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SUMMARY

Guanine nucleotides such as guanosine 5’-(3-O-thio)triphos-
phate (GTPyS) have been found to increase the binding of
antagonists to adenosine A1 receptors. This response can be
attributed either to a direct effect of GTP on receptors to increase
antagonist affinity or to an indirect effect to decrease the affinity
of receptors for a pool of endogenous adenosine that cannot be
readily removed from membranes. In this study, adenosine con-
tent was measured in preparations of membranes and 3-[(3-
cholamidopropyl)dimethylamino]-1 -propanesulfonate (CHAPS)-
solubilized receptors by a sensitive radioimmunoassay. In both
preparations, pools of adenosine (2.5-1 0 pmol/mg of protein)
were detected that were resistant to deamination by added
adenosine deaminase (0.5-3 units/mI) unless membrane lipids
were first dissolved in acetone. Electron microscopic examination
of crude CHAPS-solubilized receptors revealed the existence of
small vesicles (<1 �m in diameter). Furthermore, most “solubi-
lized” receptors were retained by a 0.1 -�zm filter. The effects of
GTPyS were evaluated on the binding of an antagonist, 3-(4-
amino-3-1251-phenethyl)-1 -propyl-8-cyclopentylxanthine (1251-BW-

A844U), to A1 receptors of bovine brain membranes, receptors
solubilized in CHAPS (crude solubilized), or receptors partially
co-purified with G proteins by agonist affinity chromatography
(partially purified). GTPyS (1 0 pM) increased antagonist binding
to membranes (20-50%) and crude CHAPS-solubilized receptors
(>200%) but increased binding to partially purified receptors by
only 10-i 5%. GTPyS decreased agonist (125I-N6-aminobenzylad-
enosine) binding and increased antagonist Bmax, but did not
significantly decrease (5%) the dissociation rate of the antago-
nist. Omission of Mg2� mimicked the effects of GTPyS on agonist
and antagonist binding and increased both the association and
dissociation rates of 125l-BW-A844U. These data suggest that a
Mg2�-dependent GTPyS-induced increase in antagonist binding
to membranes and solubilized receptors is primarily due to
unmasking of cryptic binding sites occupied by contaminating
vesicular adenosine. These findings are consistent with the ob-
servation that adenosine receptor antagonists have been found
to have little or no inverse agonist physiological effects in well
oxygenated tissues.

GTP (and GTP analogs such as GTPyS) decrease the affinity

of A1 receptors for agonists by uncoupling receptors from G

proteins (1-9). GTP also has sometimes been found to increase

the binding of antagonists to A1 receptors on brain membranes

by as much as 2-fold (1, 4-7, 10). Effects of guanine nucleotides

on antagonist binding have been interpreted as supporting the

existence of “negative efficacy,” i.e., the concept that antago-
nists bind preferentially to uncoupled receptors. A significant

physiological corollary to negative efficacy is that antagonists

will elicit “inverse agonist” responses in tissues, i.e. , trigger

responses opposite to agonists, even if no agonist is present.

An alternative hypothesis is that GTPyS increases antagonist

This work was supported by National Institutes of Health Grant ROI.HL.

:37942.

binding due to endogenous adenosine trapped inside membrane

vesicles. By decreasing the affinity of receptors for trapped

adenosine, the guanine nucleotides may indirectly increase the

binding of antagonists. Klotz et al. (10) noted that guanine

nucleotides increase the binding of the antagonist [‘H}DPCPX

to bovine brain A1 receptors solubilized in CHAPS. This was

taken as evidence of a direct effect of GTP on the binding of

antagonists to A1 receptors. However, “solubilized” receptors,

defined as receptors remaining in a 100,000 x g supernatant

after centrifugation of detergent-treated membranes for 1 hr,

appear slightly turbid and are not necessarily free of small

vesicles. In this study we undertook four lines of experimenta-

tion to test the notion that both membranes and solubilized

receptors contain a pool of trapped vesicular adenosine that is

primarily responsible for the effect of GTPyS to increase
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Fig. 1. Effects of adenosine deaminase on adenosine concentrations in
bovine brain membranes. Membranes were incubated for 30 mm with 1
unit/mI adenosine deaminase and various concentrations of membrane
protein (A) or 1 mg/mI membrane protein and various concentrations of

adenosine deaminase (B). Residual adenosine was detected by RIA.

