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Thermodynamically distinct high and low affinity states of the A,
adenosine receptor induced by G protein coupling and guanine

nucleotide ligation states of G proteins
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1 The influence of the receptor-G protein coupling state and the guanine nucleotide ligation state
of the G protein on the binding mechanism of A, adenosine receptor ligands has been investigated
in [*H]-1,3-dipropyl-8-cyclopentylxanthine ([’H]-DPCPX) binding studies in rat brain membranes.
Thermodynamic parameters of binding of A, adenosine receptor ligands of different intrinsic
activities were determined in the absence or presence of GDP and compared to the binding
mechanism after receptor-G protein uncoupling.

2 In agreement with previous studies, it was found that xanthine and non-xanthine antagonists
showed an enthalpy- or enthalpy- and entropy-driven binding mechanism under all conditions.

3 In contrast to antagonists, the binding mechanism of agonists was strongly affected by the G
protein coupling state or the absence or presence of guanine nucleotides. Binding of full and partial
agonists to the high-affinity state of the A, receptor was entropy-driven in the absence of GDP, and
a good correlation between intrinsic activities and the contribution of entropy was observed. In the
absence of GDP, binding of full and partial agonists and antagonists to the high affinity state of the
receptor was thermodynamically discriminated. In contrast, no such discrimination was found in the
presence of GDP.

4 The binding mechanism of agonists to the low-affinity state of the receptor was identical to that
of antagonists only after uncoupling of the receptor from G proteins by pretreatment with N-
ethylmaleimide or guanosine-5'-(y-thio)-triphosphate (GTPyS).

5 These results indicate the existence of two thermodynamically distinct high- and low-affinity

states of the A, adenosine receptor.
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Introduction

The binding of ligands to receptors is a prerequisite for
induction of signalling. The nature of the interactions between
ligands and receptors defines if a ligand acts as an agonist, a
partial agonist, an antagonist, or an inverse agonist. The
underlying mechanisms which contribute to binding have been
characterized in numerous thermodynamic studies. For a
number of receptors, a correlation between thermodynamic
parameters and the intrinsic activity of ligands has been
described. At f-adrenergic receptors (Weiland et al., 1979;
Contreras et al., 1986; Miklavc et al., 1990), M, muscarinic
receptors (Waelbroeck et al., 1993), y-aminobutyric acids
receptors (Maksay, 1994) and 5-HT; receptors (Borea et al.,
1996), binding of agonists and antagonists is thermodynami-
cally distinct. In contrast, agonist and antagonist binding to D,
dopamine (Kilpatrick er al., 1986) and 5-HT,, receptors
(Dalpiaz et al., 1996) is not thermodynamically discriminated,
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and the thermodynamic characteristics of these ligands are
better interpreted in accordance with their structural char-
acteristics.

Initial thermodynamic analysis of ligand binding to A,
adenosine receptors indicated an entropy-driven mechanism of
binding of agonists to the high-affinity state of the receptor,
whereas binding to the low-affinity state was enthalpy-driven
and thus similar to the binding of antagonists to this receptor
(Murphy & Snyder, 1982; Lohse et al., 1984). These findings
were extended to a larger number of agonists and xanthine
antagonists (Borea et al., 1992). Based on this evidence, it was
predicted that partial agonists of the A, receptor should exhibit
a binding mechanism intermediate between full agonists and
antagonists. This prediction has been confirmed experimen-
tally in one study of adenylate cyclase inhibition and receptor
binding thermodynamics (Borea et al., 1994). Contradictory
results have been determined when intrinsic activity was
assessed as the ability of A, receptor ligands to activate G
proteins, and receptor binding characteristics were studied
under identical conditions (Lorenzen et al., 1996). In this
study, thermodynamic parameters of partial agonist binding
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did not correlate with intrinsic activities. Moreover, within the
investigated group of partial agonists, a marked heterogeneity
of the relative contributions of changes in entropy and
enthalpy was observed. This suggests that binding of
structurally distinct partial agonists of A, receptors is driven
by qualitatively distinct mechanisms of interaction with the
receptor.

The reason for these differences concerning the binding
mechanisms of partial agonists to A, receptors might be the
different incubation conditions employed in the binding
studies. In the first study (Borea et al., 1994), [*H]-N°-
cyclohexyladenosine binding was performed in Tris buffer. In
contrast, the second study (Lorenzen et al., 1996) used
identical incubation conditions for assessment of intrinsic
activity and [FH]-DPCPX binding. Incubations were per-
formed in the presence of NaCl, MgCl, and GDP. In order
to characterize the influence of the coupling state of the
receptor to G proteins and the importance of the guanine
nucleotide ligation state of G proteins in the present study, we
investigated the relative contribution of enthalpic and entropic
forces to the binding of adenosine receptor ligands comparing
different binding conditions. Ligand binding to the high- and
low-affinity state of the receptor was studied under control
conditions and after uncoupling of the receptor from the G
protein with sulphydryl alkylating agent N-ethylmaleimide
(NEM). NEM alkylates the same cysteine residue in G; and G,
o subunits which is ADP-ribosylated by pertussis toxin (B6hm
et al., 1993). Ligand binding mechanisms under control
conditions and after receptor-G protein-uncoupling were
compared to the binding mechanism in the presence of GDP,
MgCl, and NaCl as described previously (Lorenzen et al.,
1996). The influence of the GDP ligation state of the G protein
on ligand binding was investigated by omission of GDP from
the incubation medium. We have further extended the
thermodynamic characterization of adenosine receptor ligands
to non-xanthine receptor antagonists, which have not been
examined previously.

