]DPCPX in the absence of

competing drug, ICgy is the concentration of competing Tigand that
inhibits 50% of [3H]DPCPX specific binding, L is the concentration

of competing ligand and n is the Hill coefficient. Agonist

titration curves were also analyzed according to a two-site model:

By B2

B - N (Eq. 1I-4)
1+ ([L]/IC50(1)) 1+ ([L]/IC50(2))

where B is the total amount of [3H]DPCPX bound, B; and By the
amplitudes of each affinity state labeled by the [3H]DPCPX, L is
the concentration of competing ligand and IC50(1) and IC50(2) are
the concentrations of competing ligand that inhibit 50% of the
[3H]DPCPX binding to each receptor state, respectively. Since this
analysis assumes that the interaction of competitors with each
receptor state obeys mass action principles, the Hill coefficients
are assumed to be one.

The F value for comparing the two models was calculated from an

analysis of residuals according to the equation:

S§y - SS dfy, - df
- i (S$4 2)/ (dfy 2) (Eq. 11-5)
(55,/df )

where SS; and SS, are the residual sums of squares with
corresponding degrees of freedom df; and df, associated with the

simpler and more complex models, respectively.
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The apparent Ky values for competitors were calculated from

ICgg values using the method of Cheng and Prusoff (99):

Ic
Kp = =0 (Eq. 11-6)
[D]

Kps

where Ky is the equilibrium dissociation constant for the
competitor (which is analogous to the Ky) and D* and Kp* are
the concentration and equilibrium dissociation constant of
[3H]DPCPX, respectively.

PROTEIN DETERMINATIONS. Aliquots of membrane suspension were

dissolved in 0.5N NaOH and protein concentration determined by the
method of Lowry et al. (100) using crystalline bovine serum albumin

(Sigma) was used as the standard.
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RESULTS

SATURATION ANALYSIS. [3H]DPCPX bound saturably, reversibly

and with high affinity to an apparently homogenous receptor
population with a By, of 32 £ 1 fmol/mg of protein and a Kp of

(3.9 + 0.4) x 10710 ¥ (Fig. II-1A). Transformation of

saturation data generated a monophasic Scatchard-Rosenthal plot with
nearly identical parameter estimates (Fig. II-1B) and a Hill plot
with a slope of 1.03 t 0.08 (data not shown). Specific binding of
[3H]DPCPX was approximately 80% of total binding at a ligand
concentration equal to its Kp.

KINETIC ANALYSIS. To address the mechanism of [3H]DPCPX

binding to the membrane-bound porcine atrial membrane adenosine
receptor, association rate experiments were conducted under
pseudo-first order conditions at several radioligand concentrations
(Fig. II-2A). Values of the reciprocal relaxation time (T'l)

were obtained at each concentration of [3H]DPCPX by fitting data to

1

equation II-1. Values of 7°° were then replotted vs.

[3H]DPCPX concentration (Fig. II-3) and the resultant plot analyzed
by fitting with a weighted linear regression procedure which yielded

-1

a slope and y-intercept of (4.1 + 0.7) x 107 #1 min and

(3.8 £ 2.6) x 1072 min'l, respectively. Data points were
weighted by the reciprocal of the standard error of 71
estimates to minimize the contribution of points with relatively

large error to the fitting procedure (such as those estimates made at

high [3H]DPCPX concentrations). The slope and y-intercept
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represent k,; and k_j, respectively, and can be used to calculate
a kinetically-derived equilibrium dissociation constant of 9.3 x
10-10 M, assuming a simple bimolecular binding mechanism. This
value is in reasonable agreement with that parameter obtained from
equilibrium experiments (see above).

The value of k_j was directly determined by addition of

theophylline (final concentration of 1 mM) to an equilibrated
mixture of [3H]DPCPX and porcine atrial membranes (Fig. II-2B).
These data were fitted using equation II-2 to determine k_j. The
experimentally-determined value for k_; was (4.6 t 0.2) x 1072
min‘l, which was very similar to the value of this parameter
obtained by extrapolation of the 1 s, [[3H]DPCPX] replot

(see above).

TITRATION EXPERIMENTS. Several adenosine receptor ligands

inhibited the specific binding of [3H]DPCPX (Fig. II-4, Table
II-1). Agonist rank order potency was (R)-PIA = CPA > CHA >
(S)-PIA > NECA > CADO >> CV-1808. (R)-PIA was 18-fold more

potent than its less active diastereomer, (S)-PIA. (CV-1808, an
A,-selective ligand, was approximately 3-4 orders of magnitude less
potent than other Aj-active ligands. Considered together, these
findings are consistent with the Tabeling of an A; adenosine
receptor in porcine atrial membranes. Indirect Hill slopes for
agonist competition curves were consistently less than unity (Table
II-1). These complex titration curves could be resolved into two
phases using an iterative curve-fitting routine (Equation 2.4) and

were found to correspond to high and Tow agonist affinity states.
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Two-site modeling consistently provided a significant improvement in
fit compared to that obtained from the one-site model (Table II-1).
To test the hypothesis that the high affinity component of agonist
titration curves arose from ternary complex formation and, thus,
exhibited guanine nucleotide-sensitivity, CPA titration of
[3H]DPCPX was performed in the presence and absence of GTP (Fig.
I1-5, Table II-2). As above, CPA titration curves done in the
absence of GTP were shallow and easily resolved into two phases.
However, in the presence of GTP, CPA titration curves were monophasic
(ny = 0.90 £ 0.05) and of low agonist affinity. In the
presence of GTP, the apparent Kp for CPA was very similar to the
low affinity phase obtained by two-site modeling in the absence of
GTP (13.8 + 1.0 and 10 * 3 nM, respectively). Therefore,
biphasic agonist titration of [3H]DPCPX binding appears to be the
result of ternary complex formation in porcine atrial membranes.

Prototypic adenosine receptor antagonists also inhibited
[3H]DPCPX binding (Fig. II-6, Table II-1). Most notably, the
potency with which unlabeled DPCPX displaced [3H]DPCPX is consonant
with saturation-derived affinity (0.5 and 0.4 nM, respectively).
Indirect Hill slopes for all antagonist titration curves did not
significantly differ from unity. Collectively, these findings
provide further evidence that [3H]DPCPX labels an adenosine
receptor of the Ay subtype in porcine atrial membranes

preparations.
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DISCUSSION

The number of recognition sites labeled by [3H]DPCPX in
myocardial membranes is virtually identical to that labeled by the
iodinated adenosine receptor agonist [1251]hyrodxypheny1isopropy]-
adenosine (95,96). Likeﬁise, the affinity with which [3H]DPCPX
labels these sites is very similar to that reported for rat brain
A; adenosine receptors (97) and for DPCPX-mediated antagonism of
(R)-PIA-induced inhibition of adenylate cyclase in adipocytes
(101). Three additional findings are highly suggestive that the
adenosine receptor of porcine atrial membranes labeled by [3H]DPCPX
is of the A; subtype: 1) The rank-order potency of adenosine
agonists to inhibit the [3H]DPCPX binding is consistent with that
expected of an interaction at an A; receptor (102), 2) An
A,-selective Tigand, CV-1808, is approximately 3-4 orders of
magnitude Tess potent as an inhibitor of [3H]DPCPX binding than
other Aj-active Tigands, and 3) CPA, (R)-PIA and CADO have been
shown to dose- and GTP-dependently inhibit basal and
forskolin-stimulated adenylate cyclase activity in this preparation
(96). The Tlatter finding provides functional evidence for the
existence of A adenosine receptors in porcine atrial membranes.

Ay adenosine receptors have been shown to exist in two affinity
states for agonists (103). Correspondingly, each agonist titration
curve was significantly better described by a two- rather than a
one-site model (Table II-1). However, agonist titration curves done

in the presence of a guanine nucleotide were adequately described by
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one-site modeling and no improvement in fit could be obtained by more
complex fitting procedures. This finding is consistent with
formation of a ternary complex in porcine atrial membranes which
possesses high affinity for adenosine receptor agonists (104).
Guanine nucleotides presumedly destabilize the complex resulting in
component dissociation and an uncoupled receptor which has Tower
affinity for agonists (104). Accordingly, CPA titration curves done
in the presence of GTP were monophasic and of Tow agonist affinity.
In contrast, antagonists (such as [3H]DPCPX) apparently do not
differentiate between coupled and uncoupled receptors (104). This
hypothesis is supported by monophasic [3H]DPCPX saturation (Fig.
IT-2) and unlabeled antagonist titration experiments (Fig. II-6,
Table II-1). The cardiac A; adenosine receptor appears to be
similar to that of brain and adipocyte membranes in exhibiting two
agonist affinity states, one of which is characterized as having
high, guanine nucleotide-sensitive affinity for agonists.

Linear dependence of 71 on [3H]DPCPX concentration
suggests that this antagonist radioligand interacts with the porcine
atrial A; adenosine receptor via a simple bimolecular binding

mechanism of the type:

k
[3HJDPCPX + R s=—t= [3H]DPCPX-R (Eq. 11-7)

k-1

which is described by the pseudo-first order rate equation:

b=k (3HIoPCPX) + kg (Eq. 11-8)
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Such a hypothesis is further supported by: 1) Consistency between
kinetically- and equilibrium-derived [3H]DPCPX dissociation
constants, and 2) An experimentally-determined k.y (Fig. 11-2B)
which closely agreed with that obtained by extrapolation of the
pseudo-first order plot (Fig. II-3). Thus, under these experimental
conditions and over this range of radioligand concentration, the
interaction of [3H]DPCPX with membrane-bound porcine atrial Ay
adenosine receptors is adequately described by a simple bimolecular
binding mechanism.

In summary, [3H]DPCPX is the first useful antagonist
radioligand for the characterization of cardiac adenosine receptors.
The percentage of [3H]DPCPX binding which is specific (80% at a
concentration equal to its Kp) is far better than other radio-
ligands commonly used in this tissue. The kinetics of [3H]DPCPX
association and dissociation appear to be relatively straightforward
and easily quantified. Titration of [3H]DPCPX by agonists has
allowed the first demonstration and quantification of high and low
agonist affinity states of a cardiac adenosine receptor. High
affinity, selectivity, antagonist properties and a favorable signal
to noise ratio of [3H]DPCPX binding render this radioligand useful

for further characterization of the cardiac adenosine receptor.
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FIGURE II-1

A, [3H]DPCPX saturation isotherm in a porcine atrial
membrane preparation. Non-specific binding (not shown) was defined
as that occurring in the presence of 100pM CADO and was
approximately 80% of total binding at a ligand concentration equal to
the Kp of [3H]DPCPX. The curve shown is based on fitted
parameter estimates obtained by non-linear regression analysis:
Bpax = 32 t 1 fmol/mg protein, Ky = (4.0 + 0.5) x 10710 4,
B, Scatchard replot of saturation isotherm. The theoretical line
drawn is based on parameter estimates obtained from Tinear regression
analysis: Bnax = 33 fmol/mg protein, Kp = 4.5 x 10-10 M.

Shown is an representative experiment done in duplicate.
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FIGURE II-2

A, [3H]DPCPX association experiment in a porcine atrial
membrane preparation. [3H]DPCPX and receptor concentrations were
2.1 nM and 50 pM, respectively, and the experiment was
carried out at 22°C. The line drawn is based on parameter
estimates obtained by fitting data with equation II-1 (1'1 =
[2.1 ¢ 0.1] x 1071 min"1). B, [3H]DPCPX dissociation
experiment in a porcine atrial membrane preparation. Theophylline
(final concentration = 1 mM) was added to the above membrane
preparation at t = 60 minutes and 250 plL samples were filtered at
the times indicated. The line shown is based on parameter estimates
obtained by fitting data with equation II-2 (kg = [4.6 + 0.2] X
102 min~1). |
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FIGURE II-3

Reciprocal relaxation time (1’1) as a function of
[3H]DPCPX concentration in porcine atrial membrane preparations.
Association rate experiments were performed at several radioligand
concentrations and 7! determined as described in the legend of
Fig. II-2. The fit shown was determined by a weighted linear
regression procedure which yielded a slope and intercept of (4.1 t
0.7) x 107 #! min"! and (3.8 + 2.6) x 1072 min!,
respectively. These parameters correspond to k,; and k_y,
respectively, and can be used to calculate a kinetically-derived Kp
of 9.3 x 10710 . Data points were weighted by the reciprocal

] estimates to minimize the

of the standard error of 7~
contribution of points with relatively large error (such as those

made at high [3H]DPCPX concentrations) to the fitting procedure.
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FIGURE 1I-4

Agonist titration of [3H]DPCPX binding in a porcine atrial
membrane preparation. [3H]DPCPX and receptor concentration were
2.8 nM and 50 pM, respectively. Curves drawn are based on

theoretical one-site parameter estimates given in table II-1.
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FIGURE II-5

CPA titration of porcine atrial membrane [3H]DPCPX binding in
the presence (o) and absence (0) of 100 uM GTP. Experimental
conditions are given in the legend of Fig. II-4. Curves drawn are

based on theoretical parameter estimates given in Table II-2.
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FIGURE II-6

Antagonist titration of [3H]DPCPX binding in a porcine atrial
membrane preparation. Experimental conditions and the basis for
theoretical curves shown are given in the legend of Fig. II-4.