766 Prateretal.

antagonist binding, i.e., 1) RIA to define a cryptic pool of

adenosine inaccessible to the enzyme adenosine deaminase, 2)

electron microscopy to visualize small vesicles in CHAPS-

solubilized receptors, 3) evaluation of the effects of GTPyS on

antagonist binding to A1 receptors of membranes, crude solu-

bilized receptors, and partially purified receptor-G protein com-

plexes, and 4) evaluation of the effects of GTPyS on the
kinetics of antagonist binding. The results of all of these

approaches are consistent with the notion that effects of

GTPyS on antagonist binding to adenosine A1 receptors are

due primarily to cryptic vesicular pools of endogenous adeno-
sine that exist in membranes and CHAPS-solubilized receptors.

Materials and Methods

RIA of adenosine in membranes and soluble receptors. Bovine
l)rain membranes or CHAPS-solubilized receptors were incubated with

adenosine deaminase (0.1-:3 units/ml) for 30 mm at 21’. Aliquots (250

pl) were added to 750 ,�l of ice-cold acetone to dissolve membranes

lipids and extract adenosine. Acetone extracts were centrifuged at

10,000 x g for 5 mm, and the supernatants were dried under argon.

After the residues were resuspended in 50 /21 of water, nucleotides,

which cross-react weakly with antiadenosine antisera, were removed

by precipitation upon sequential addition of 25 � each of 0.3 M ZnSO4
and Ba(OH)�, followed by centrifugation. Adenosine remaining in the

supernatant was benzylated and quantitated by RIA as previously

described (11), except that the volume of benzylbromide/dimethyla-

cetamide was reduced to 25 Ml� In some experiments adenosine deami-

nase was added after the zinc/barium precipitation step to establish

that immunoreactive adenosine could be deaminated to nearly unde-

tectable levels after acetone extraction and zinc/barium treatment.

Preparation of bovine brain membranes and solubilized re-
ceptors. Bovine cortices purchased from Pel-Freez were disrupted in

a Brinkmann homogenizer at setting 2.5 for 20 sec in 4 volumes of ice-

cold buffer A (10 mM HEPES, 10 mM EDTA, 0.1 mM benzamide, 0.1

mM phenylmethylsulfonylfluoride, pH 7.4), filtered through four layers

of gauze, and centrifuged at 20,000 X g for 30 mm. The pellet was

washed twice in 5 volumes of HE buffer (10 mM HEPES, 0.1 mM

l)enzamidine, 1 mM EDTA, pH 7.4) and resuspended in 3.5 volumes of

E buffer. For solubilization, 0.5 volumes of 10% CHAPS was added

and membranes were stirred on ice for 20 mm before centrifugation at

140,000 x g for 90 mm. The supernatant was frozen at -20� after

addition of 10 mM MgCl2 and 10� glycerol and readjustment of the

I)H to 7.4. For electron microscopy this solubilization protocol was
modified such that membranes were resuspended in 10 volumes of 1%

CHAPS and centrifuged at 100,000 X g for 1 hr.

Electron microscopy. CHAPS-solubilized receptors were mixed

1:1 with warm agar in isotonic saline. Receptors in the solidified agar

were fixed in 2% glutaraldehyde, rinsed, and postfixed in osmium

tetroxide. After incubation for 2 hr in 3% uranyl acetate, samples were

dehydrated, infiltrated with Polybed 812 resin (Polysciences, Inc.),

sectioned, stained with saturated uranyl acetate and lead citrate, and

viewed at magnifications of 4,000 to 31,500.

Affinity chromatography. Adenosine A, receptor-G protein com-

plexes were co-purified 1000-2000-fold as described (12). Adenosine
deaminase (1 unit/ml) and 0.1 M NaCl were added to solubilized

receptors (150 ml), which were then applied to a 3-ml ABA-agarose

column at a rate of’ 50 ml/hr and washed with buffer (10 mM HEPES,

10% glycerol, 0.1% CHAPS, 0.01% asolectin, 0.1 M NaC1, 10 mM MgC12,

PH 7.4) for 15 hr at 21’. Receptor-G protein complexes were eluted in

40 ml of the same buffer supplemented with 10 pM GTP. The guanine
nucleotide was removed by gel filtration before radioligand binding

assays.