Methods
Materials

[*H]-DPCPX (80—-120 Ci mmol~"') was obtained from New
England Nuclear (Bad Homburg, Germany). 2-chloro-N°-
cyclopentyladenosine (CCPA), 5-amino-9-chloro-2-(2-furyl)-
[1,2,4]triazolo[1,5-c]quinazoline (CGS 15943), N°-cyclopentyl-
9-methyladenine (CPMA), 2-phenylaminoadenosine (CV
1808), etazolate, and 1-methylisoguanosine (MIG) came from
Research Biochemicals Inc. (Cologne, Germany). Adenosine
deaminase (from calf intestine; 200 U mg~'), CHAPS,
dithiothreitol and GDP were purchased from Boehringer
(Mannheim, Germany). 2-Chloro-2'-deoxyadenosine (cladri-
bine), 5'-deoxy-5"-methylthioadenosine (MeSA), NEM, bovine
serum albumin and theophylline were from Sigma (Deisenho-
fen, Germany). All other chemicals were obtained from
standard sources and were of the highest purity commercially
available.

Preparation of rat brain membranes

Membrane preparation from rat forebrains was performed
according to a previously described protocol (Lorenzen et al.,
1993). Protein content was determined according to Peterson
(1977), using bovine serum albumin as standard.

Treatment of membranes with NEM

Uncoupling of A, adenosine receptors from G proteins with
the sulphydryl alkylating agent NEM was performed as
described (Lorenzen et al., 1993).

Binding of [PH]-DPCPX to rat brain membranes

Equilibrium binding to A, adenosine receptors was performed
as 25, 20, 10 and 0°C. Incubation times were chosen according
to previous time course experiments. All buffers were adjusted
to pH 7.4 at the incubation temperature used in the experiment.
Forty ug of membrane protein were incubated with [*H]-
DPCPX in the presence of 0.2 U ml~' adenosine deaminase.
Separation of bound from free radioligand was performed by
rapid filtration through Whatman GF/B filters, which were
washed twice with 4 ml of ice-cold 50 mm Tris-HCI, pH 7.4,
containing 0.02% 3-[(3-cholamidopropyl)dimethyl-ammonio]-
1-propanesulfonate (CHAPS). Nonspecific binding was deter-
mined in the presence of 10 uM R-N°®-phenylisopropyladeno-
sine (R-PIA).

Four different conditions were used: (4) Membranes were
incubated in 50 mM Tris-HCl, pH 7.4, containing 0.02%
CHAPS in a total volume of 1 ml for 2 h at 25°C (0.50 nm
[FH]-DPCPX in competition experiments), 2.5h at 20°C
(0.25 nM [*H]-DPCPX), 3 h at 10°C (0.18 nM [*'H]-DPCPX), or
overnight at 0°C (0.14 nm [*H]-DPCPX). (B) 40 ug of
membranes were incubated in 2 ml at 25°C for 2 h (1 n™m [*H]-
DPCPX in competition experiments), 20°C for 3 h (0.8 nM [*H]-
DPCPX), 10°C for 6 h (0.4 nMm [*H]-DPCPX), or at 0°C for 10 h
(0.3 nM [*H]-DPCPX) as previously described (Lorenzen et al.,
1996). The incubation medium contained (mMm): Tris-HCI 50,
pH 7.4, triethanolamine 2, EDTA 1, MgCl, 5, dithiothreitol 1,
NacCl 100, and 0.5% bovine serum albumin. (C) Incubations
were done as described in B, but in the presence of 10 um GDP.
Samples were incubated with 0.8 nM [*’H]-DPCPX for 2 h at
25°C, 0.6 nM [*H]-DPCPX for 2.5 h at 20°C, 0.4 nm [*H]-
DPCPX for 3 hat 10°C and 0.3 nM [*H]-DPCPX for 8 hat 0°C.
(D) Membranes had been pretreated with 1 mM NEM.
Experiments were carried out in 50 mMm Tris-HCIl, pH 7.4,
0.02% CHAPS in a total volume of 1 ml. Incubation times were
2 hat25°C(0.31 nM [*H]-DPCPX in competition experiments),
2.5 hat20°C (0.26 nM [?’H]-DPCPX), 3 hat 10°C (0.22 nM [*H]-
DPCPX) and 15 h at 0°C (0.19 nMm [*H]-DPCPX).