Theo. = Theophylline.
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TABLE II-1

Potency of adenosine analogs to inhibit specific binding of
[3H]DPCPX in porcine atrial membrane preparations. Experimental
conditions were as described in the legend of Fig. II-4. Parameter
estimates were determined by fitting data with Equations II-3, 4 and
5. F values for improvement in fit were calculated using Equation

[1-6. P values represent significance in the improvement of fit when

comparing two- to one-site models.



COMPOUND

(R)-PIA

(S)-PIA
CPA
CHA
NECA
CADO

CV-1808

Theophylline
Caffeine

DPCPX

TABLE I1-1

ONE-SITE
KI (nM)

2.1

I+

0.1
38t 4
2.9 £ 0.3
7.5 1.2
62 + 8
167 + 37
> 10,000

-4

14,100 + 1580

-4

160,000 + 16100
0.52

I+

0.24

.79
A
.81
.80
71
71

.09
.92
.16

ny

I+

I+

I+

I+

I+

I+

I+

I+

I+

.02
.04
.04
.05
.04
.06

.08
.08
.34

TWO-SITES

%
AGONISTS
70 £ 4
38 t 15
69 + 20
46

-+

8
58

I+

5
40 + 11

ANTAGONISTS

SITE 2

Ky (nh) % Ky (nM) F p
1.0+ 0.1 304 12%2 205  0.0001
5.6 + 4.2 62 + 15 113 £ 50 12 0.008
1.4 + 0.6 31 +2l 154# 13 8 0.02
1.5+ 0.6 54+9 25¢%6 49  0.0005
15 + 3 42 +5 428 +117 91 0.0001
19+12 60 +12 634 +306 11 0.0l

9Y



TABLE 1I-2,

COMPOUND

CPA (-) GTP
CPA (+) GTP

CPA titration of porcine atrial membrane [3H]DPCPX binding in the presence and absence of
100 uM GTP. Experimental conditions are as described in the legend of Fig. II-4. Param-

eter estimates, F and P values were calculated as described in the legend of Table II-1.

ONE-SITE TWO-SITES
Ky (nM) ny SITE I---mmmmmmmmm SITE 2~

% Ky (nM) % Ky (nM)  F p
1.6 £ 0.2 0.72£0.03 61+6 0.5:+01 39£7 1043 75 0.0001
13.8 £ 1.0 0.90 £ 0.05 --- --- --- --- -~ NS

LY
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CHAPTER III

Characterization of Agonist Radioligand Interactions with Porcine

Atrial A; Adenosine Receptors
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ABSTRACT

The agonist radioligand (-)-N6-[1251]-p-hydroxypheny1iso-
propyladenosine ([125I]HPIA) was used to characterize adenosine
recognition sites in porcine atrial membranes. [1251]HPIA showed
saturable binding to an apparently homogenous population of sites
with a maximum binding capacity of 35 + 3 fmol/mg protein and a
equilibrium dissociation constant of 2.5 * 0.4 nM. Kinetic
experiments were performed to address the molecular mechanism of
[12511HPIA binding in porcine atrial membranes. [l2°I]HPIA
apparently interacts with the cardiac adenosine receptor in a simple
bimolecular reaction. A kinetically-derived [1251]HPIA
dissociation constant (2.4 n¥) was in good agreement with that
parameter measured at equilibrium. Guanine nucleotides negatively
modulated [1251]HPIA binding by increasing its rate of
dissociation. This finding is consonant with the formation of a
ternary complex in porcine atrial membranes consisting of ligand,
receptor and guanine nucleotide binding protein. Prototypic
adenosine receptor agonists and antagonists inhibited specific
binding in a manner consistent with the labeling of an Ay adenosine
receptor. The results of these experiments suggest that the
adenosine receptor present in porcine atrial membranes as Tabeled by

[12511HPIA is of the A; subtype.



ABBREVIATIONS

APNEA, N6—2—(4-aminopheny1)ethy]adenosine; Bpax> maximum
binding capacity; 2-CADO, 2-chloroadenosine; CPA, N6-cyc1openty1—
adenosine; CHA, N6-cyc1ohexy1adenosine; CV-1808, 2-phenylamino-
adenosine; DMSO, dimethylsulfoxide; DPCPX, 8-cyclopentyl-1,3-dipro-
pylxanthine; [3H]DPCPX, 8-cyc1openty1-1,3[3H]dipropy1xanthine;

DPX, 1,3-diethyl-8-phenylxanthine; Gpp(NH)p, Guanyl-5’-y1-imidodi-
phosphate; GTPyS, Guanosine-5’-(3-0-thio)-triphosphate; HPIA,
N6-(hydroxypheny1isopropy1)adenosine; [1251]HPIA, N6-3([1251]-
Iodo-4-hydroxyphenylisopropyl)adenosine; IBMX, 3-isobutyl-1-methyl-
xanthine; Kp, equilibrium dissociation constant; Ky, inhibition
constant; k,;, association rate constant; k_y, dissociation rate
constant; NECA, 5’-N-(ethylcarboxamido)adenosine; PACPX, 1,3-di-
propyl1-8-(2-amino-4-chlorophenyl)xanthine; PMSF, phenylmethane-
sulfonyl fluoride; (R)-PIA, N6-(R-pheny1isopropy1)adenosine;
(S)-PIA, N6-(S—pheny1isopropy])adenosine; pSPT, 8-(p-suifo-

1

phenyl)theophylline; 7 and 7%, relaxation time and

reciprocal relaxation time, respectively.
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INTRODUCTION

Adenosine has been identified as a putative neurotransmitter or
neuromodulator in the central nervous system as well as a physiologi-
cal requlator in several peripheral cell types (105,106). Effects of
adenosine on the myocardium are uniformly inhibitory in nature
(107). Negative chronotropy was among the first physiological
effects ascribed to the endogenous nucleoside nearly six decades ago
(1). Adenosine and its analogs also exert negative inotropic and
dromotropic effects on isolated atrial, ventricular or whole
mammalian heart preparations (66,68,74,94,108). Consonant with its
modulatory role in other tissues (105,106), adenosine attenuates
myocardial responsiveness to catecholaminergic stimulation (81,109).
This may serve as an important regulatory mechanism as catechol-
aminergic stimulation has been shown to rapidly increase adenosine
release from the myocardium (81). Physiological effects of adenosine
on the isolated myocardium are competitively antagonized by xanthine
derivatives, indicative of a receptor-mediated event (66,94,110).

Cardioinhibitory effects of adenosine are believed to be mediated
via an interaction with adenosine receptors of the A; subtype (3).
Three general Tines of evidence support this hypothesis: 1) Agonist
rank order potencies in in-vitro physiological studies are
consistent with an A;-mediated event (66,68,74). 2) Adenosine
recognition sites in myocardial membranes have been directly
radiolabeled using agonist probes [IZSI]HPIA (95) and

[1251]aminobenzy1adenosine (111) and an Aj-selective antagonist
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probe [3H]DPCPX (112,113). The rank order potency profile of
agonists inhibiting specific binding of these radioligands is
consistent with that of an A; adenosine receptor. 3) Activation of
adenosine receptors on dispersed rat cardiac myocytes (85,87) or in
guinea pig myocardial membranes (88) inhibits catecholamine-
stimulated and basal adenylyl cyclase activity, respectively. This
finding is consistent with the presumed A; nature of the cardiac
adenosine receptor (106). Adenosine also activates a potassium
conductance in cardiac membrane patches which is analogous to that
activated by acetylcholine in that it shows inward rectification and
pertussis toxin sensitivity (83,84). Both adenosine and
acetylcholine receptors couple to this type of K¥ channel via an
interaction with a guanine nucleotide binding protein, presumedly
G; (83,84). Activation of this K* channel may represent the
molecular basis of adenosine-induced negative chronotropy (84).
Adenosine also attenuates catecholaminergic-stimulated calcium
conductance in bovine ventricular myocytes voltage-clamped in the
whole cell configuration (90). Whether this is related to
adenosine-mediated inhibition of adenylyl cyclase activity or
coupling of cardiac adenosine receptors to calcium channels is
unknown.

The objective of the present study was threefold: 1) To determine
if porcine atria represent an acceptable model for the
characterization of cardiac adenosine receptors in terms of density
and pharmacological specificity, 2) To directly address the kinetic

mechanism of binding of an adenosine receptor agonist radioligand



and, 3) To assess the influence of guanine nucleotides on agonist
equilibrium binding and dissociation kinetics. The results of our
pharmacological characterization suggest that the porcine atrial
adenosine receptor labeled by [IZSI]HPIA is of the A; subtype.

The kinetics of [IZSI]HPIA binding were consistent with those
expected for a simple bimolecular reaction. The homogenous
population of cardiac adenosine receptors labeled by [IZSI]HPIA
presumably represents binding to the high affinity form of the
receptor as [IZSI]HPIA binding is sensitive to negative modulation
by guanine nucleotides. Thus, the porcine atria may represent a
suitable model for further characterization of cardiac adenosine

receptors.
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MATERIALS AND METHODS

[1251]HPIA (1800-2200 Ci/mmol) was purchased from Amersham
(Chicago, IL). (R)- and (S)-PIA, NECA, HPIA, GTPyS,
Gpp(NH)p, GDP, GMP, PMSF and adenosine deaminase were from Boehringer
Mannheim (Mannheim, West Germany). CPA, CV-1808, DPCPX, PACPX, and
pSPT were obtained from Research Biochemicals, Inc. (Wayland, MA).
CHA, IBMX and DPX were from Calbiochem (La Jolla, CA). 2-CADO,
theophylline, caffeine and GTP were obtained from Sigma Chemical
Company (St. Louis, MO). Ultrapure DMSO was obtained from Pierce
Chemical Company (Rockford, IL). APNEA was synthesized by the method
of Stiles et al. (32).

MEMBRANE PREPARATION AND EXPERIMENTAL PROTOCOL. Membranes

used in all binding assays were prepared as previously described
(98). Immediately prior to binding assays, this P3 fraction was
resuspended at a protein concentration of 1-2 mg/mL and incubated
with 5 units/mL adenosine deaminase for 30 minutes at 22°C.
Adenosine deaminase-treated homogenates were used directly in binding
assays.

A11 binding experiments were carried out at 37°C in a final
volume of 0.25 mL containing 25 m¥ imidazole (pH 7.4), 5 m¥
MgCl, and 0.3-0.5 mg membrane protein. Non-specific binding was
defined as that occurring in the presence of 100 uM (R)-
PIA, 100 pM 2-CADO or 1 mM theophylline (which gave
identical values). Concentrated stock solutions of insoluble

adenosine receptor agonists and antagonists were prepared in 100%
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ultrapure DMSO which were diluted such that the final concentration
of DMSO in binding assays was 0.5%. Therefore, all binding
experiments (except those with guanine nucleotides) were carried out
in 0.5% DMSO. Equilibrium binding experiments were carried out for
90-120 minutes and terminated by rapid filtration over GF/C filters
using a Brandel Cell Harvester (M-24R, Gaithersburg, MD). GF/C
filters were presoaked in 0.5% polyethyleneimine to reduce
non-specific binding. Kinetic experiments were carried out for
varying time intervals and terminated similarly. Additional
saturation isotherms were carried out using the dilution method of
Green (114). Filter-trapped radioactivity was quantified by use of a
Beckman 4000 gamma counter at a counting efficiency of 75%. Protein
concentration determined by the method of Lowry et al. (100).