Radioligand binding assays. Equilibrium binding was measured

in 100 Ml� using 50 �l of 20-40-fold diluted membranes, crude soluble

receptors, or partially purified soluble receptors with 2.5 units/mI

adenosine deaminase, with or without 5 mM MgCl2, with or without 10

pM GTPyS, and with 50 Ml of agonist (‘2�I-ABA) or antagonist (l2�I�

BW-A844U) radioligand. Preliminary dose-response curves indicated

that 10 pM GTPyS was sufficient to produce maximal effects on both

agonist and antagonist binding. Paired assays (with or without GTP’yS)

were terminated by filtration after a 3-hr incubation at ambient tern-

perature (19-22�). Nonspecific binding was measured in the presence

of 1 �M DPCPX. Association and dissociation kinetics were measured
during incubation in a water bath maintained at 30 ± 0.5� . This was

to ensure that precisely the same temperature was used in evaluating

kinetic constants in experiments run on different days. Dissociation

kinetics were measured beginning with the addition of 1 pM DPCPX.

Data were fit to the equation:

B = B�q(exp(-ki.t)) + NS

where B,.,, is specific binding at equilibrium (3 hr), NS is nonspecific

binding, and k. is the dissociation rate constant. Association data were

fit simultaneously to two equations:

B = B�q(1 � exp(k.., - k,.L).t) + NS

L = L + B

where L is total radioligand, L is free radioligand, and k is the

association rate constant. Parameters were fit to these equations using

Marquardt’s nonlinear least squares method (13).

Results

Cryptic pools of adenosine in membranes and crude

soluble receptors. Adenosine was measured in membranes

and crude solubilized receptors by a sensitive RIA. As shown

in Fig. 1A, the size of a residual adenosine pool in membranes

incubated with 1 unit/ml adenosine deaminase was linearly
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& In each experiment the four conditions indicated were assayed on the same day. B�, was normalized to control (+Mg2� and -GTP� S).
b Different from control, p < 0.05 by the paired Student’s t test.
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Fig. 2. Kinetics of changes in the adenosine content of membranes and
CHAPS-solubilized bovine brain after the addition of adenosine deami-
nase or adenosine. A, Residual adenosine was assayed at various times
before and after the addition of adenosine deaminase (AD. ). Inset,
virtually complete removal of residual adenosine after disruption of

membrane lipids and extraction of adenosine with acetone. B, Residual
membrane adenosine was assayed at various times before and after the
sequential addition of adenosine (Ado) and adenosine deaminase.

related to membrane concentration. When normalized to pro-

tein level, residual adenosine found in bovine brain membranes

ranged from 6 to 10 pmol/mg of protein. If this pool is inacces-

sible to adenosine deaminase we reasoned that increasing the

enzyme concentration would not eliminate this cryptic adeno-

sine. Such a result is shown in Fig. lB. Varying the concentra-

tion of adenosine deaminase between 0.1 and 3 units/ml had

very little effect on the size of the cryptic pool. Fig. 2A shows

the time course of adenosine deaminase action and demon-
strates that a cryptic adenosine pool exists in CHAPS-solubi-

lized receptors as well as in membranes. The cryptic adenosine
was apparently released by dissolving membrane lipids with

acetone, because the addition of adenosine deaminase to the

acetone extract resulted in virtually complete removal of im-

TABLE 1

munoreactivity (Fig. 2A, inset). This indicates that adenosine

immunoreactivity can be reduced to a low level (<0.15 nM) by

deamination with adenosine deaminase and that residual im-

munoreactivity in membranes is not due to an immuno-cross-
reactive adenyl purine that cannot be deaminated. Membranes

do not contain any inhibitor of adenosine deaminase, inasmuch
as the enzyme could rapidly and completely deaminate exoge-

nously added adenosine (Fig. 2B).

Small vesicles in CHAPS-solubilized receptors. The

existence of cryptic pools of adenosine resistant to deamination

could be accounted for by the presence of vesicles that exclude
the enzyme. In order to determine whether such vesicles exist

in CHAPS-solubilized receptors, solubilized preparations were

embedded in agar and processed for electron microscopy. Fig.