Data analysis

Binding data were analysed by nonlinear curve fitting using the
programs SCTFIT and LIGAND. The mathematical basis and
equations used in SCTFIT (de Lean et al., 1982) and LIGAND
(Munson & Rodbard, 1980) have been described previously in
detail. Results were fitted to a one site model if curve fitting to
two sites did not improve the fit significantly (P <0.05, f-test).
Kp, K and K; values (K; values for the high and low affinity
states of the receptor for agonists) are given as geometric means
with 95% confidence limits derived from 3-6 independent
experiments. B, values are given as arithmetic means +s.e.-
mean. Standard free energy was calculated as AG®= — RTInK 4
(T=298.15K, R=8314J K 'mol™!, K,=K, ' or K, ',
respectively). Standard enthalpy AH® was calculated from van’t
Hoff plots (InK  versus T™'; slope = — AH°® R™"), and standard
entropy AS° as (AH°-AG°)xT~'. —TAS was obtained by
multiplying —T (T=298.15 K) and AS°. A binding reaction is
driven by enthalpy alone when AH® is negative and AS°® is also
negative or close to zero. An interaction is enthalpy- and
entropy-driven when AH® is negative and AS° is positive.
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Results

In this study, equilibrium binding experiments with [*H]-
DPCPX were performed at four different incubation tempera-
tures under four different incubation conditions. Data for two
full agonists (CCPA and MIG), three partial agonists (MeSA,
CV 1808 and cladribine), two xanthine ([*H]-DPCPX,
theophylline) and three non-xanthine antagonists (CPMA,
etazolate and CGS 15943) are reported. Binding parameters
representative for one antagonist ([*H]-DPCPX saturation
experiments; Table 1), one full agonist (CCPA; competition for
[FH]-DPCPX binding; Table 2A) and one partial agonist
(MeSA; competition for [*'H]-DPCPX binding, Table 2B) are
shown. Binding parameters from competition experiments
with other purine derivatives are depicted as InK, values
(K,=K;~") in van’t Hoff plots (Figure 1).

[’H]-DPCPX binding was saturable in a single component
under all incubation conditions. The affinity of [*'H]-DPCPX
was consistently higher at lower incubation temperatures
(Table 1) with K, values ranging from 0.13-1.08 nM. [*H]-
DPCPX was bound with highest affinities when the incubation
was performed in Tris buffer (condition A) or when
membranes had been pretreated with NEM (condition D). In
the presence of 4 mM free Mg ions and 100 mM NaCl
(condition B) or 4 mMm free Mg?", 100 mM NaCl and 10 um
GDP (condition C), the affinity of this compound was slightly
lower than in conditions 4 or D. The temperature dependence
of the affinity of [PH]-DPCPX (K,=K;™") is depicted in the
van’t Hoff plots in Figure 1. All plots for [*'H]-DPCPX appear
linear with a positive slope regardless of the incubation
conditions. Thermodynamic parameters are reported in Table
3 and do not greatly vary when results from saturation
experiments under different conditions are compared except
for a greater relative contribution of entropic forces after

Table 1 Equilibrium binding parameters of [?’H]-DPCPX at
A, adenosine receptors at four different temperatures and
under different incubation conditions

Condition °C Kp Biux

A 25 0.44 (0.41-0.46) 1467+ 118
20 0.24 (0.22-0.26) 15874159
10 0.18 (0.15-0.21) 14174281
0 0.13 (0.13-0.17) 1235494

B 25 1.08 (0.99-1.17) 1138431
20 0.80 (0.67—0.95) 1062+ 51
10 0.33 (0.29-0.39) 883+23
0 0.26 (0.21-0.32) 897+57

Cc* 25 0.78 (0.58—1.04) 13254135
20 0.53 (0.41-0.68) 1347+ 108
10 0.36 (0.30-0.42) 1359472
0 0.24 (0.23-0.26) 1460+ 134

D 25 0.31 (0.30-0.31) 15514+94
20 0.26 (0.23-0.28) 1592+114
10 0.22 (0.21-0.23) 1668 + 81
0 0.19 (0.18-0.21) 1725+ 111

Binding of [PH]-DPCPX to rat forebrain membranes was
measured in 50 mm Tris-HCIl pH 7.4 (condition A4), in the
presence of 4 mm free Mg”>" and 100 mm Nacl (condition
B), in the presence of 10 uMm GDP, 4 mM free Mg?* and 100
mM NaCl (condition C) and in the presence of 50 mm Tris-
HCI pH 7.4 after pretreatment of the membranes with 1 mm
NEM (condition D). Results from 3-6 experiments are
shown. K, values from saturation experiments are given in
nmol 17! as geometric means with 95% confidence limits.
Bimax values are given in fmol mg*l and are arithmetic
means +s.e.mean. *Data from Lorenzen et al. (1996).

receptor-G protein uncoupling with NEM. The plots of AH®
versus —TAS (Figure 2) shows that binding of [*H]-DPCPX,
under all circumstances, is enthalpy- and entropy-driven with
only minor variations in these parameters.

The maximum number of binding sites detected by [*H]-
DPCPX (Table 1) was identical when conditions 4 (Tris), B
(no GDP; 100 mm NaCl, 4 mM free Mg?*) and C (addition of
10 um GDP, NaCl and MgCl,) were compared. However
when GDP was omitted from the incubation mixture
(condition B), the B, values were significantly lower at
10°C (P<0.01) and 0°C (P<0.05) from the results obtained in
the presence of 10 uM GDP. The radioligand labelled
significantly (P <0.05) less receptors at these temperatures
compared to 25 and 20°C. The reason for these differences is
presently not known.