DATA ANALYSIS. Saturation data were analyzed using Lundon I

Saturation Analysis Software (Lundon Software, Cleveland, OH).
Agonist, antagonist and guanine nucleotide titration experiments were
also analyzed using an iterative curve-fitting procedure (EBDA

(Elsevier-Biosoft, Cambridge, UK) assuming a one-site model:

B
B = T (Eq. III-1)

1+ ([L]/ICgq)"

where B is the amount of [3H]DPCPX bound, By is the total number
of binding sites labeled by the [3H]DPCPX in the absence of
competing drug, ICgqg is the concentration of competing ligand that
inhibits 50% of [3H]DPCPX specific binding, L is the concentration

of competing ligand and n is the Hill coefficient. The apparent
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Kp values for competitors were calculated from ICgy values using
the method of Cheng and Prusoff (99).
Association rate experiments were analyzed by linear

transformation of binding data to a natural logarithm plot:

In ([Beq - Bt]/[Beq]) = -t/71 (Eq. TII-2)

where Beq and By are the amounts of [IZSI]HPIA specifically
bound at equilibrium and time t, respectively. Fitting kinetic data
to this equation generates a plot with a slope corresponding to
(-)1‘1, the reciprocal relaxation time.

[IZSI]HPIA dissociation experiments were analyzed by fitting

data to mono-:
B = Bge /7 (Eq. III-3)
or biexponential:
B = Bje¥/Ti + Byet/7, (Eq. I1I-3)

decay equations using an iterative curve fitting routine (KINETIC,
ELSEVIER-BIOSOFT). For the monoexponential equation, By and B are
the amounts of [IZSI]HPIA bound at equilibrium and time t, respec-
tively, and 7 is the relaxation time for the single kinetic

phase. Similarly, for the biexponential equation, B is the amount of
[IZSI]HPIA bound at time t, and Bl,2 and Ty,p are the amp-

litude and relaxation time for each kinetic phase, respectively.
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RESULTS

SATURATION ANALYSIS. [!251]HPIA bound saturably,

reversibly and with high affinity to an apparently homogenous

population of recognition sites with a B of 35 + 3.0 fmol/mg

max
protein and a Ky of 2.5 + 0.4 n¥ (Fig. III-1A). Parameter
estimates for a two-site model could not be obtained for these data
using an iterative curve fitting routine (Lundon I). A
Scatchard-Rosenthal replot of saturation data was monophasic in the
concentration range of [1251]HPIA employed (Fig. III-1B inset). It
was not possible to exceed the maximal concentration shown
(approximately 4 nM) due to high levels of non-specific binding
with attendant unfavorable signal to noise ratios. At a ligand
concentration equal to its Ky approximately 35% of total

[1251]HPIA binding was specific. A Hill plot of saturation data
yielded a slope of 1.0 + 0.1 and an apparent Kp of 2.5 £ 0.6 nif
(data not shown). At the concentrations of radioligand used, this
binding presumably represents the labeling of the high affinity state
of the porcine atrial adenosine receptor. Additional saturation
experiments were performed using the dilution method of Green (114)
to achieve greater fractional occupancy of adenosine receptors in
equilibrium binding experiments. The binding of a fixed
concentration of [1251]HPIA (0.2 nM) was determined in the

presence of 0.2 to 20 n¥ unlabeled HPIA in these experiments.

Under these conditions, HPIA Tabeled a single population of

recognition sites with a BmaX of 49.1 + 2.2 fmol/mg protein and a
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Kp of 7.4 + 0.8 n¥ (Fig. III-2A). A Scatchard-Rosenthal replot
of these data was monophasic over this expanded concentration range
(Fig. III-2B inset). A Hill plot of these data yielded a slope of
1.09 + 0.07 and an apparent Ky of 7.7 £+ 0.4 n¥ (data not
shown). Moreover, parameter estimates for a two-site model could not
be obtained from these data using an iterative curve-fitting
procedure (Lundon I). Therefore, a one-site model adequately
described [12°1]HPIA equilibrium binding isotherms in all
saturation experiments.

KINETIC EXPERIMENTS. Kinetic experiments were undertaken to

address the mechanism of [IZSI]HPIA binding in porcine atrial
membranes. In order to maintain pseudo-first order reaction
conditions, Tigand concentrations employed were always five-fold
greater than that of receptor (approximately 50 p¥). Values of
771 was determined at several ligand concentrations (Fig.

I11-3A) and plotted versus [12°1]HPIA concentration (Fig. III-3B).
The latter plot was linear (R2 = 0.99) with a slope of (1.9 + 0.1)
x 107 # 1 min-1 and a y-intercept of (4.5 ¢ 0.2) x 1072

min"l. These parameters represent k,; and k_p, respectively.
Dividing k-l by k+1 yields a kinetically-derived Kp of 2.4

nM which is in excellent agreement with that parameter determined
in equilibrium binding experiments (2.5 * 0.4 nM, above and Fig.
ITI-1). The dependence of ™1 on [IZSI]HPIA concentrations
greater than 4 n¥ could not be determined due to diminished

signal to noise ratios.
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GUANINE NUCLEOTIDE EXPERIMENTS. To determine the effects of

guanine nucleotides on [1251]HPIA dissociation kinetics,
dissociation of [1291]HPIA was initiated by addition of 2-CADO (100
M), GTP (300 uM) or the combination of 2-CADO and GTP to

an equilibrated incubate (Fig. III-4). [1251]HPIA dissociation
induced by 2-CADO was described by a monoexponential yielding a k_y
of (1.6 + 0.2) x 10‘2 min~1. However, biphasic dissociation
kinetics were observed when dissociation was initiated by
simultaneous addition of 2-CADO and GTP. Initially, a rapid
dissociation occurred in which approximately 66 + 9% of specifically
bound [125T]HPIA dissociated yielding a k_yp of 1.2 & 0.1

min"l. This burst phase was followed by a slower dissociation
(k.ys = [1.5 £ 0.2] x 1072 min™1) which was estimated to

account for the remaining 34 + 2% [1251]HPIA specifically bound.
The mean value for k_1s is nearly identical to the off-rate
determined by addition of 2-CADO in the absence of GTP. Finally,
dissociation initiated by addition of 300 uM GTP alone occurs

very rapidly (k_; = 1.3 ¢+ 0.13 min'l) and is essentially complete
within one minute. Approximately 53 + 6% of specifically bound
[1251]HPIA was sensitive to dissociation induced by GTP alone.
Both the rate and extent of [1251]HPIA dissociation initiated by
GTP were very similar to that observed in the rapid phase of
dissociation induced by the combination of 2-CADO and GTP. These
kinetic data are consistent with the formation of a ternary complex

in porcine atrial membranes consisting of 1ligand, receptor and

guanine nucleotide binding protein which possesses high affinity for
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agonists. GTP presumedly causes a dissociation of this complex
resulting in loss of high affinity agonist binding sites (104). The
affinity of the guanine nucleotide binding protein-uncoupled receptor
for [1251]HPIA would appear to be sufficiently low such that this
interaction could not be measured by the methodology employed (rapid
filtration).

To further characterize guanine nucleotide modulation of
[1251]HPIA binding in porcine atrial membranes, titration
experiments for several guanine nucleotides were performed. Guanine
nucleotides negatively modulated specific binding of [1251]HPIA in
porcine atrial membranes with the following rank order potency:
Gpp(NH)p > GTPyS > GDP = GTP >> 5'-GMP (Fig. III-5). 5’-GMP was
essentially ineffective as a negative modulator of [125I]HPIA
binding in concentrations up to 3 m¥. With the exception of
GTPYS, maximal inhibition of [1251]HPIA binding by guanine
nucleotides was approximately 75%. GTPyS, however, inhibited
100% of [1251]HPIA specific binding. These data provide further
evidence for the formation of a ternary complex in porcine atrial
membranes which is sensitive to negative modulation by guanine
nucleotides.

AGONIST AND ANTAGONIST TITRATION EXPERIMENTS. In order to

address the pharmacological specificity of the porcine atrial
adenosine receptor, the rank order potency profile for a series of
adenosine receptor ligands as inhibitors of [1251]HPIA binding was
determined (Fig. III-6A and B, Table III-1). CPA and (R)-PIA

were the most potent inhibitors of [1251]HPIA binding in porcine
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atrial membranes. (R)-PIA was 22-fold more potent than its
diastereomer (S)-PIA. CV-1808, an adenosine A, receptor-
selective ligand, was approximately three orders of magnitude less
potent than Aj-active Tigands. Overall adenosine receptor agonist
rank order potency was as follows: CPA > (R)-PIA > HPIA > CHA >
APNEA > NECA > (S)-PIA > 2-CADO >> CV-1808. This agonist rank
order potency profile is consistent with the labeling of an Ay
adenosine receptor in porcine atrial membranes. With the exception
of HPIA and CV-1808, indirect Hi1l slopes for agonist competition
curves did not differ significantly from unity.

Prototypic adenosine receptor antagonists inhibited the binding
of [1251]HPIA in porcine atrial membranes (Fig. III-7, Table
ITI-1). DPCPX and PACPX, adenosine Al—se1ective ligands, were the
most potent antagonist inhibitors of [1221]JHPIA specific binding.
DPCPX was approximately 10-fold more potent as an inhibitor of
[1251]HPIA specific binding than PACPX. Overall rank order potency
of antagonists inhibiting the binding of [IZSI]HPIA in porcine
atrial membranes was as follows: DPCPX > PACPX > IBMX > DPX > pSPT >
Theophylline > Caffeine. Indirect Hill slopes for DPCPX and IBMX
were unexpectedly but reproducibly less than unity. The reasons for
this observation are unclear. Interestingly, these compounds
represent two of the most Tipophilic adenosine receptor ligands used

in these experiments.
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DISCUSSION

The number of porcine atrial membrane recognition sites labeled
by [1251]HPIA is very similar to that previously reported for the
adenosine receptor antagonist [3H]DPCPX (35 £+ 3 and 32 + 1 fmol/mg
protein, respectively) (113). At the concentrations of radioligand
employed in the present study, [IZSI]HPIA labeled only the high
affinity state of the adenosine receptors. Thus, the Tabeling of
equivalent numbers of recognition sites in porcine atrial membranes
by [}2511HPIA and [3H]DPCPX suggests that the inclusion of 5
mM MgC12 in the incubate and carrying the reaction out at
37°C resulted in a quantitative conversion of adenosine receptors
from a Tow to a high affinity state. This was also demonstrated
using a dilution procedure for equilibrium saturation experiments.
Employing concentrations of HPIA up to 20 nM, we were unable to
detect a second, presumably Tower affinity recognition site. Thus,
under these incubation conditions, [1251]HPIA apparently Tabels the
high affinity recognition state of the porcine atrial adenosine
receptor.

The relationship between 771 and [1251]HPIA concentration
has not previously been evaluated. The demonstration of a linear
dependence of 7l on [1251]HPIA concentration suggests a
simple bimolecular association reaction. From these data it may be
inferred that under the assay conditions employed the porcine atrial
A, adenosine receptor population exists precoupled with a G

protein. However, the possibility of a ligand-induced isomerization
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of the porcine atrial adenosine receptor cannot be completely
excluded at the present time. Such a phenomenon would yield values

! which were hyperbolically dependent on [1251]HPIA

of 7~
concentration (115-118). In the present study, concentrations of
[1251]HPIA employed in association experiments may have generated

-1

values which merely represented the initial linear phase of
a rectangular hyperbola. To more rigorously characterize such a
possibility would require use of [1251]HPIA concentrations
considerably higher than those employed. Unfortunately, use of
[1251]HPIA concentrations greater than 4.0 n¥ severely
compromises the signal to noise ratio and therefore were not
feasible. Nonetheless, excellent agreement exists between
saturation- and kinetically-derived affinities assuming a simple
bimolecular reaction.