3 shows microscopic evidence of what appear to be small

vesicles, 0.1-0.5 .sm in diameter. Such receptors are defined as

“soluble” because they are found in the supernatant after

centrifugation at 100,000 x g for 1 hr. Because it is possible
that the apparent vesicles are fixation artifacts, we sought

additional evidence in support of the existence of vesicles.

CHAPS-”solubilized” preparations were passed through an

Amicon type H1MPO1-43 hollow-fiber filter with a pore size

of 0.1 pm. In three such experiments, only 20-30% of receptors

(‘2�I-BW-A844U binding sites) passed through the pores. These

data suggest that most receptors in CHAPS-solubilized prepa-

rations are not free in solution but are associated with large

structures such as vesicles.

Effects of GTP’YS on radioligand binding to A1 aden-

osine receptors. Figs. 4 and 5 illustrate typical effects of 10

pM GTPyS on agonist and antagonist binding, respectively, to

A1 receptors on bovine brain membranes. Membranes were

pretreated with 10 mM EDTA (see Materials and Methods) to

strip tightly bound divalent cations. Under these circum-

stances, high affinity agonist binding was completely dependent

on the addition of a divalent cation. In the presence of �
the agonist 12�I-ABA binds with high affinity to A1 receptor-G

protein complexes in bovine membranes. The effect of GTPyS
was to convert 80-85% of receptors to a low affinity, probably

uncoupled, state (Fig. 4). In the presence of GTPyS, Scatchard

plots of agonist binding appeared curvilinear, indicative of

binding to coupled and uncoupled receptors, but due to the low

level of binding two-site binding parameters could not be pre-
cisely determined. Single-site 121-ABA binding parameters

summarized from four experiments in the absence and presence

of GTPyS, respectively, are as follows: B,,,,5, 354 ± 1 1 and 99

± 7 fmol/mg protein; apparent K,1, 0.12 ± 0.02 and 0.33 ± 0.04

nM. It is possible that a small pool of residual high affinity

agonist binding sites observed in the presence of GTPyS is due

Kinetic parameters of 125l-BW-A844U binding to bovine brain membranes
Bovine brain membranes were incubated at 30 ± 0.5#{176}in bufter containing 2.5 units/mI adenosine deaminase and 1 m�i EDTA, without and with 5 m� Mg2’ and 1 0 pM

GTP-�S. Results are from four or five experiments.

+Mg2� -Mg�

-GTP)S +GTP-yS -GTP�S +GTP�S

Bmaxa 1 .0 (control) 1 .28 ± 0.1 3b 1 .21 ± 0.1 lb 1 .23 ± 0.1 2b
K1 (min1) 0.098 ± 0.008 0.093 ± 0.005 0.14 ± 0.006b 0.14 ± 0.004”
K1 (nM’ min1) 0.60 ± 0.03 0.67 ± 0.13 1.03 ± 0.17b 1.03 ± 0.17b
K1/K, (nM) 0.16 0.13 0.14 0.14
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Fig. 3. Microscopic evidence of small vesicles in CHAPS-solubilized receptors. Solubilized receptors were prepared as described in Materials and
Methods. The electron micrograph shown is typical of four experiments in which small vesicular structures were observed (magnification, 31500).
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Fig. 4. Effect of GTP’YS on the binding of 125l-ABA to adenosine A1
receptors of bovine brain membranes. Untransformed (top) and Scat-
chard-transformed (bottom) data from a single typical experiment are
shown. Single-site binding parameters in the absence and presence of
GTP-yS, respectively, are as follows: Bmax, 369 and 1 1 5 fmol/mg protien;
K,,, 0.09 and 0.32 nM. In the top graph., open symbols depict nonspecific
binding.

to the presence of some G proteins trapped within vesicles and

hence inaccessible to the guanine nucleotide.