The antagonists theophylline, CPMA, etazolate and CGS
15943 induced monophasic displacement of [*H]-DPCPX
from A, adenosine receptors. The xanthine derivative
theophylline and the non-xanthine antagonists CPMA and
CGS 15943, in a manner similar to [*H]-DPCPX, displayed
an increase of affinity for the A, receptor at lower incubation
temperatures, and slopes of van’t Hoff plots were positive
under all conditions studied (Figure 1). In contrast, the K;
values of the non-xanthine etazolate did not differ greatly
between the different incubation temperatures from 0—25°C,
pointing to a slightly different binding mechanism (Figure 1).
Thermodynamic parameters of all antagonists, which were
determined from van’t Hoff plots, were hardly affected by
differences in incubation conditions (Table 3). The binding of
theophylline, CPMA and CGS 15943 was either enthalpy-
and entropy-driven or merely enthalpy-driven (Figure 2). The
binding of etazolate was mainly entropy-driven (Figure 2).

CCPA and MIG have been characterized as full agonists
of the A, adenosine receptor in G protein activation studies
in rat brain membranes (Lorenzen et al., 1996). Displacement
of [PH]-DPCPX by increasing concentrations of CCPA (Table
2A) and MIG (not shown) revealed two binding sites for
these agonists when the experiments were conducted in Tris
buffer (4), in the presence of Na* and Mg>* ions (B), or in
the presence of Na*, Mg?>" and 10 um GDP (C). After
pretreatment of the membranes with NEM (D), only one low-
affinity binding site was detected by CCPA (Table 2A) and
MIG (not shown), indicating successful uncoupling of the A,
receptor-G protein-complex. Both agonists displayed higher
affinities at higher incubation temperatures for the high- and
low-affinity states of the A, receptor under all incubation
conditions except after pretreatment of the membranes with
NEM (Figure 1). In contrast to antagonist binding, the slopes
of van’t Hoff plots for CCPA and MIG were negative when
the membranes had not been subjected to NEM pretreatment
(Figure 1). Thermodynamic parameters for agonist binding to
the high- and low-affinity state of the A, receptor differed
markedly between incubation conditions A4, B, C and D
(Table 3). The relative contribution of entropic and enthalpic
forces to the binding is depicted in Figure 2. It is obvious
that binding of MIG, but not of CCPA to the high-affinity
state is highly dependent on incubation conditions. In
addition, the contribution of enthalpic or entropic forces to
agonist binding to the low affinity state was markedly
influenced by Na*, Mg?", GDP and NEM pretreatment. In
untreated membranes, binding of CCPA and MIG to the
high- and low-affinity state was entropy-driven. After
uncoupling the A, adenosine receptor from G proteins by
NEM treatment, binding of CCPA and MIG to a single low-
affinity state was enthalpy- and entropy-driven and thus
revealed an identical thermodynamic mechanism as antago-
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Table 2 Equilibrium binding parameters of the full agonist CCPA and the partial agonist MeSA at A; adenosine recptors at four

different temperatures and under different incubation conditions
A. CCPA binding

Condtion °C Ky K, K, : Ky Ry
A 25 0.28 (0.21-0.37) 15.1 (12.2-18.7) 53.9 5246
20 0.54 (0.45-0.66) 25.7 (23.1-27.7) 47.6 5845
10 1.32 (1.06—1.64) 35.5 (32.7-38.6) 26.9 5343
0 2.68 (1.76—-4.08) 60.9 (46.7-79.6) 22.7 45+4
B 25 0.35 (0.21-0.58) 13.2 (7.33-23.8) 37.8 64+6
20 0.68 (0.42—1.09) 32.6 (26.5-40.1) 48.0 75+3
10 1.15 (0.73-1.80) 66.6 (43.8—-101) 57.9 61+6
0 4.15 (2.96-5.83) 90.4 (87.0-94.0) 21.8 3043
c* 25 0.79 (059-1.05) 67.3 (46.7-97.0) 85.2 45+1
20 1.02 (0.81-1.28) 64.4 (55.0-75.4) 63.1 3742
10 2.80 (2.04—-3.85) 118  (103—-135) 42.1 24+1
0 7.19 (4.50-11.5) 138  (114-169) 19.2 14+3
D 25 88.9 (85.8—-92.1) 0
20 84.6 (77.3-92.6) 0
10 82.4 (80.9-84.1) 0
0 74.0 (67.0-81.8) 0
B. MeSA binding
Condition °C Ky K; K; Ky Ry
A 25 59.8 (47.5-175.3) 3920  (3400-4520) 65.5 48+2
20 32.3 (25.7-40.5) 2430  (2150-2750) 75.2 44+3
10 429 (25.6-71.8) 1910  (1560-2350) 44.5 4142
0 49.5 (32.2-76.1) 1260  (1130-1400) 254 3443
B 25 30.5 (22.2-41.9) 1290 (808—-2050) 423 55+3
20 27.6 (21.4-35.7) 1470 (750-2900) 53.3 5745
10 70.8 (49.9-100) 1730 (1090-2740) 24.4 5843
0 350 (314-391)
Cc* 25 367 (244-551) 7760  (4830—12200) 20.9 51+10
20 184 (112-302) 2710  (2210-3310) 14.7 27+4
10 1140  (1050-1220) 0
0 420 (370—-476) 0
D 25 6630  (5190—8460) 0
20 5820  (5340-6350) 0
10 3200 (2880-3560) 0
0 1150 (578-2280) 0