Guanine nucleotides negatively modulated the specific binding of
[1251]HPIA in porcine atrial membranes in both kinetic and
equilibrium experiments (Figs. III-4 and 5). This is consistent with
guanine nucleotides and adenosine receptor agonists participating in
negative heterotropic binding interactions (104). Simultaneous
addition of GTP and 2-CADO to agonist-occupied receptors resulted in
a very rapid dissociation of [1251]HPIA followed by a slow terminal
dissociation with a rate constant nearly identical to that measured
when dissociation was initiated by addition of 2-CADO alone.
Dissociation initiated by addition of GTP (300 pM) was
characterized by a similar burst phase but Tacked a terminal (slow)

dissociation phase. Approximately 53% of specifically bound
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[125I]HPIA rapidly dissociated upon addition of this concentration
of GTP. This finding was not unexpected as the concentration of GTP
used in these experiments approximated its ICgy as a negative
modulator of [125I]HPIA binding in equilibrium experiments.

In studies carried out at equilibrium, Gpp(NH)p and GTPyS
were observed to be the most potent negative modulators of
[12511HPIA binding in porcine atrial membranes (Fig. III-5). GTP
and GDP were essentially equipotent and 5'-GMP was devoid of efficacy
as a modulator of [12°I]HPIA binding. The finding that GTP and GDP
were equipotent may be related to the GTPase activity of porcine
atrial membranes. These experiments were carried out at 37°C in
5 m¥ MgCl, with a high protein concentration (300-500 ug
protein/assay tube) and without a GTP regenerating system. These
incubation conditions may contribute to low negative modulatory
potencies which were observed for hydrolyzable guanine nucleotides.
With the exception of GTPyS, maximal inhibition of [1251]HPIA
binding was approximately 75-80%. The remaining 20-25% of
[125I]HPIA bound is insensitive to negative modulation by guanine
nucleotides. The reasons for this insensitivity are not known but
may involve diffusional barriers within the membrane creating a
subpopulation of high affinity agonist recognition sites which are
inaccessible to guanine nucleotides. The finding that GTPyS
inhibits 100% of [125I]HPIA binding was unique and possibly related

to differing partitioning properties for this non-hydrolyzable

ligand.
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Adenosine agonists inhibited the specific binding of [1251]HPIA
in a manner consistent with the labeling of an A; adenosine
receptor (Fig. III-6A and B, Table III-1 [102,119]). This hypothesis
is supported by the rank order potency of adenosine analogs as
inhibitors of [12%1]HPIA binding ((R)-PIA > NECA >
(S)-PIA), the finding that CV-1808 (an Ar-selective ligand) is
approximately three orders of magnitude less potent than other
Aj-active ligands and the potency of A;-selective antagonists as
inhibitors of the specific binding of [1251]HPIA (see below). The
cardiac adenosine receptor derived from porcine atria appears to be
similar to that of bovine ventricular origin in that the potency of
N®-substituted agonists is enhanced over that of non-N6-
substituted agonists (NECA and (S)-PIA are essentially
equipotent) (112).

Adenosine receptor antagonists were also useful in the
classification of the porcine atrial membrane adenosine receptor.
DPCPX and PACPX were the most potent inhibitors of [IZSI]HPIA
binding (DPCPX was approximately 10-fold more potent than PACPX).
However, a discrepancy exists between the apparent Kp of DPCPX as
an inhibitor of [!251]HPIA binding and either its Ky from
[3H]DPCPX saturation experiments or its KI as an inhibitor of
[3H]DPCPX binding in the same tissue (2.4 + 0.2 vs. 0.4 + 0.05 or
0.5 + 0.2 n¥) (113). This inconsistency is most likely due to
incubation conditions of the competition experiments (5 mM
MgCl,). Yeung and coworkers observed decreased potency (2-10 fold)
of IBMX as an inhibitor of [3H](RJ-PIA binding in cholate-



solubilized rat brain membranes when competition experiments were
carried out in the presence of MgCl, (45). MgCl, (3 m¥)
increased the amount of [3H]R-PIA bound and the affinity of
adenosine receptors for this agonist (45). Mg*t apparently
promotes and/or stabilizes the formation of the ternary complex
(104). Therefore, in the presence of 5 m¥ MgCl,, the potency

of antagonists as inhibitors of [1251]HPIA binding may be reduced
over that observed in its absence.

In summary, radioligand binding experiments suggest that the
adenosine receptor present in porcine atrial membranes is of the A;
subtype. [1251]HPIA appears to label a single population of high
affinity recognition sites. The mechanism of [1251]HPIA binding to
porcine atrial membrane adenosine receptors is apparently a simple
bimolecular reaction. Cardiac adenosine receptors are similar to
other rhodopsin-1ike hormone and neurotransmitter receptors in that
agonist binding is subject to negative heterotropic regulation by
guanine nucleotides. Thus, porcine atria appear to represent an
acceptable model for further characterization of cardiac adenosine

receptors.
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FIGURE III-1

A, [1251]HPIA saturation isotherm in porcine atrial
membranes. Non-specific binding was defined as that occurring in t
presence of 100 pM (R)-PIA. The fit shown was obtained

using Lundon I Saturation Analysis software which yielded a B of

max
35 + 3 fmol/mg protein and a Kp of 2.5 + 0.4 nH. B,
Scatchard-Rosenthal replot of saturation data. This fit was
determined as above generating identical binding parameters. Shown
is a representative experiment, done in duplicate and replicated

once. At a ligand concentration equal to its Kp, approximately 35%

of total [1251]HPIA binding was specific.
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FIGURE III-2

A, HPIA saturation isotherm in porcine atrial membranes. The
concentration of [1251]HPIA was fixed at 0.2 nM and varying
concentrations of unlabeled HPIA added (0.2-20 nM). The fit
shown was obtained using Lundon I Saturation Analysis software which
generated a Bp,, of 49.1 £ 2.2 fmol/mg protein and a Ky of 7.4 ¢
0.8 nM. B, Scatchard-Rosenthal replot of saturation data.

This fit was determined as above generating similar parameter
estimates. Shown are the pooled results of three individual

experiments each employing different membrane preparations.
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FIGURE III-3

A, [1251]HPIA association experiments in porcine atrial
membranes. Experiments were carried out with a receptor
concentration of 50 pM and indicated ligand concentrations.

Binding data were linearly transformed to a 1n (% receptors open) vs.
time plot. Lines drawn represent best fits as determined by Tinear
regression. Slopes of these Tines correspond to (-)T'1 for

that concentration of [1251]HPIA. This yielded the following
values for 771: 0.253 nM, (4.5 + 0.2) x 1072 min™1;

0.469 nM, (5.4 + 0.4) x 1072 min~l; 0.742 nM, (6.1 £ 0.2)

x 1072 min~1; 1.15 n¥, (6.8 £ 0.3) x 1072 min~!; 1.61

nM, (7.6 £ 0.3) x 1072 min"1; 3.305 nM, (10.5 + 0.5) x

1072 min1. Experiments were conducted on the same day using the
same membrane preparation. These findings were replicated twice
under similar conditions. B, 1'1 as function of

[1251]HPIA concentration in porcine atrial membranes. The line
drawn represents the best fit as determined by linear regression
(RZ = 0.99). The slope ([1.9 + 0.2] x 107 #~! min~!) and
y-intercept ([4.5 + 0.1] x 1072 min’l) of this plot represent

ky1 and k_q, respectively.
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FIGURE III-4

Dissociation of specifically bound [1251]HPIA from porcine
atrial membranes. 0.25-0.5 nM [1251]HPIA was allowed to
equilibrate with porcine atrial membranes (receptor concentration =
50 pM) for 60 minutes, at which time dissociation was initiated
as indicated. The values of k_; were determined to be (1.6 t 0.2)
x 1072 min"! and 1.3 £ 0.13 min"! for 2-CADO and GTP alone,
respectively. For the combination of 2-CADO and GTP: 66 + 9%
[1251]HPIA dissociated with a k_; of 1.2 £ 0.1 min™! and 34 +
2% dissociated with a k_y of (1.5 t 0.2) x 1072 min~l.

Parameters given were obtained by fitting data with equations III-2
and 3 using the least squares curve fitting routine KINETIC
(E1sevier-Biosoft). Shown is a representative experiment which was

replicated twice.
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FIGURE III-5

Guanine nucleotides inhibiting the specific binding of
[IZSI]HPIA in porcine atrial membranes. Receptor and [IZSI]HPIA

concentration were approximately 40 and 500 pM, respectively.

76

Shown is a representative experiment which was replicated 2-4 times.

Titration curves drawn represent best fits as determined by fitting
data with equation III-2 using an iterative curve fitting procedure
(EBDA). This gave the following parameter estimates (ICgg

[uM] + S.E.): Gpp(NH)p, 2.5 + 0.6; GTPyS, 19.4 + 3.0; GDP,

231 + 102; GTP, 376 + 112; 5’'-GMP > 3000.
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FIGURE III-6

A, N® adenosine receptor agonists inhibiting specific
binding of [1251]HPIA in porcine atrial membranes. B,
Non-N®-substituted adenosine receptor agonists inhibiting the
specific binding of [1251]HPIA in porcine atrial membranes.
Experimental conditions and curve fitting for A and B are as
described in the Tegend of Fig. III-5. Shown are representative

experiments which were replicated 3-6 times.
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FIGURE III-7

Adenosine receptor antagonists inhibiting the specific binding of
[125I]HPIA in porcine atrial membranes. Experimental conditions
and curve fitting are as described in the legend of Fig. III-5. Shown

is a representative experiment which was replicated 1-3 times.
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JABLE 111-1

Adenosine receptor agonists and antagonists inhibiting the
specific binding of [IZSI]HPIA in porcine atrial membranes.
Experimental conditions and curve fitting are as described in the
legend of Fig. III-5. Parameter estimates as described and represent
the mean of 3-6 experiments (agonists) or 2-3 experiments

(antagonists).



TABLE III-1

COMPOUND Ky(n¥) £ S.E.M. SLOPE FACTOR + S.E.M.
AGONISTS
CPA 1.04 £+ 0.14 0.94 + 0.30
(R)-PIA 1.38 + 0.60 0.82 £ 0.17
HPIA 2.95 + 0.40 0.78 £ 0.06
CHA 3.61 + 0.60 0.83 + 0.16
APNEA 25.4 £ 0.1 1.04 + 0.23
NECA 27.1 ¢ 12.5 0.83 + 0.14
(5)-PIA 30.0 + 12.4 0.83 + 0.14
2-CADO 64.5 + 12.2 0.86 + 0.16
CvV-1808 2310 * 355 0.74 + 0.06
ANTAGONISTS
DPCPX 2.4 £0.2 0.70 £ 0.04
PACPX 22.0 £ 4.1 0.98 + 0.14
IBMX 2770 t 343 0.82 £+ 0.08
DPX 4096 + 593 1.00 £+ 0.11
pSPT 4479 t 586 0.99 £ 0.11
THEOPHYLLINE 45,888 t 7295 1.02 + 0.13
CAFFEINE 90,130 + 25,283 1.15 + 0.30
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Agonist Radioligand Interactions with the Solubilized Porcine

Atrial A; Adenosine Receptor
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ABSTRACT