The antagonist ‘251-BW-A844U also binds with high affinity
to bovine brain membranes. The effect of GTP”yS on antagonist

binding was to increase the Bmax without changing the Kd (Fig.
5). We next examined the effects of GTP”YS on association and
dissociation kinetics of 12’�I-BW-A844U in the absence and

presence of Mg2�, as illustrated in Fig. 6 and summarized in

Table 1. On average, the addition of GTP”yS in the presence of

Mg�+ decreased the dissociation rate by 5% and increased the
association rate by 12%, but these changes did not reach

statistical significance. GTP�yS did produce a variable but

significant increase in the Bmax. GTPyS had no effect on
membranes in the absence of Mg2� (and other divalent cations).
The effect of GTP”YS to increase Bmax was mimicked by the

omission of MW� (Fig. 6; Table 1). It is notable that, although

the omission of Mg2� did not alter the Kd of ‘2”I-BW-A844U,

the absence of divalent cations did substantially increase (by
about 50%) both the association and dissociation rates con-
stants of the antagonist (Table 1).

Effects of GTP�YS on radioligand binding to crude and

partially purified CHAPS-solubilized receptors. The ef-

fects of GTP’YS on the binding of single concentrations of
radioligands to membranes, crude soluble receptors, and par-

tially purified receptors are shown in Fig. 7A. One surprising

finding of this series of experiments was the relatively large

increase in ‘2�I-BW-A844U binding in crude soluble receptors

(2.5-3-fold versus <1.5-fold in membranes). By comparison

with crude soluble receptors, GTP”YS produced only a very

modest 10-15% increase in antagonist radioligand binding to

partially purified receptors. It could be argued that GTP”yS

produces only a small effect on antagonist binding to purified

receptors because they are largely uncoupled from G proteins.

However, as reported previously (12), agonist affinity chroma-
tography results in the purification of receptor-G protein com-

plexes that are well coupled. The guanine nucleotide substan-

tially (60-80%) inhibited high affinity agonist binding to all

three receptor preparations. This was further verified by the

experiment shown in Fig. 7B, which shows competition by the
agonist (R)-PIA for ‘2�I-BW-A844U binding to purified recep-
tors. Based on the fraction of high affinity agonist binding, the

purified receptors are >50% coupled.

Discussion

The results of this series of experiments indicate that there

is a cryptic pool of adenosine present in bovine brain mem-
branes that is inaccessible to adenosine deaminase. This pool

of adenosine (6-10 pmol/mg of protein) can be metabolized by

adenosine deaminase if lipids are first dissolved in acetone. We

#{149},o-GTP-�sS
#{163},L� +GTPyS

100 200 300 400

Bound (fmol/mg protein)

Fig. 5. Effect of GTP-�S on the binding of 125l-BW-A844U to adenosine
A, receptors of bovine brain membranes. Untransformed (top) and Scat-
chard-transformed (bottom) data are shown. Binding parameters in the
absence and presence of GTP�S, respectively, are as follows: Bmax, 366
and 475 fmol/mg protein; K,,, 0.26 and 0.24 n�. In the top graph, open
symbols depict nonspecific binding. Similar results were found in two

additional experiments.
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Fig. 6. Effects of GTP’yS and Mg2� on the kinetics of
‘25l-BW-A844U binding to bovine brain membranes. A
single typical experiment is shown. A and C, Associa-
tion data, with nonspecific binding measured in the
presence of 1 pM DPCPX (time 0 point). B and D,
Dissociation data, initiated after binding reached equilib-
rium (3 hr). Nonspecific binding was entered as the 100-
mm point (not graphed). The lines were fit by single-
exponential functions, as described in Materials and
Methods. Fitting the data to biexponential functions did
not significantly improve the goodness offits. Data from
multiple experiments are summarized in Table 1.

have shown previously that bovine brain membranes persist-
ently produce adenosine, possibly from a pool of trapped nu-

cleotide (14), and Schiemann et al. (15) detected an increase in
antagonist radioligand binding to A, receptors of smooth mus-

cle upon permeabilization of presumptive membrane vesicles

with detergents. Parkinson and Fredholm (16) detected aden-
osine (25-50 pmol/mg of protein) and adenine nucleotides

(300-1 100 pmol/mg ofprotein) in tissue sections of rat striatum

incubated with adenosine deaminase for 2 hr. The existence of
vesicles containing adenosine may account for the ability of A1

adenosine receptor antagonists to increase adenylyl cyclase

activity in adipocyte membranes treated with adenosine de-

aminase (17, 18), a response the authors attributed to macti-

vation of G proteins by adenosine receptor antagonists, based
on the probably incorrect premise that all endogenous adeno-

sine is accessible to adenosine deaminase.