Binding of [*’H]-DPCPX to rat forebrain membranes was measured in 50 mm Tris-HCI pH 7.4 (condition A), in the presence of 4 mm
free Mg?" and 100 mM NaCl (condition B), in the presence of 10 um GDP, 4 mMm free Mg>* and 100 mm NaCl (condition C) and in
the presence of 50 mm Tris-HCl pH 7.4 after pretreatment of the membranes with 1 mmM NEM (condition D). Affinities are given in
nmol 1~ as Kj; or K, values (K; values for binding to high- or low-affinity state of the receptor) derived from competition experiments
for unlabelled CCPA (A) or MeSA (B). Inhibition curves were fitted to a one-site model, if fitting to a two-site model did not improve
the fit significantly (P<0.05). The single intermediate affinity state detected for MeSA at 0°C in condition B cannot be classified
unequivocally as either a high- or as a low-affinity state. Ky and K; values are given as geometric means with 95% confidence limits.
Ry denotes the percentage of A receptors in the high-affinity state and is given as arithmetic means +s.e.mean. *Data from Lorenzen

et al. (1996).

nist binding (Figure 3B). Further experiments addressed the
possibility that the distinct thermodynamic parameters of full
agonist binding to the low affinity state between NEM-
treated and untreated membranes might be due to damage of
the A, receptor protein by NEM rather than to receptor-G
protein-uncoupling. As an alternative uncoupling agent, we
used 25 uM GTPyS. The thermodynamic parameters of
CCPA and MIG binding to the low affinity state were
compared to those parameters in NEM-treated membranes.
As already determined in NEM-treated membranes (Table 3),
an enthalpy- and entropy-driven binding mechanism was
found for these agonists in the presence of 25 um GTPyS
(CCPA: AG°= —40.53 kJ mol=2, AH°= —12.12 kJ mol~',
—TAS=—28.40 k] mol~!; MIG: AG°= —28.02 kJ mol™',
AH°= —19.70 kJ mol~!, —TAS=—8.32 kJ mol™!; curves
not shown). Because NEM treatment as well as GTPyS

induced identical changes in thermodynamic parameters, we
conclude that the change in the thermodynamic binding
mechanism of agonists to the low affinity state induced by
NEM is due to receptor-G protein-uncoupling.

MeSA, CV 1808 and cladribine have been characterized
previously as partial agonists of the A, adenosine receptor. The
intrinsic activities of these compounds were assessed as their
ability to maximally stimulate [**S]-GTPyS binding, and were
compared to the full agonist CCPA (Lorenzen et al., 1996).
The intrinsic activities of MeSA, CV 1808 and cladribine are
45, 56 and 19% of the intrinsic activity of CCPA. Binding data
representative of one partial agonist, MeSA, are reported in
Table 2B. Affinities of all partial agonists depicted as InK, are
shown in Figure 1. Like the full agonists CCPA and MIG, all
partial agonists detected A, receptors in high- and low-affinity
states (Table 2B, Figure 1). Only MeSA detected a single state
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Figure 1 Van’t Hoff plots for ligand binding to A; adenosine receptors in rat brain membranes. (A) Binding experiments were
conducted in 50 mM Tris-HCI pH 7.4 (A) with membranes not pretreated or pretreated with NEM. (B) Experiments were performed
in 50 mM Tris-HCI pH 7.4, 2 mM triethanolamine, 1 mm EDTA, 5 mM MgCl,, 100 mm NaCl, 1 mM dithiothreitol and 0.5% bovine
serum albumin or, alternatively, in the same incubation medium containing in addition 10 um GDP. K, values for [*'H]-DPCPX are
from saturation experiments. K values for agonists, K, and K; values for antagonists are indicated by filled symbols, K; values for
agonists are shown as open symbols. The lines in the figure are the linear regression lines of InK 5 from 3—6 experiments for each

compound versus (T~ h.

of the A, receptor when incubations were done in the presence
of Mg?* and Na™ ions at 0°C (condition B; Table 2B). This
affinity state could neither be classified as a high- or nor as a
low-affinity state, since the K; value was intermediate between
the values determined at 10-25°C (Table 2B). After NEM
treatment, partial agonists bound to a single low-affinity state
of the A, receptor (Table 2B, Figure 1). The affinities (Table
2B, Figure 1) and thermodynamic parameters (Table 3, Figure
2) of partial agonists were strongly influenced by the