Porcine atrial adenosine receptors have been solubilized using a
detergent system consisting of digitonin and sodium cholate and
characterized with the agonist radioligand N6-([1251]hydroxy-
phenylisopropyl)adenosine ([1251]HPIA). [1251]HPIA labeled an
apparently homogeneous population of solubilized recognition sites
with a By ., of 88 + 4 fmol/mg of protein and a Kp of 1.4 + 0.1
nM. Solubilization resulted in a 2.5-fold enrichment of
adenosine receptor specific activity and an enhanced signal to noise
ratio over that observed for porcine atrial membrane preparations.
Solubilized cardiac adenosine receptors were relatively stable and
exhibited many of the properties of membrane-bound receptors. The
rank order potency of adenosine receptor agonists inhibiting the
binding of [1251]HPIA was consistent with the Tabeling of a
solubilized A; adenosine receptor. Association rate experiments
suggested that the interaction of [1251]HPIA with solubilized
cardiac adenosine receptors was consistent with that of a simple
bimolecular reaction. The dissociation constant calculated from
kinetic data (0.73 nM) was in good agreement with that determined
by equilibrium binding measurements (1.4 n¥). The interaction of
cardiac Ay adenosine receptors and guanine nucleotide binding
protein(s) was retained in this detergent system. Addition of
GTPyS to an equilibrated mixture of solubilized cardiac adenosine
receptors and [1251]HPIA resuited in a rapid and complete

dissociation of [1251]HPIA. This dissociation was resolved into
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two kinetic phases which appear to arise from two populations of
independent, non-interconvertible receptor-G protein complexes which
display differing sensitivities to guanine nucleotides. The A;
adenosine receptor-G protein complex solubilized in digitonin/cholate
appears to provide an excellent system by which agonist radioligand-

receptor-G protein interactions can be further studied.
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ABBREVIATIONS

Bpax> Maximum binding capacity; 2-CADO, 2-chloroadenosine; CPA,

ma
NG-cyc1openty1adenosine; CHAPS, 3[(3-cholamidopropyl)dimethyl-
ammonio]-1-]propanesulfonate; CV-1808, 2-phenylaminoadenosine; DTT,
dithiothreitol; Gpp(NH)p, guanine-5’-yl-imidodiphosphate; GTPyS,
guanosine-5'-(3-0-thio)-triphosphate; [12°11HPIA, N6-3([1231]-
Iodo-4-hydroxyphenylisopropyl)adenosine; Kp» equilibrium
dissociation constant; k+1, association rate constant; k_q,
dissociation rate constant; NaoEDTA, disodium ethylenediamine
tetraacetic acid; NECA, 5’-(N-ethylcarboxamido)adenosine; PMSF,
phenylmethylsulfonyl fluoride; (R)-PIA, NG-(R-pheny1iso-
propyl)adenosine; (S)-PIA, NG—(S-phenylisopropy])adenosine;

1

7 and 7°°, relaxation time and reciprocal relaxation time,

respectively.



89
INTRODUCTION

A, adenosine receptors in myocardial membranes mediate
cardioinhibitory effects of adenosine and its structural congeners
(66,68,71,94,108). Transduction mechanisms associated with cardiac
adenosine receptor activation include activation of an
inward-rectifying potassium channel (84) and inhibition of adenylyl
cyclase activity (85-89). The former seems likely to represent the
molecular mechanism of adenosine receptor-mediated negative
chronotropy (84). Inhibition of adenylyl cyclase activity is not
temporally correlated with negative chronotropy in the developing
atria of the embryonic chick (89) but may be involved in adenosine
receptor-mediated negative inotropy or catecholamine antagonism
inasmuch as adenosine attenuates catecholaminergic-stimulated
positive inotropy (81) and calcium influx (90).

Molecular properties of membrane-bound rat (86,111), bovine
(95,112), chick (120) and porcine (113,121) cardiac adenosine
receptors have been characterized. Solubilization of brain, but not
cardiac, Ay adenosine receptors has previously been reported
(42,43,45,122,123). Solubilized bovine (122) and rat (42,45,123)
brain adenosine receptors display high affinity agonist binding which
is sensitive to negative modulation by guanine nucleotides indicating
that receptor-G protein interactions are preserved in detergent
extracts of brain membranes. Guanine nucleotide-sensitive agonist
binding to detergent-solubilized receptors has also been reported for

the muscarinic receptor of rat myocardium (124) and rat striatal D-1
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dopamine receptors (125). These findings are in contrast to results
obtained for detergent-solubilized porcine atrial muscarinic
receptors (126), or a variety of catecholaminergic receptors
(127-129) which do not display guanine nucleotide-sensitive high
affinity agonist binding. Thus, brain A; adenosine receptors and
rat cardiac muscarinic and striatal D-1 dopamine receptors apparently
exist tightly coupled to guanine nucleotide binding protein(s).

Results of the present studies suggest that molecular properties
of porcine atrial adenosine receptors are not grossly altered in
digitonin/cholate. Adenosine receptor-G protein interactions are
also well preserved in this detergent system. Thus, the solubilized
cardiac Ay adenosine receptor provides a potential model for the

study of receptor-G protein interactions in detergent solution.
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MATERIALS AND METHODS

Digitonin and sodium cholate were obtained from Sigma (St. Louis,
MO). [29I7HPIA (1930 Ci/mmol) and all other compounds were
purchased from sources previously described (121).

MEMBRANE PREPARATION AND RECEPTOR SOLUBILIZATION. Porcine

atrial membranes were prepared and solubilized as previously
described for the atrial muscarinic receptor (98) with minor
modifications. Briefly, digitonin and sodium cholate were added to a
porcine atrial membrane P3 preparation to give a final concentration
of 0.4% w/v digitonin, 0.08% w/v sodium cholate and 4.95 mg of
protein/mL. This mixture was then centrifuged at 100,000 x g for

1 hour at 4°C in a Beckman L8-55M Ultracentrifuge. The

supernatant (El1) was discarded and the pellet resuspended to give a
protein concentration of 10 mg/mL, assuming a 30% protein loss during
the first extraction. Digitonin and sodium cholate were added to
this membrane shspension to give a final concentration of 0.8% w/v
digitonin, 0.16% w/v sodium cholate and 8 mg of protein/mL. After a
10 min. incubation at 22°C, the membrane-detergent mixture was

then diluted 2-fold and centrifuged as above. The supernatant from
this second extraction contained solubilized cardiac A; adenosine
receptors in approximately 50% yield (in [1251]HPIA sites) and was
used for all experiments described here. Prior to the second
solubilization step, membranes were incubated with 5 m¥ MgCl,

and 1 m¥ DTT on ice for 30 min. Preincubation with Mg++ and

DTT improved both the yield and stability of the solubilized cardiac
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A; adenosine receptor. Protease inhibitors present during all
solubilization procedures were PMSF (0.1 m¥), Na,EDTA (1
mM), egg white tryspin inhibitor (100 pg/mL), leupeptin (0.7
pg/mL) and bacitracin (0.01% w/v). Solubilized receptor
preparations were used immediately or stored on ice. Storage on ice
for up to 7 days did not adversely affect receptor specific
activity. Immediately before radioligand binding studies,
solubilized receptor preparations (~ 1 mg of protein/mL) were warmed
to 22°C and incubated with 5 units/mL of adenosine deaminase for
30 minutes. Adenosine deaminase-treated extracts were then used
directly in radioligand binding experiments (the concentration of
adenosine deaminase was approximately 4 units/mL in assay tubes).

RADIOLIGAND BINDING EXPERIMENTS. Al1 equilibrium radioligand

binding experiments were carried out for 120 minutes at 37°C in a
volume of 95 gl containing 20 m¥M imidazole (pH 7.4), 4 mM

MgCl,, 0.3% w/v digitonin, 0.06% sodium cholate, and 30-70 ug
protein. Non-specific binding was defined as that occurring in the
presence of 100 uM 2-CADO, 3 m¥ theophylline or 1 m¥

GTP (which gave identical values) and amounted to approximately 10%
of total [IZSI]HPIA binding at a concentration equal to its Kp.
Bound [IZSI]HPIA was separated from free radioligand by rapid
filtration (Brandel Cell Harvester M-24R, Brandel Scientific,
Gaithersburg, MD) over Schleicher and Schuell #32 glass-fiber filters
which had been presoaked in 0.5% w/v poiyethyleneimine, similar to
the method described by Bruns (130). Kinetic experiments were

carried out under identical conditions for varying time intervals and



93
were terminated by rapid filtration. Radioactivity on the filters
was quantified by use of a Beckman 4000 y-counter at a counting
efficiency of 75%. Protein concentration was determined by the
method of Lowry et al. (100).

DATA ANALYSIS. Results of saturation and competition

experiments were analyzed by use of Lundon I Saturation Analysis
Software (Lundon Software, Cleveland, OH) and EBDA (Elsevier-Biosoft,
Cambridge, UK), respectively. [IZSI]HPIA association experiments
were analyzed by linear transformation of binding data to a natural

logarithm plot:
In ([By - B¢1/[Bgl) = (-)t/7 (Eq. IV-1)

where B, and By are the amounts of [1251]HPIA specifically

bound at equilibrium and time t, respectively, and 7 is the
relaxation time for the single kinetic phase. Fitting kinetic data
to this equation generates a plot with a slope corresponding to
(-)1'1. Values of 77! were plotted vs. [1251]HPIA

concentration and fitted with the pseudo-first order rate equation

for a simple bimolecular association reaction:
1l = kg [HBIIHPIAL + kg (Eq. 1V-2)
where k.1 and k_j are the association and dissociation rate

constants for [1251]HPIA binding, respectively. [l12°1]HPIA

dissociation experiments were analyzed by fitting data to monophasic
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or biphasic decay equations:
By = Bye /7 (Eq. IV-3A)
B = Bt/ 4+ Bet/T (Eq. IV-3B)

The values of Ty,2 are the relaxation times and By,2 the
amplitudes of each kinetic phase. Reciprocal relaxation times for
fast and slow phases of GTPyS-initiated [1251]HPIA

dissociation were plotted vs. GTPyS concentration (Fig. IV-6B and

1 1 appeared

C, respectively). Values of 777" and 75~
to increase in a hyperbolic manner as GTPyS concentration
increased. Therefore, these data were analyzed according to equation

IV-4 using an iterative curve-fitting routine:

k_1[6TPyS]
1 - (Eq. IV-4)
Kp + [GTPS]

where 1'1, k.1 and Kp represent the reciprocal relaxation
time, the rate constant for [IZSI]HPIA dissociation and the
dissociation constant for GTPyS in each kinetic phase,

respectively.
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RESULTS

SATURATION ANALYSIS. [!2°1]HPIA showed saturable binding to

a homogeneous population of high affinity solubilized cardiac
recognition sites with a By, of 88 + 4 fmol/mg of protein and a
Kp of 1.4 + 0.1 n¥ (Fig. IV-1A). A B,,, of 88 fmol/mg of
protein represents a 2.5-fold enrichment over that previously
reported for the membrane-bound adenosine receptor of porcine atria
(113,121). In addition, solubilization in this mixed detergent
system resulted in a greatly enhanced signal to noise ratio inasmuch
as 90% of total [IZSI]HPIA binding was specific at a concentration
equal to its Ky. In contrast, the corresponding percentage of
[IZSI]HPIA specific binding in porcine atrial membranes
preparations is approximately 35% (121).

Saturation binding data were linearly transformed and fitted by
least squares regression analysis to generate a Scatchard-Rosenthal
plot (Fig. IV-1B). This plot was monophasic over a 100-fold range of

[IZSI]HPIA concentration, yielding a B of 91 + 3 fmol/mg of

max

protein and a Ky of 1.5 + 0.2 n¥.
ASSOCIATION AND DISSOCIATION KINETICS. Kinetic experiments

were undertaken to determine the mechanism by which [IZSI]HPIA
binds to solubilized cardiac A; adenosine receptors. Under
pseudo-first order reaction conditions, [IZSI]HPIA association
experiments were performed over a broad range of radioligand

1

concentration. Values for 7°* were obtained at each

concentration of radioligand by fitting association data to
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equation IV-1 (Fig. IV-2A) and then plotted versus [}291]HPIA
concentration (Fig. IV-2B). The latter plot was fitted with equation
IV-2 giving a k,j equal to (3.36 + 0.10) x 107 #°! min-1
and a value of k_; equal to (2.45 £ 0.40) x 1072 min"l. The

linear dependence of 71

on Tigand concentration suggests that
[1251]HPIA interacts with the solubilized cardiac Ay adenosine
receptor in simple bimolecular reaction under the reaction conditions
employed (4 m¥M Mg** and 37°C). Values of k_j and ky;

can be used to calculate an equilibrium dissociation constant of 0.73
nM, assuming a simple bimolecular binding mechanism. This value

is in reasonable agreement with the dissociation constant obtained
from equilibrium binding experiments (see above and Fig. IV-1). The
value of k_; was independently determined by addition of 2-CADO
(final concentration of 100 ¥ in a volume which represented 2%

of incubate volume) to an equilibrated mixture of [1251]HPIA and
solubilized porcine atrial adenosine receptors (Fig. IV-3).
Dissociation of [129I]HPIA initiated by 2-CADO was monophasic with

a k_q of (1.6 £ 0.1) x 1072 min"! or a half-time for

dissociation of approximately 43 minutes, in good agreement with the
value determined from the analysis of association kinetics (Fig.
IV-2B). A1l of the present kinetic data agree with those observed
for [1251]HPIA binding to the membrane-bound adenosine receptor of
porcine atria (121) which were also consistent with a simple
bimolecular binding mechanism.