More surprising than the existence of a cryptic pool of
adenosine in membrane vesicles was the detection of a similar

pool in CHAPS-solubilized receptors. The existence of a cryptic

pool of adenosine in the 100,000 x g x 1 hr supernatant of

bovine brain membranes treated with CHAPS suggested that

the supernatant might contain small buoyant vesicles that are

not sedimented. In addition to the existence of an adenosine

deaminase-resistant pool of adenosine present in the CHAPS-
solubilized preparation, two other pieces of data support the

existence of vesicles; the first is electron microscopic evidence

that reveals what appear to be small (0.1-0.5-j.�m) vesicular

structures in CHAPS-solubilized receptors after the receptors

are embedded in agar, and the second is the finding that most

solubilized receptors are found in the retentate after filtration

through 0.1-tim pores, suggesting that receptors are associated

with large structures. It is likely that the quantity and stability

of the vesicular structures depend on a number of factors that

were not systematically examined in this study, such as pH and

concentrations of membrane protein, detergent, and divalent

cations.

In this study we noted that GTP”YS increases the binding of

an antagonist radioligand, ‘2�I-BW-A844U, to A1 receptors of
membranes, to crude solubilized receptors, and to a small extent

to partially purified solubilized receptors. Similar responses

have been observed in several previous studies (1, 4, 6, 7, 10,

19). The magnitude of the increase in antagonist binding is
quite variable and has been reported to result from an increase

in antagonist affinity, an increase in the number of receptors,

or both. Such variability in responses might be the result of

differences in the number of vesicles formed and their orien-

tation, their leakiness, or the amount of adenosine trapped
within them or on species differences in the affinity of receptors

for adenosine and various radioligands. We found no evidence

that GTP”yS increases the affinity of bovine A1 receptors for

antagonists, inasmuch as the guanine nucleotide increased the

Bmax, but did not change the Kd for 12�I-BW-A844U binding.

Moreover, there was no discernible effect of GTPyS on the

dissociation rate of prebound antagonist. An increase in affinity

would predictably decrease the dissociation rate. Klotz et al.

(10) argued that the effect of GTP on [3HJDPCPX binding to

adenosine A1 receptors is not dependent on endogenous aden-

osine because washing reversed the effect of GTP, the effect

was restored by readdition of the guanine nucleotide, and the

effect also was observed in CHAPS-solubilized receptors. How-
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Fig. 7. Effects of GTP-�S on equilibrium binding of ‘25l-BW-A844U and
‘25IABA to various adenosine A, receptor preparations. A, Single con-

centrations of radioligands were used in three or four experiments, each

consisting of three to six replicates. The averaged ratio - 1 of specific
binding measured in the absence and presence of 1 0 pM GTPyS is
plotted. Mem, membranes; Sol, crude CHAPS-solubilized receptors; Pur,
affinity-purified receptors. “, Significant effect of GTP-yS (p < 0.05 by
paired Student’s t test). B, Competition by (R)-PIA for binding to purified
receptors. K5 and K, were calculated to be 0.29 and 37 nr�i, respectively.
The fraction of receptors in the high affinity state is 51 %, Similar results
were obtained in a second experiment.

ever, these data are consistent with the possibilities that wash-
ing of vesicles does not remove entrapped adenosine and that
CHAPS-solubilized receptors contain small vesicles.

Another possible explanation for the GTP-induced increase

in the Bmax of various adenosine receptor antagonists suggested

by some investigators (19, 20) is that antagonists bind selec-

tively to uncoupled receptors. The strongest evidence against

the notion that antagonists are incapable of binding to coupled
receptors comes from radiation inactivation analyses, which

indicate that GTP reduces the apparent target size of the [1H]
DPCPX binding site (21). These data suggest that antagonists

can bind to both large coupled receptor-G protein complexes

and small uncoupled receptors.