incubation conditions used. In the presence of 10 um GDP
(condition C; Lorenzen et al., 1996), partial agonists detected a
lower percentage of A, receptors than full agonists in the high
affinity state and exhibited a smaller difference between
affinities to the low- and high-affinity states (K, : K, ratio).
However, when incubations were performed in Tris buffer or
in the presence of 100 mM NaCl and 4 mM free Mg®* ions in
the absence of GDP, partial agonists were not systematically
discriminated from full agonists by the fractional occupancy of
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receptors in the high-affinity state or their K; : Ky ratio (Table
= U~ 2B). The affinities of MeSA, CV 1808 and cladribine to the
AR 122 gigtesed Q‘g high-affinity state of the A, receptor were generally 3—12 fold
= = — % T T Y 48 lower in the presence of 10 uM GDP (C) than in its absence (4,
- ) .
<2 B; Table 2B, Figure 1). The temperature dependence of
éf affinities of partial agonists was markedly changed by different
TAL) i RXRIIReszagn 5o %N%D incubation conditions, especially when incubations with or
U8 So-dg¥sySgsTetn B without GDP are compared (Figure 1). Partial agonists
O Baa82Icc "8 —g8 S8 . . .. .
7 I | I o= displayed higher affinities at lower temperatures in the presence
g M 2 £ 10 um GDP, 100 mM NaCl and 4 mM free Mg>*. In the
g wn 8 ° “ > g ", R
T oo o e o o o0 i presence of 100 mmM NaCl and 4 mM free Mg?" or in Tris
e Zoizggacs-daaten Qi buffer, this was not observed for binding to the high affinity
o) SIRERASTIIIIIRZE , .
S g BRea’LA=Z P = =9 state (Table 2B). The slopes of van’t Hoff plots were negative
= § or neutral under these conditions in contrast to positive slopes
52 in the presence of GDP (Figure 1). Affinities of partial agonists
5 p g p g
W T 00 100 M I 00 T 3 O Oy FDE to the low-affinity state of the A, receptor were mostly higher
g 2O3ZIZTSolSadTdze Ee at lower temperatures (Table 2B, Figure 1).
VO oOoOWVMTFT —1Mmood] 00— NN A 5] . . .
FRAA="TAaT = | I 238 The thermodynamic parameters of receptor binding of
s = ligands of different intrinsic activities are compared in Figure
E = 3. In the presence of 10 uM GDP, 100 mM NaCl and 4 mM free
= 2 % < § ZE&zi= 3E Mg>" ions (condition C), binding to the low- as well as the
RE I3 1SS 2 T8=88"F &5 high-affini f full agonists i dri here:
= | | ! ‘ T 783 igh-affinity states of full agonists is entropy-driven, whereas
g E binding of xanthine- as well as non-xanthine antagonists and
_cé’ &} also of partial agonists is enthalpy- and entropy-driven or
e P - § merely enthalpy-driven. Partial agonists and antagonists are
R, —moaIno—dAn—=5as £= - e - .
S gagmsodEdgggens T3 not thermodynamically discriminated (Figure 3A, right).
% © Pl | ° S~ However, when GDP was omitted from the incubation
= =t 3 S medium, partial agonists showed a binding mechanism at the
2 -; s S high-affinity state which was intermediate between full agonists
& g BIERES2IRIERTRE & g % and antagonists (Figure 3A; centre panel). Incubations in Tris
NRO Jrggguogeeneegya .‘E = buffer yielded a similar thermodynamic discrimination of
N b ! £ & ligands of different intrinsic activities (Figure 3A, left). The
< . . - . .
L. = intrinsic activity of A, receptor ligands in the absence of GDP
= . . .
b’k and in Tris buffer, but not in the presence of GDP correlates
VWVt OO0 — <N — Wt N 8S » . .. . . ° .
z NSRS oGNS0 g g with the driving force in binding, AS°. The nonxanthine
TE AILIC/LTTLALETE L85 arols fops 2 hindi ani ; .
| [ PYTY Y g8& 8 derivative etazolate displayed a binding mechanism which was
§ é g intermediate between full agonists and antagonists under all
S« B conditions investigated (Figure 3A,B). The reason for this
= . . . . .
g T 2 8 5 EeN99n s ° ﬁ: mechanism, which is somewhat distinct from that of the other
2. S I8 | X | R | BFSAA 2% antagonists, is not clear. Further studies mi address the
ad 12159 1% <8 tagonist t clear. Further stud ght address th
|53 = < N I\ N NV A nen <F ggH . . L.
8 I I \ \ S possibility that etazolate may exhibit weak partial agonistic
2 ;§ ;j* % properties.
= = e 0
O
& A AN AN D D 0 — D —O.S‘E
Sl 8 ®xeAnEEsgaRaddaay =& . ]
SITVE TSRALANALACRERSE BT Discussion
<E-3 II\II\I\II\\I\I:v_c%'
SESE
i E ; %: The mechanisms which contribute to the binding of ligands to
£ %~ s G protein-coupled receptors have been investigated in a variety
S| o AN LoV OV Mn T OO T O 3, . .o .
£ 2 % @ ARSI RTITAGLZRRRG B8RS of thermodynamic studies in order to examine the possibility
= s TYYVOTTYOOYTYaOSy = E L:) of a correlation or even a causal relationship between the
=] = = 1 . . . . .
g = s B binding mechanism—as characterized by thermodynamic
D §s28 L o .
. ; g ; parameters —and the intrinsic activity of receptor ligands. The
° MmO EIMnovonmaos OV E experimental evidence concerning a possible thermodynamic
& n —MmRXNA—1ANARXNnnF R S5 L . . . ..
2 TE IIXSTSATRLNSCAR22Y < g R discrimination of A, adenosine receptor ligands is conflicting
§ o rr e rrr g § 3 (Murphy & Snyder, 1982; Lohse et al., 1984; Borea et al., 1992;
g B “é::d 1994; Lorenzen et al., 1996). The majority of studies, which
2 848 describe a thermodynamic differentiation of A, receptor
g oS 2 . - . o .
g gz & ligands of distinct intrinsic activities, has been performed in
z i é £ 50 mM Tris buffer using [*H]-cyclohexyladenosine (Murphy &
é H A AT AT AT g <1.% = Snyder, 1982; Lohse et al., 1984; Borea et al., 1992; 1994). The
5 MM MM MM MMM MM MM g = contribution of the G protein coupling state of the A,
= % Q 3= d . . .
2 - o & adenosine receptor has not been addressed in detail. In a
= = . .. ..
2 g ® % & R ?,»: E 9 g more recent study, which assessed intrinsic activity as
= = g L o 5 2 E R g; S 0S8R stimulation of [**S]-GTPyS binding and ligand affinities by
= §% O T & » =2 HE2a =0 Q82 inhibition of antagonist (*H]-DPCPX) binding under identical
O © = = O U <r0@mo . .
conditions, we did not observe a correlation between
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Figure 2 Contribution of enthalpy and entropy changes to ligand binding to A; adenosine receptors under different incubation
conditions. Equilibrium binding experiments with A; adenosine receptor ligands had been conducted in 50 mm Tris-HCI pH 7.4
with membranes not pretreated or pretreated with NEM or in 50 mm Tris-HCI pH 7.4, 2 mM triethanolamine, 1 mm EDTA, 5 mm
MgCl,, 100 mm NaCl, 1 mm dithiothreitol and 0.5% bovine serum albumin or, alternatively, in the same incubation medium
containing in addition 10 um GDP. Thermodynamic parameters were calculated from van’t Hoff plots. Data for K values are
represented by filled symbols, data for K, and K, values are shown as open symbols.
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Figure 3 Scatter plots of AH® versus-TAS. Thermodynamic parameters for binding of A; adenosine receptor full agonists, partial
agonists and antagonists were determined. Data for agonist binding to high affinity states of the receptor (filled symbols; A) and to
low affinity states (open symbols; B) and antagonist binding are shown for experiments performed under different incubation