GUANINE NUCLEOTIDE TITRATION EXPERIMENTS. As a means of

investigating guanine nucleotide modulation of [1251]HPIA binding
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to solubilized cardiac A; adenosine receptors, titration
experiments for a series of guanine nucleotides were performed (Fig.
IV-4). The purpose of these experiments was to determine if the
binding of this agonist radioligand demonstrates sensitivity to
guanine nucleotides as had been reported for solubilized brain
adenosine receptors and was suggested by the high affinity nature of
[1251]HPIA binding (see above). The rank order potency for guanine
nucleotides negatively modulating specific binding of [IZSI]HPIA
was as follows: GTPyS > Gpp(NH)p > GTP > GDP. 5’-GMP, in
concentrations up to 1 m¥, was ineffective as a negative
modulator of [1251]HPIA binding (data not shown). A1l active
guanine nucleotides inhibited 100% of [1Z3I]HPIA binding to
solubilized cardiac Ay adenosine receptors. This finding is in
contrast to experiments using the membrane-bound adenosine receptor
of porcine atria in which all guanine nucleotides (except GTPyS)
maximally inhibited 70-80% of [12°1JHPIA binding (121). These
titration experiments provide evidence that [1251]HPIA, solubilized
cardiac A; adenosine receptors and guanine nucleotide binding
protein(s) interact to form a ternary complex which possesses high
affinity for adenosine receptor agonists. The sensitivity of high
affinity agonist binding to negative modulation by guanine
nucleotides is consistent with a negative heterotropic binding

interaction (104).
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KINETICS OF GUANINE NUCLEOTIDE-INDUCED [1251]HPIA

DISSOCIATION. The kinetic nature of guanine nucleotide

destabilization of high affinity agonist binding was studied by
following the binding of [12%1]HPIA after addition of saturating
concentrations of guanine nucleotides to an equilibrated mixture of
solubilized receptors and radioligand. The purpose of these
experiments was to determine the kinetic characteristics of
[1251]HPIA dissociation from the guanine nucleotide-sensitive
binding component. In contrast to monophasic kinetics observed when
dissociation was initiated by 2-CADO (Fig. IV-3), [LZOI]HPIA
dissociation induced by guanine nucleotides appeared biphasic (Fig.
IV-5). The magnitude of dissociation rate constants (0.1 - 0.2
min“1) and amplitude (50 - 60% in the fast phase, 40 - 50% in the
slow phase) of each kinetic phase was relatively constant for all
guanine nucleotides tested. As a means of addressing molecular
mechanisms involved in the generation of biphasic [1251]HPIA
dissociation kinetics, dissociation rate experiments were conducted
over a large range of GTPyS concentration (Fig. IV-6A). Biphasic
dissociation kinetics were observed over the entire range of

GTPyS concentrations tested (10 n¥ - 30 pM). These

data were fitted with equation IV-3B) to determine the values of the

1, 12'1) and

reciprocal relaxation times (7;°
amplitudes (Bj, By) of each kinetic phase as a function of

GTPyS concentration. A plot of the reciprocal relaxation times
for fast and slow kinetic phases vs. GTPyS concentration appeared

hyperbolic (Figs. IV-6B and C, respectively). Fitting these data
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with equation IV-4 generated the following parameter estimates: fast
phase, k_; = (1.3 £ 0.1) x 1071 min"l, Ky for GTPyS = 86
+ 20 n¥; slow phase, k. = (7.6 £ 0.3) x 1072 min"l, K,
for GTPYS = 481 + 76 nM.

PHARMACOLOGICAL SPECIFICITY OF SOLUBILIZED CARDIAC ADENOSINE

RECEPTORS. To address pharmacological specificity of solubilized
cardiac adenosine receptors the rank order potency of several
adenosine receptor agonists and antagonists as inhibitors of
[1251]HPIA binding was determined. The adenosine A;
receptor-selective agonists, CPA and (R)-PIA were the most potent
inhibitors of [1251]HPIA binding whereas an Aj-selective ligand,
CV-1808, was approximately 3 orders of magnitude less potent than
these Aj-active ligands (Fig. IV-7 and table IV-1). (R)-PIA

was approximately 42-fold more potent as an inhibitor of [1251]HPIA
binding than its less active diastereomer, (S)-PIA. Indirect

Hi1ll slopes for all agonist and antagonist inhibitors of [1251]HPIA
binding did not differ from unity, providing evidence that this
concentration of [1251]HPIA (~ 750 pM) labels a homogeneous
receptor population. With the exception of (S)-PIA, absolute
potencies of all inhibitors of [1251]HPIA binding are reasonably
similar for studies employing either solubilized or membrane-bound
porcine atrial adenosine receptors (121). These titration
experiments suggest that the A; receptor-subtype selectivity of the
cardiac adenosine receptor is well maintained in this detergent

system.



100
DISCUSSION

The mixed detergent system employed in these studies effectively
solubilized porcine atrial adenosine receptors in good yield and
provided sufficient stability to allow biochemical characterization.
Solubilization of brain A; adenosine receptors has previously been
reported to result in a either a marginal (42,123) or a negative
enrichment of adenosine receptor specific activity (43,45,122). Such
findings suggest that these solubilization protocols were not
optimized for selective solubilization of adenosine receptors and/or
solubilized brain adenosine receptors were unstable in the detergents
employed. It is, therefore, noteworthy that this double-extraction
procedure employing a mixed detergent system solubilized cardiac
adenosine receptors in good yield, resulted in an enrichment of
adenosine receptor specific activity and provided stability adequate
for biochemical characterization. The solubilization protocol used
here was originally optimized for selective solubilization of porcine
atrial muscarinic receptors (98) and modified only slightly for the
present studies (Mg** and DTT preincubation). In addition to the
enrichment of adenosine receptor specific activity, a dramatic
increase in the [125I]HPIA binding signal to noise ratio was
observed upon solubilization. [IZSI]HPIA, a marginally useful
radioligand for the characterization of membrane-bound cardiac
adenosine receptors (35% specific binding at Kp), appears to be an
excellent agonist radioligand for the characterization of solubilized

cardiac A; adenosine receptors (90% specific binding at Kp).
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Saturation data were clearly monophasic over the 100-fold range
of [IZSI]HPIA concentration used. These data would appear to
suggest that cardiac adenosine receptors, solubilized in this
detergent system and assayed in the presence of high Mg*t and at
37°C, exist as a homogeneous population displaying high affinity
for agonists.

Kinetic experiments were performed to address the mechanism of
[1251]HPIA binding to solubilized cardiac A; adenosine
receptors. Data from association experiments are consistent with
[125I]HPIA binding to the solubilized cardiac Aj adenosine

receptor in a simple bimolecular reaction of the type:

L + R ;223%:5 LR (Eq. IV-5)
k_1

which is described by the pseudo-first order rate equation presented
above (equation IV-2). This mechanism of binding is consistent with
that observed for [125I]HPIA interacting with membrane-bound
cardiac adenosine receptors (121). Under these experimental
conditions, we found no evidence for a Tigand-dependent
conformational change in receptor which would create a high affinity
compiex, such as [LR] interacting with a G protein(s). Rather, as
postulated for its interaction with membrane-bound cardiac adenosine
receptors, [125I]HPIA appears to interact via a simple bimolecular
reaction with solubilized cardiac A; adenosine receptors which

exist precoupled to a G protein(s), i.e.,
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L + RG ;22;%25 LRG (Eq. IV-6)
k-1

Brain adenosine receptors solubilized in sodium cholate (45,122),
digitonin (42) or CHAPS (123) maintain the ability to interact with G
proteins as evidenced by negative modulation of agonist binding by
guanine nucleotides. Guanine nucleotides were two orders of
magnitude more potent modulators of [1251]HPIA binding to
solubilized- than membrane-bound porcine atrial adenosine receptors
and all active guanine nucleotides inhibited 100% of [12°1]HPIA
binding. In contrast, guanine nucleotides inhibited only 75-80% of
[1251]HPIA binding to membrane-bound porcine atrial adenosine
receptors (121). The inability of guanine nucleotides to inhibit
100% of [1251]HPIA binding to membrane-bound porcine atrial
adenosine receptors is likely to be the result of diffusional
barriers in the membrane creating a subpopulation of high affinity
agonist binding sites which are inaccessible and thus, insensitive to
negative modulation by polar guanine nucleotides. Solubilization of
porcine atrial membranes with digitonin/cholate would appear to
remove these diffusional barriers.

At saturating concentrations, all guanine nucleotides initiate a
maximal rate of [1Z51]HPIA dissociation of 0.1 - 0.2 min"l. This
value is reasonably close to the rate constant for GDP dissociation
from G; in a reconstituted system (131). However, GDP release is
unlikely to be the rate-limiting step in guanine nucleotide-induced

[1251]HPIA dissociation in the present studies. The system has
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been primed by a preincubation with [1251]HPIA which should
decrease the affinity of G; for GDP and thus allow for rapid
binding of other guanine nucleotides. Indeed, the finding that GDP
potently and rapidly modulated [!2°1]HPIA binding provided direct
evidence that preincubation with agonist resulted in dissociation of
native GDP from the ternary complex.

Biphasic dissociation kinetics were observed for guanine
nucleotide-initiated [1251]HPIA dissociation. The magnitude of the
reciprocal relaxation times for both fast and slow kinetic phases was
hyperbolically dependent on GTPyS concentration. The simplest
mechanism to explain this is the occurrence of two parallel

reactions:

K k
LRG; + N ‘——1—— LRG1N ————l—b L + R + GjN (Eq. IV-7A)

LRG, + N ‘—EE—— LRGN ——E———) L + R + GyN (Eq. IV-7B)
where L, R, G and N represent [125I]HPIA, solubilized cardiac
adenosine receptor, G protein(s) and GTPyS, respectively, and
LRG; and LRG, are independent, non-interconvertible populations
of receptor-G protein complexes. K1,2 and k-l,-2 represent the
dissociation constant for GTPyS and the rate constant for
GTPyS-initiated [1291]HPIA dissociation for each parallel
reaction, respectively. This model implies that biphasic
[1251]HPIA dissociation involves the interaction of guanine

nucleotides with a heterologous population of LRG complexes differing
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in G rather than R. The basis for this hypothesis is that
[12$I]HPIA apparently labels a homogenous population of solubilized
receptors as evidenced by monophasic Scatchard-Rosenthal, Hill (data
not shown), association rate and 2-CADO-induced dissociation rate
plots. Therefore, biphasic guanine nucleotide-induced [1251]HPIA
dissociation appears to arise from G protein, rather than receptor,
heterogeneity. Heart contains considerable amounts of both G; and
G, (132-137). Nathanson and coworkers, using quantitative
immunoblotting, have reported that the level of G,, in adult
rat atria is approximately 60% that of G;, (138). One
potential explanation for the appearance of two independent,
non-interconvertible populations of receptor-G protein complexes is
interaction of cardiac adenosine receptors with both of these G
proteins. Other G protein-coupled receptors, such as cloned M2
muscarinic receptors, have been shown to interact with two distinct G
proteins related to inositol phosphate metabolism and inhibition of
adenylyl cyclase activity (139). Functional consequences of
adenosine receptor activation in heart which are known to be mediated
via an interaction with G proteins include the activation of an
inward-rectifying K* channel (84) and inhibition of adenylyl
cyclase activity (85-89), both of which could be explained by the
coupling of cardiac adenosine receptors to G;. Brown and coworkers
have reported the existence of G,-modulated K* channels in brain
(140), however, the functional significance of G, in heart and the