High affinity agonist binding to brain membranes is in-
creased by divalent cations such as � Although this effect

is small in membranes not pretreated with chelators (16),

pretreatment of membranes with 10 mM EDTA (as in this

A study) induces a divalent cation requirement for high affinity
agonist binding (4, 8). Because binding of endogenous adeno-

sine also requires Mg2� (or another divalent cation), omitting
Mg2� should have the same effect to increase the binding of

antagonists as does adding GTP�yS. This is what was observed

(Table 1). Omitting Mg2� differed in one respect from adding

GTP”yS, in that Mg2� decreased both the association and dis-
sociation rates of the antagonist 12�I-BW-A844U. Possibly this

latter effect is due in part to stabilization of vesicles by Mg2�,

resulting in increased diffusional barriers. Another possibility

is that Mg2�, by stabilizing receptor-G protein complexes, pro-

duces conformational changes in the receptor that modify its

accessibility to ligands. Of practical consideration is the con-
Pur clusion that the addition of Mg2� to radioligand binding assays

will produce potential artifactual changes in the apparent Bmax

of radioligands if care is not taken to ensure that binding

reaches equilibrium. Similar conclusions were reached by Par-

kinson and Fredholm (16) in their analysis of the effects of

Mg2� on E:IH]DpCpX binding to brain slices.

It is striking that the increase in antagonist binding induced

by GTP”yS was larger in crude solubilized receptors than in

membranes (see Fig. 7). One possible explanation for this is

that small vesicles that form during CHAPS solubilization may

be predominantly inside out, i.e., with receptors internalized

and G proteins facing outward. Consistent with this possibility

is the observation that solubilized receptors have much greater

sensitivity to guanine nucleotides than do receptors in mem-

branes (9). We note also that reducing the protein concentra-

tion during solubilization attenuates the magnitude of the

guanine nucleotide-induced increase in Bmax (data not shown).

Recently, Freissmuth et al. (22) reported that GTP produced

a large (40-50%) increase in the Bn,ax of [:IH]xanthine amine

congener (antagonist) binding sites on purified A1 receptors

reconstituted with G proteins. Of significance in interpreting

these data is that fact that receptors were eluted from affinity

columns with 20 mM adenosine. It is unlikely that the gel

permeation chromatography method used to remove this added
adenosine reduced its concentration sufficiently (>1 x 10’-fold)

to preclude residual contamination by the nucleoside in quan-

tities sufficient to affect subsequent radioligand binding assays.

In the present study, receptor-G protein complexes were eluted

from affinity columns with GTP. This approach avoids the

reintroduction ofadenosine into the purified receptor-G protein

preparation. Under these conditions only a small (10-15%)

effect of GTP-yS on antagonist binding to purified receptors is

observed, despite that fact that such receptors are well coupled

(50%). The absence of a significant effect of GTP-YS on the

dissociation rate of prebound antagonist (<6%; Table 1) sug-

gests that even the small increase in antagonist binding that

was observed in purified receptors may be the result of low

level (nanomolar) residual contaminating nucleoside.

Neurotransmitters that exist in great abundance in terminal

ganglia of tissues may, like purines, be entrapped in membrane

vesicles during homogenization. In this regard it is notable that

muscarinic antagonists have been reported to increase adenylyl

cyclase activity in heart cell membranes (23), but addition of

atropine alone to cultured heart cells has no effect on cellular

cAMP (24). Entrapment of neurotransmitters in membrane
vesicles may also have contributed to observations of a prefer-

ence of several other classes of G protein-linked receptor an-

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


772 Prateretal.

tagonists for uncoupled receptors, e.g., a�- and cs2-adrenergic

antagonists (25, 26).

In conclusion, we have detected cryptic, probably vesicular,
pools of adenosine in membranes and even in CHAPS-solubi-

lized receptor preparations. This endogenous adenosine is re-
sponsible for most and possibly all of the apparent increase in

adenosine receptor antagonist binding sites observed upon the
addition of guanine nucleotides or omission of � These

results suggest that guanine nucleotides have little direct effect

on antagonist binding that is not attributable to blockade of
endogenous adenosine. This interpretation is consistent with
the absence of a physiological inverse agonist response to

adenosine receptor antagonists (e.g., absence of contractile

effects in myocardium) (27) except during conditions when
endogenous adenosine is elevated, as in hypoxia.
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