conditions.
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thermodynamic parameters and intrinsic activity (Lorenzen et
al., 1996). In the present study, the reasons for the
discrepancies in these results were investigated. Importantly,
high-affinity states observed in binding studies may not be
indicative of a functional receptor state which induces G
protein activation. The studies of Fraser (1989) and Hausdorff
et al. (1990) have conclusively shown by site-directed
mutagenesis of the f,-adrenergic receptor that mutated
receptors, which are able to bind agonists with high affinity,
may nevertheless be unable to induce activation of adenylate
cyclase. Therefore, the states described in conflicting studies of
the thermodynamics of A, receptor binding may also represent
functionally distinct states.

In the present study, experimental evidence indicates that
the guanine nucleotide ligation state of the G protein exerts a
major influence on the thermodynamic binding mechanism of
A, adenosine receptor ligands. When the binding experiments
were performed under identical conditions as used for
assessment of G protein activation (condition C) in the
presence of 10 uM GDP, 100 mM NaCl and 4 mM free Mg>™,
only full agonists were thermodynamically differentiated from
partial agonists and antagonists. Non-xanthine antagonists
(CPMA, CGS 15943 and ectazolate) showed an identical
binding mechanism as xanthine-derived antagonists (Figure
3A, left), indicating that the chemical structure was of minor
importance compared to intrinsic activity. When GDP was
omitted from the incubation medium (condition B), binding of
ligands of increasing intrinsic activities showed an increasing
contribution of entropic forces to binding to the high-affinity
state of the receptor (Figure 3A, centre). A correlation between
AS° and intrinsic activity was observed only in the absence and
not in the presence of GDP. Similar results, albeit with a less
clear-cut distinction of different intrinsic activities, were
obtained when the binding had been performed in Tris buffer
(condition A; Figure 3A, left). Therefore, the GDP ligation
state of the o subunit of the G protein determines the binding
mechanism of partial agonists.

The GDP ligation state of the o subunit also determines the
activational state of the G protein. Agonists release prebound
[*H]-GDP from G proteins specifically by receptor activation
(Murayama & Ui, 1984), and this dissociation step is assumed
to be rate-limiting in the consecutive association of GTP.
Agonists may, in addition, also stabilize the « subunit in a
GDP-free form by preventing GDP association, which in turn
allows GTP binding (Florio & Sternweis, 1989). The selective
decrease in the affinity for GDP, but not GTP for the o subunit
allows agonist activation of receptors independent of the
GDP: GTP ratio. A, and A,, receptor agonists release [*H]-
GDP from striatal membranes; this effect shows an absolute
requirement for the addition of at least 10 nM guanylylimido-
diphosphate (Marala & Mustafa, 1993). We have previously
shown that A, receptor ligands decrease the amount of
membrane-bound [**S]-GDPSS without addition of a second,
unlabelled guanine nucleotide (Lorenzen et al., 1996). Because
the binding of GDP is an equilibrium reaction, our results are
compatible both with the stimulation of GDP release and a
decreased association of GDP to the G protein « subunit by A,
agonists.