possibility of adenosine receptor-G, coupling remain unknown.
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One must also consider the possibility that artifacts of
detergent solubilization may have given rise to the appearance of two
populations of receptor-G protein complexes. Detergent
solubilization most certainly alters the microenvironment in which
the cardiac adenosine receptor exists. Effectors, with which the
receptor is not associated in the membrane (potentially G,), will
gain access to the receptor provided these effectors and the receptor
cosolubilize. Alternatively, the presence of detergent may have
altered guanine nucleotide-initiated [1251]HPIA dissociation
kinetics. This hypothesis is supported by the finding that
GTP-initiated [1251]HPIA dissociation from membrane-bound porcine
atrial adenosine receptors iS monophasic and occurs with a rate
constant of approximately 1.3 min~1 (121), one order of magnitude
greater than was observed in detergent solution. However, the
present results are in accordance with the demonstration that guanine
nucleotide-induced dissociation of the agonist radioligand
[3H]oxotremorine-M was slower in solubilized- than membrane-bound
cardiac muscarinic receptor preparations (129). Questions involving
the validity of the present kinetic measurements may be addressed in
the absence of detergent by using purified components of the ternary
complex in a reconstituted system.
Several potential reaction mechanisms are inconsistent with the

kinetic behavior of GTPyS-initiated [!251]HPIA dissociation. A

bifurcated reaction scheme such as:
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LRG + N = LRGN —b» L + R + GN
) (Eq. IV-7)
L + RGN

would not explain the observed biphasic GTPyS-initiated

[1251]HPIA dissociation kinetics. Such a reaction mechanism would
predict that, at increasing concentrations of N, the fast phase of
[1251]HPIA dissociation would dominate the observed kinetics.
However, consistent with the hypothesis of two parallel dissociation
reactions described above, the amplitude of the slow phase increased
with increasing nucleotide concentration. Rebinding of agonist is
also unlikely to account for biphasic guanine nucleotide-initiated
[12511HPIA dissociation kinetics. The results of [1221]HPIA
dissociation experiments in which 100 pM 2-CADO was added
simultaneously with guanine nucleotide (GDP) were not qualitatively
or quantitatively different from dissociation experiments done in the
absence of 2-CADO (data not shown). This finding suggests that, at
least in the instance of GDP-initiated [1251]HPIA dissociation,
rebinding of agonist does not contribute to the observed biphasic
dissociation kinetics.

Adenosine receptor agonists inhibited [1251]HPIA binding in a
manner consistent with an interaction at A adenosine receptors
(102). Relative and absolute potencies of adenosine receptor
agonists inhibiting [129I]HPIA binding to solubilized cardiac
adenosine receptors were nearly identical to experiments employing

membrane-bound receptors (121). This finding indicates that the
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pharmacological specificity of solubilized cardiac A; adenosine
receptors is preserved in this detergent system. Interestingly, both
the relative and absolute potency of (S)-PIA in the present
experiments were decreased when compared to studies employing
membrane-bound receptors (121). NECA and (S)-PIA were
essentially equipotent inhibitors of [1251]HPIA binding to
membrane-bound porcine atrial adenosine receptors, whereas a 2-fold
difference in apparent Ky values exists in solubilized receptor
experiments. Moreover, the potency ratio for the diastereomers of
PIA in the present experiments is 2-fold greater than that observed
in experiments conducted with the membrane-bound receptors. These
findings suggest that the enhanced potency of (S)-PIA in higher
mammalian tissues (112,113,121) may not be a function of differences
in receptor proteins per se, but rather due to other membrane-
related factors such as differing lipid composition.

In summary, a detergent system consisting of digitonin and sodium
cholate effectively solubilized cardiac A; adenosine receptors in
good yield, afforded reasonable stability and preserved receptor-G
protein interactions as well as pharmacological specificity. This
solubilization procedure appears to be useful for biochemical
characterization of cardiac adenosine receptors and the interaction
of agonist radioligands with receptor-G protein complexes in
detergent solution. Further studies are required to delineate to
molecular events involved in the generation of two independent,
non-interconvertible populations of cardiac adenosine receptor-G

protein complexes.
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FIGURE IV-1

A, [1251]HPIA saturation isotherm in digitonin/cholate
extracts of porcine atrial membranes. Specific binding (o) was
defined as total binding (not shown) minus that occurring in the
presence of 100 pM 2-CADO (o). Incubation conditions are
described in Methods. The theoretical fit shown was obtained
using Lundon I Saturation Analysis Software and is based on a By,
of 88 t+ 4 fmol/mg protein and a Ky of 1.4 + 0.1 nM. At a
Tigand concentration equal to its Kp, approximately 90% of total
[1251]HPIA binding was specific. B, Transformation of
saturation binding data shown in A to a Scatchard-Rosenthal
replot. The line drawn represents a best fit as determined by Tinear
regression (R = 0.98) and gives a Bp,, of 91 + 3 fmol/mg of protein
and a Kp of 1.5 + 0.2 n¥. A1l points in Fig. IV-1 represent

the mean t S.E.M. of three independent experiments done in duplicate.



109

a0l — —
701
60-
504
401
304
204
10

BOUND [1231]HPIA
(fmol/mg protein)

9 10

0O 1 2 3 4 5 6 7 8
FREE [125(]HPIA (nM)

BOUND /FREE
(fmol/mg protein/nM)

0 . — . ——— -
0O 10 20 30 40 50 60 70 80 90
BOUND [123(]HPIA
(fmol/mg protein)

FIGURE TV-1



110

FIGURE 1V-2

A, [1251]HPIA association experiments with the solubilized
porcine atrial adenosine receptor. Experiments were carried out with
a receptor concentration of 15-40 pM and indicated [1251]HPIA
concentrations (see below). Binding data were linearly transformed
to a Tn (percent [1251]HPIA sites open) vs. time plot and fitted to
equation IV-1 (lines drawn are based on these theoretical fits).
Slopes of these lines correspond to (-)1'1 for that concentra-
tion of [1251]HPIA. This analysis yielded the following values for
771 (min"1): 0.077 n¥ (o), (2.4 £ 0.1) x 107°2; 0.44
nM (o), (3.6 £ 0.1) x 10°2; 0.955 nM (x), (5.9 * 0.3) x
1072; 1.86 nM (O), (9.6 + 0.4) x 10°2; 2.05 nM (a), (1.0
£ 0.1) x 10°1; 3.65 n¥ (»), (1.4 £ 0.1) x 1071 4.51 ni
(m), (1.66 + 0.06) x 10°1; 7.94 n¥ (o), (3.0 £ 0.5) x 1071,

A11 experiments were conducted over the course of 36 hours in the
same solubilized receptor preparation. B, 771 as a function

of [1251]HPIA concentration in the solubilized receptor prepara-
tion. The line drawn represents that obtained by fitting data to
equation IV-2 which yields a k,; of (3.4 £ 0.1) x 107 4!

min"! and a k_; of (2.45 + 0.40) x 1072 min"!, giving a
kinetically-derived Kp of 0.73 nH.
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FIGURE IV-3

[12511HPIA dissociation initiated by addition of 100 uM
2-CADO to an equilibrated mixture of [125IJHPIA and solubilized
cardiac A; adenosine receptors. Receptor and [1251]HPIA
concentration were approximately 50 and 750 pM, respectively.
Data were fitted to equation IV-3A (line drawn is based on that fit)
which gave a dissociation rate constant of (1.6 + 0.1) x 1072

1 Inset, Semi-logarithmic transformation of dissociation

min~
data which was fitted by linear regression and generated an identical
estimate for k_j. This figure depicts an experiment representative

of 3 such experiments.
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FIGURE IV-4

Guanine nucleotide modulation of [1251]HPIA binding in
solubilized porcine atrial adenosine receptor preparations. Receptor
and [125I]HPIA concentrations were approximately 40 and 750 pM,
respectively. Each point represents the mean + S.E.M. of 3-7
individual experiments. Titration curves drawn represent best fits
as determined by EBDA software and give the following parameter
estimates (IC50 + S.E.M, nM): GTPyS, 64.1 % 12; Gpp(NH)p,

138 + 13; GTP, 2600 + 700; GDP, 8000 * 6500.
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FIGURE IV-5

Semi-logarithmic plot of percent [1251]HPIA bound vs. time

after addition of a saturating concentration of guanine nucleotide.
Experimental conditions are as described in the legend of Fig. IV-4.
Data were fitted to equation IV-3B (lines drawn are the results of
those fits) which yielded the following parameter estimates (units of
771 are min"1): 6TPyS: 67% fast, (r;)"! = (15.0 £ 0.3) x 1072,
33% slow, (7,)°1 = (7.6 £ 1.0) x 10°2; Gpp(NH)p: 37% fast, (r)~!
= (11.7 £ 0.7) x 1072, 63% slow, (7,)! = (3.7 £ 0.2) x 107; GTP:
53% fast, (r1)°1 = (19.5 £ 2.1) x 1072, 47% slow, (75)"! = (5.9 ¢
0.4) x 1072; GDP: 54% fast, (r1)71 = (9.0 £ 0.5) x 1072, 46% slow,
(1,)°1 = (3.2 ¢ 0.4) x 1072,
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FIGURE IV-6

Dissociation of specifically bound [1251]HPIA from the solubilized
porcine atrial adenosine receptor initiated by GTPyS. 0.7-0.8
nM [1251]HPIA was allowed to equilibrate with a solubilized por-
cine atrial adenosine receptor preparation (50 pM and 215 nM in
adenosine receptor and [355]GTP1$ sites, respectively) for 120 min-
utes, at which time dissociation was initiated by addition of the indi-
cated concentrations of GTPyS (see below). A, 15 concentrations
of GTPYS were used to initiate [12°1]HPIA dissociation, of which 6
are shown here. Theoretical curves drawn are based on parameter esti-
mates obtained by fitting data to equations IV-3B. Key: e, 10
nM; o, 30 n¥;m, 100 n¥M;0, 300 nM; &, 12 puM; &,
30 uM. B, Reciprocal relaxation times for the fast phase of
GTPyS-initiated [1291]HPIA dissociation vs. GTPyS concentra-
tion. Data were fitted with equation IV-4 which gave a k_; for the
fast phase of GTPyS-initiated [12°1]HPIA dissociation of (1.3 t
0.1) x 107! min! and a Kp for GTPyS of 86 t 20 nM.
Inset, magnification of abscissa in the range of 0 - 1 uM
GTPYS concentration. Shown is the same theoretical fit described
above. C, reciprocal relaxation times for the slow phase of
GTPyS-initiated [1251]HPIA dissociation vs. GTPyS concentra-
tion. Data were fitted as described in B, giving a k_j for the slow
phase of GTPyS-initiated [!2°1]HPIA dissociation of (7.6 t 0.3) x
102 min"1 and a Ky for GTPYS of 481 + 76 nM. Inset,
magnification of abscissa in the range of 0 - 1 uM GTPyS

concentration (same theoretical fit).
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FIGURE IV-7

Adenosine receptor agonists and antagonists inhibiting the
binding of [1251]HPIA in solubilized porcine atrial adenosine
receptor preparations. Receptor and [1251]HPIA concentrations were
fixed at approximately 40 and 750 pM, respectively. Each point
represents the mean t S.E.M. of 3-5 experiments. Lines drawn
represent best fits as determined by EBDA software. Parameter
estimates used in curve fitting are given in table 1 (Theo. =

Theophylline).
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TABLE IV-1

Adenosine receptor agonists and antagonists inhibiting specific
binding of [1251]HPIA to the solubilized porcine atrial adenosine
receptor. Receptor and [1251]HPIA concentrations were
approximately 40 and 750 pM, respectively. Parameter estimates

were obtained using EBDA and represent the mean t S.E.M. of 3-5

experiments.
COMPOUND APPARENT Ky (n/) SLOPE FACTOR
CPA 2.1 +0.8 0.98 + 0.06
(R)-PIA 2.2 £ 0.5 1.01 + 0.005
NECA 49 t 11 1.05 + 0.06
(S)-PIA 94 + 20 0.95 t 0.06
Cv-1808 5640 + 1940 1.00 £ 0.1
THEOPHYLLINE 106,000 + 9000 1.08 t 0.04
CAFFEINE 264,000 t+ 95,000 1.00 £ 0.04



TABLE 1V-2

10.
11.

solubilized porcine atrial A; adenosine receptors.