Thermodynamic data indicate that binding to the receptor-
G protein complex in the GDP-occupied form is not
thermodynamically differentiated whereas there is a clear
thermodynamic differentiation in the absence of GDP (Figure
3A). Ligands of different intrinsic activities can be distin-
guished on the basis of their thermodynamic parameters only
when the receptor-G protein complex is in a GDP-free form.
This finding is somewhat unexpected, since it is generally

assumed that agonists act on GDP-ligated G proteins to
induce the GDP release. According to the thermodynamic
analysis, partial agonists and antagonists display identical
binding mechanisms in the presence of GDP. This result would
indicate that different intrinsic activities, if mediated through
the GDP-ligated state, are not caused by different binding
mechanisms. Thermodynamic analysis, in this case, would not
be a meaningful instrument in the characterization of receptor-
ligand interactions. However, if the mode of ligand-receptor-
interaction, as quantitatively described by thermodynamic
binding parameters, is relevant and indicative of the intrinsic
activity of ligands, a significant contribution of agonist binding
to the GDP-free state of the receptor-G protein complex in the
activation process must be proposed, because a thermody-
namic differentiation of ligands is found exclusively in the
absence of GDP.

These experimental findings can be reconciled with the
hypothetical model depicted in Figure 4, which is in agreement
with the finding that agonists decrease the affinity of GDP
both by an increased rate of dissociation and a decreased rate
of association (Florio & Sternweis, 1989). Two high-affinity
states of the receptor(R)-G protein-complex in the GDP-
liganded or GDP-free form bind ligands. Binding to R-ogppfy
is not thermodynamically differentiated. Agonists bound to
this form may induce GDP release. Binding of ligands to R-
afy is thermodynamically differentiated, and agonists may
stabilize this form by preventing association of GDP, thereby
facilitating association of GTP. Partial agonists bind to R-
asppfy by a thermodynamic mechanism not distinct from
antagonists. In the presence of GDP, the intrinsic activity does
not correlate with standard entropy AS°, whereas binding to
R-afy is an entropy-dependent process. For partial agonists,
stimulatory intrinsic activity is therefore probably more
significantly mediated by a decreased association of GDP to
R-afy than by a release of prebound GDP. In the interaction
with R-agppfly, partial A, receptor agonists may not alter the
guanine nucleotide ligation state of the o subunit, which
corresponds to the partial antagonist quality of partial
agonists. This is in agreement with the partially agonistic and
partially antagonistic characteristics of partial A; receptor
agonists in [*>S]-GTPyS binding studies (Lorenzen et al., 1996).
The amount of membrane-bound GDP is decreased by partial
agonists due to a decrease in GDP association rather than by
GDP release. This proposed mechanism of action is in
agreement with our previous finding that the efficacy of partial
agonists relative to full agonists is favoured at low GDP
concentrations (Lorenzen et al., 1996).

The significance of a GDP-free state of the G protein for A,
receptor agonists has also been pointed out by van der Ploeg et
al. (1992), who showed that the A,-selective agonist N°-
cyclopentyladenosine decreased the [**P]-ADP-ribosylation by
pertussis toxin in brain cortex membranes. It should be noted
that only the GDP-liganded holotrimeric G protein (R-
agppfy) 1s a substrate for pertussis toxin (Birnbaumer et al.,
1990). Therefore, if the agonist, in the absence of GTP, but in
the presence of GDP, decreases the amount of pertussis toxin
substrates, it must be concluded that the agonist increases the
proportion of the GDP-free form of R-afy over R-ogppfiy (van
der Ploeg et al., 1992).

The model in Figure 4 implies that the GDP-free complex
R-afy is spontaneously active, since it can bind GTP, and the
role of GDP would be to decrease agonist-independent ‘noise’.
More direct experimental evidence is required to address the
relative importance of the stimulation of GDP release and the
inhibition of GDP association by agonist-activated G protein-
coupled receptors.

British Journal of Pharmacology, vol 130 (3)



A. Lorenzen et al

Multiple affinity states of the A; receptor 603

Binding

not thermodynamically
differentiated

Ag + R-0gpp-By

Ag + R-apy

entropy-

—>  Ag-R-apy

dependent

Intrinsic activity

stimulation
by agonists

stabilization

by agonists

KGTP
N

Ag-R-05rp + By

Figure 4 Proposed mechanism of agonist binding to and activation of A; adenosine receptors. Agonists bind to receptors in the
absence (R-affy) or presence of GDP (R-agppfly) and may either stimulate the release of GDP or stabilize receptor-G protein-
complexes in the GDP-free form. A; adenosine receptor agonists of different intrinsic activities are not thermodynamically
discriminated in binding in the presence of GDP. In the absence of GDP, ligands were thermodynamically discriminated, and a
linear correlation between standard entropy and intrinsic activity was observed. This relationship between intrinsic activity and
standard entropy only in the absence of GDP possibly indicates that agonist binding to the GDP-free state of the receptor-G protein
complex determines the intrinsic activity of the ligand, rather than the stimulation of GDP release.

Binding of full agonists to the low-affinity state was entropy-
driven when the binding experiments were performed in 50 mM
Tris buffer (condition A), in the presence of GDP, NaCl and
MgCl, (condition C) or in the absence of GDP (condition B).
After uncoupling the receptor-G protein complex by membrane
pretreatment with NEM or by incubation in the presence of
25 um GTPyS, the full agonists CCPA and MIG displayed an
entropy- and enthalpy-driven binding mechanism not distinct
from the binding mechanism of antagonists (Figure 3B). These
results are in agreement with the findings of Lohse et al. (1984),
who described an antagonist-like binding mode of the agonist-
R-N®-phenylisopropyladenosine in the presence of 100 um
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