Mechanism of binding

kyp (1 min 1)

k_y (extrapolated, min'l)
k.1 (measured, min’l)

Kp (equilibrium)

Kp (kinetic)

Bpax (fmol/mg of protein)
Specific binding at Kp

Agonist inhibition profile

Guanine nucleotide inhibition

Guanine nucleotide inhibition profile

MEMBRANE BOUND
Simple Bimolecular

(1.9 + 0.2) x 10/

1+

(4.5 + 0.1) x 1072

1+

(1.6 £ 0.2) x 1072

I+

2.5

1+

0.4 n¥
2.4 nM
35+3
35%

l

CPA

(R)-PIA >
NECA

(S)-PIA
70-80%
Gpp(NH)p > GTPyS >
GDP = GTP

Comparison of the binding properties of [1251]HPIA to membrane-bound and

SOLUBILIZED RECEPTOR

Simple Bimolecular

+

(3.36 + 0.10) x 107
(2.45 + 0.40) x 1072

+

(1.6 +0.1) x 1072

+

1.4 £ 0.1 n¥
0.73 nM
88 + 4

90%

l

CPA = (R)-PIA >

NECA > (S)-PIA
100%

GTPyS > Gpp(NH)p >

GTP > GDP

€l
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CHAPTER V

DISCUSSION

Porcine atrial adenosine receptors which mediate cardioinhibitory
effects of the nucleoside have been pharmacologically characterized.
Due to the extremely low density of atrial adenosine receptors and
the paucity of useful radioligands for this tissue, few attempts have
been made to rigorously characterize this receptor. Such a Tow
density of cardiac adenosine receptors is somewhat difficult to
reconcile with the profound inhibitory effects of the nucleoside on
nearly every parameter of myocardial function and suggests a
functional localization of adenosine receptors within the
myocardium. Such a localization has been recently described in
guinea pig ventricle by Parkinson and Clanachan (72). Cardiac
adenosine receptors (as labeled by [3H]DPCPX using quantitative
autoradiography) were found to be almost exclusively associated with
ventricular conduction cells and in very low density on ventricular
myocytes (72). However, adenosine uptake sites (responsible, in
part, for termination of the action of the nucleoside) were uniformly
distributed throughout ventricular tissue (72). This regional
distribution of adenosine receptors in guinea pig ventricle may be

involved in the exquisite sensitivity of this species to AV
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nodal block induced by adenosine (1). The possibility of a regional
distribution of adenosine receptors in atria has not yet been
investigated, however, one may predict that these receptors would be
localized to the SA node and surrounding tissue.

The present studies have used both agonist and antagonist
radioligands to characterize atrial adenosine receptors. The
antagonist radioligand, [3H]DPCPX, proved to be particularly useful
in studies employing membrane-bound atrial adenosine receptors.
Agonist titration of [3H]DPCPX binding allowed the first
quantification of multiple agonist affinity states of a cardiac
adenosine receptor. The observation that guanine nucleotides shifted
agonist titration of [3H]DPCPX binding from a two- to a one-site
model of low affinity indicates that the high agonist affinity state
of the receptor is derived exclusively from ternary complex formation
in atrial membrane preparations. Kinetic characteristics of
[3H]DPCPX binding have not been previously investigated in any
tissue. With regard to association rate experiments, a linear
dependence of ™1 on radioligand concentration suggests that
[3H]DPCPX interacts with the membrane-bound atrial adenosine
receptor via a simple bimolecular reaction. However, it is possible
that more complex association rate kinetics would be observed at
higher [3H]DPCPX concentrations. To investigate this possibility
will require use of more sophisticated equipment, such as a
stopped-flow apparatus (the half-time of association at 13 nM
[3H]DPCPX is approximately 45 seconds under these experimental

conditions) but is certainly feasible with this radioligand.
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[1251]HPIA was only a marginally useful Tigand for characteriza-
tion of membrane-bound atrial adenosine receptors. Under ideal
conditions, approximately 35% of total [1251]HPIA binding was
specific at a concentration equal to the Ky of the radioligand.
This factor made exceeding concentrations of approximately 4 n¥
in equilibrium saturation or kinetic experiments extremely difficult
due to diminished signal to noise ratios. Nonetheless, some novel
observations were made over the course of these studies. It was
found that 771 for association of this radioligand with
membrane-bound atrial adenosine receptors was linearly dependent on
[125I]HPIA concentration. This finding would appear to be
inconsistent with currently accepted models of receptor-G protein
interactions (104):

FAST SLOW | | FAST

— — | !
?ﬂY <= HR + G?ﬂY pae—— ;HRG?ﬂYi+ GTP —> H + R + G(Ix + GﬂY

GDP GDP i GDP | GTP

H+R+ G

In this model, hormone or agonist radioligand (H) binds to free
receptor (R) and HR interacts with a holo-G protein (Gaﬂy) via

a reaction involving a conformational change to form a ternary
complex (boxed). This ternary complex possesses high affinity for
agonists and represents the source from which the signal measured in
these experiments exclusively arises. Implicit in this model is that
the step involving a conformational change is much slower than that
of agonist binding to the free receptor, the latter of which

approaches diffusion-limited kinetics (141). One may expect that
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values of 1 for agonist association would be hyperbolically-
dependent on [1251]HPIA concentration and approach a limiting value
corresponding to rate constant for the conformational change.
However, since 1'1 for association of [1251]HPIA with
membrane-bound atrial adenosine receptors was linearly-dependent on
ligand concentration, this model would not appear to properly
describe the binding mechanism of this radioligand. A model that
does describe the interaction of [1251]HPIA with the membrane-bound

atrial adenosine receptor is the following:

FAST FAST

?ﬂY =:==‘HRG‘IIﬂ7 + GTP —» H + R + G? + GﬂY

GDP GDP GTP

H + RG

This model implies that the atrial adenosine receptor is precoupled
(in the absence of agonist) to a G protein under these experimental
conditions (5 m¥ MgCl,, 37°C). @, adrenergic receptors have also
been demonstrated to be precoupled to a G protein in human platelet
membranes (141). Interestingly, a, receptors, Tike Ay

receptors, are coupled to adenylyl cyclase in an inhibitory manner
via an interaction with G; (141).

An alternative explanation for the observed [1251]HPIA
association rate kinetics is that [1251]HPIA concentrations used in
these experiments may simply have represented the initial Tinear
phase of a rectangular hyperbola. In this case, [1251]HPIA
concentrations would be sufficiently Tow such that corresponding

1'1 values would not have exceeded the rate constant for
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conformational change and the latter step would not appear rate-
limiting. To resolve this issue would require use of [1251]HPIA
concentrations far greater that that which is technically feasible
(see above). In any event, a kinetically-derived Kp was in
excellent agreement with that parameter determined by equilibrium
saturation analysis, assuming a simple bimolecular binding mechanism
(2.4 and 2.5 nM, respectively).

Nearly all of the properties of membrane-bound atrial adenosine
receptors, with respect to agonist radioligand binding, were found to
be preserved after detergent solubilization. The mixed-detergent,
double-extraction procedure employed in these studies afforded a
2.5-fold enrichment of adenosine receptor specific activity relative
to porcine atrial membrane preparations. Technical aspects of
radioligand binding experiments in solubilized receptor preparations
were greatly facilitated by an enhanced signal to noise ratio of
[12511HPIA binding (90% specific binding at Kp as compared to 35%
specific binding in membrane preparations). This improved signal
allowed a much more in-depth characterization of agonist radioligand
interactions with atrial adenosine receptors. In addition,
observations, questions and ambiguities which arose while conducting
experiments with membrane-bound atrial adenosine receptors were more
definitively answered using solubilized receptor preparations. In
solubilized receptor preparations, it was conclusively shown that
[1251]HPIA interacted exclusively with a precoupled atrial
adenosine receptor and this interaction was consistent with a simple

bimolecular binding mechanism over a 100-fold range of radioligand
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concentration. As indicated, atrial adenosine receptor maintain the
ability to interact with G proteins in detergent solution. While
such is not the case for some G protein-coupled receptors (muscarinic
acetylcholine [126] and some catecholaminergic [127-129] receptors),
it is not unprecedented. For example, @, adrenergic (142), D-2
dopamine (143), glucagon (144), fMet-Leu-Phe (145), neurotensin
(146), serotonin 5-HTyn (147), somatostatin (148), substance P
(149), & opioid (150), vasoactive intestinal peptide (151),
vasopressin Vo (152) and brain Ay adenosine (42,45,122,123)
receptors have all been shown to interact with G proteins in
detergent solution.

The binding of the agonist radioligand [1Z°I]HPIA to
solubilized atrial adenosine receptors was 100% sensitive to negative
modulation by guanine nucleotides. A1l guanine nucleotides tested
(GTP, GDP, Gpp(NH)p and GTPyS) elicited rapid and complete
[1251]HPIA dissociation which could be resolved into two kinetic
phases. To address the mechanism by which guanine nucleotides
induced biphasic agonist radioligand dissociation, kinetic
characteristics of GTPyS-induced [IZSI]HPIA dissociation were
studied over a wide range of GTPyS concentration. Biphasic
[1251]HPIA dissociation was observed at every concentration of
GTPyS examined and the magnitude of reciprocal relaxation times
for each kinetic phase was observed to be hyperbolically-dependent on
GTPYS concentration. The simplest model to explain this kinetic
behavior was presented in chapter IV and involves the interaction of

solubilized atrial adenosine receptors with two distinct populations



131
of G proteins possessing differing affinities for guanine nucleotide.
While the nature of the proposed G protein heterogeneity remains
unknown, several speculations can be made. As suggested in chapter
IV, the atrial adenosine receptor may interact with two distinct G
proteins, such as G; and G,. There is evidence for the existence
of both G proteins in heart, albeit not in this species (132-138).
Another possibility is that the atrial adenosine couples to isoforms
of G;. Linden’s group has recently shown that bovine brain A
adenosine receptors copurify with G;,,, Gj,; and Gy
(153). In addition, partially-purified brain adenosine receptors
functionally interacted with these G proteins, but not G;,,,
in a reconstituted system (154). A1l three isoforms of G;, as well
as Gy, are expressed in atria (132-138,155). Thus, the possibility
exists that biphasic guanine nucleotide-initiated [1251]HPIA
dissociation may arise from interaction of atrial adenosine receptors
with distinct G proteins or isoforms of the same G protein.

The solubilized atrial adenosine receptor has recently been
characterized with the antagonist radioligand [3H]DPCPX (156). The
enrichment of adenosine receptor specific activity upon solubili-
zation was confirmed using this antagonist radioligand. However,
while the solubilized receptor displayed an affinity for [1251]HPIA
comparable to the membrane-bound receptor (1.4 and 2.5 n¥,
respectively), the affinity of this receptor for [3H]DPCPX was
approximately 10-fold less than that of the membrane-bound receptor
(4.7 and 0.4 nM, respectively). Moreover, preliminary kinetic

experiments suggest that the association of [3H]DPCPX with the
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solubilized receptor is inconsistent with a simple bimolecular
interaction (Leid, unpublished data). The influence of detergent
solution on antagonist, but not agonist, binding properties suggests
that the presence of digitonin/cholate may alter the accessibility of
a hydrophobic binding domain on the receptor to the antagonist
radioligand [3H]DPCPX. Much more work will be required to
rigorously address this issue.

An original goal of this thesis was to purify the atrial
adenosine receptor to homogeneity in order to study interaction of
purified receptor and G protein(s) in reconstituted systems, for
physical studies, and as a first step in the molecular cloning of the
gene encoding this protein. Purification of the receptor was not
accomplished over the course of this thesis primarily due to the
exceedingly low density of the receptor in atria and extreme lability
of the resolved protein (Leid et al., unpublished data).

Nonetheless, these studies represent a framework upon which further
work, aimed at elucidating the mechanism(s) by which adenosine

modulates myocardial function, may be built.
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