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SUMMARY

TRrosT, T., AND U. SCHWABE. Adenosine receptors in fat cells: identification by (—)-
N°®.[*H]phenylisopropyladenosine binding. Mol. Pharmacol. 19:228-235 (1981).

The binding of (—)-N°-[*H]phenylisopropyladenosine to its receptor sites was investigated
in plasma membranes of rat fat cells. The binding was rapid, reversible, stereospecific,
saturable, and dependent on protein concentration, pH, and temperature. Pretreatment
of fat cell membranes with adenosine deaminase resulted in a 3 to 4-fold increase in
specific binding. The specific binding was of high affinity with an equilibrium dissociation
constant (Kp) of 6.1 nM and was saturable with 1.9 pmoles of (—)-N°-[?’H]phenylisopro-
pyladenosine per milligram of protein. Rate constants of association and dissociation were
ky = 1.95 X 10’ M~ min ~! and k. = 0.040 min™, respectively. In competition experiments
the (—)-isomer of N®-phenylisopropyladenosine was 11-fold more potent than the (+)-
isomer in competing for the binding sites. Specific binding was most effectively displaced
by the following purine-modified adenosine derivatives which have been classified as R
site adenosine agonists: (—)-N®-phenylisopropyladenosine monophosphate, N®-isobutyl-
adenosine, N°®-cyclohexyladenosine, 2-chloroadenosine, 2-fluoroadenosine, N®-phenyl-
adenosine, and N°®-benzyladenosine, with ICso values ranging from 17 to 139 nm. The
ribose-modified adenosine derivatives 3’-deoxyadenosine, 2’,5'-dideoxyadenosine, and 2’-
deoxyadenosine, which have been classified as P site adenosine agonists, showed ICs
values ranging from 9.7 to 78 pum. Similar ICs values were obtained by several 5'-
phosphorylated adenosine derivatives. Pharmacologically inactive compounds such as
inosine, hypoxanthine, and adenine did not substantially inhibit binding at concentrations
up to 100 uM. The methylxanthines isobutylmethylxanthine (ICs 55 uM), theophylline
(ICso 61 uM), and caffeine (ICs 150 uM), which have been classified as antagonists for R
site adenosine receptors, competed for the binding sites of (—)-N°-[*H]phenylisopropyl-
adenosine in a manner which parallels their known pharmacological activity in fat cells.
Specific binding was not displaced by other phosphodiesterase inhibitors (papaverine or
Ro 20-1724), and not by dipyridamole or nicotinic acid. Our results indicate that rat fat
cells have adenosine receptors which are labeled by (—)-Né-[*H]phenylisopropyladeno-
sine. On the basis of the order of affinity of agonists and antagonists they appear identical
with the R site adenosine receptors which mediate the inhibitory effects of adenosine on
cyclic AMP formation and lipolysis in fat cells.

INTRODUCTION

Adenosine plays a significant role as an endogenous
modulator of cyclic AMP accumulation and lipolysis in
isolated fat cells (1-4). The effects of adenosine have
been assumed to be mediated by an interaction with an
extracellular receptor in fat cells (5). This assumption
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was further supported by the fact that adenosine in-
hibited hormone-stimulated adenylate cyclase activity of
fat cell membrane preparations (1, 6-8). Studies with
several adenosine analogues have shown that the inhib-
itory effects of adenosine in fat cells are mediated by
processes occurring at two different sites which have
been classified as ribose site (R site) and purine site (P
site) receptors (9, 10). The R site is presumably located
on the external surface of the cell membrane and has
strict structural requirements in the ribose moiety of
adenosine, whereas the P site is intimately associated
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with the adenylate cyclase catalytic subunit located in-
tracellularly and is inhibited by adenosine analogues with
an intact purine moiety (10). The R site-mediated inhi-
bition of cyclic AMP formation in fat cell membrane
preparations by adenosine and N°-substituted analogues
such as NS-phenylisopropyladenosine is dependent on
the presence of inhibitory concentrations of GTP (11).
Methylxanthines antagonize the inhibitory effects of
adenosine and its purine-modified analogues at the R site
receptor in fat cells (1-3, 5), and this inhibition again is
GTP-dependent (11).

Attempts have been made to identify adenosine recep-
tors in fat cells by binding studies using [*H]adenosine
(12). The binding of [*H]adenosine was rapid and revers-
ible and consisted of a high-affinity component (Kp = 10
uM) and a low-affinity component (Kp = 950 um). Other
binding characteristics differed considerably from what
might have been predicted for physiological adenosine
receptors. N°-Phenylisopropyladenosine failed to com-
pete with adenosine binding; adenine, which is devoid of
adenosine-like activity in intact fat cells, had the highest
affinity, and adenosine antagonists, such as theophylline
and isobutylmethylxanthine, produced less than 50% in-
hibition of [’ H]adenosine binding at concentrations up to
100 puMm (12).

Because of success in using (—)-N°®-[*H]phenylisopro-
pyladenosine to identify adenosine receptors in rat brain
(13), we used this compound to characterize the postu-
lated adenosine receptors in rat fat cell membranes.

MATERIALS AND METHODS

(=)-N°-Phenylisopropyladenosine was tritiated by the
Radiochemical Centre, Amersham, England, by an ex-
change procedure using tritium gas and was purified by
paper chromatography. The tritiated product was sup-
plied as a solution in water and ethanol (7:3) and was
stored at 2°. The specific activity of (=)-N®-[*H]phenyl-
isopropyladenosine was 26.0 Ci/mmole. Other com-
pounds used in this study were bovine serum albumin
(Serva Feinbiochemica, Heidelberg, Federal Republic of
Germany), treated with charcoal according to the method
of Chen (14); crude bacterial collagenase (Worthington
Biochemical Corporation, Freehold, N. J.); Ficoll 400
(Pharmacia Fine Chemicals, Uppsala, Sweden); adeno-
sine, cyclic AMP, 5-AMP, ADP, ATP, inosine, adenine,
S-adenosylhomocysteine, hypoxanthine, and adenosine
deaminase from calf intestine (200 units/mg) (Boehringer
Mannheim, Mannheim, Federal Republic of Germany);
1,N°%-ethenoadenosine, 2-chloroadenosine, 7-deazaaden-
osine (tubercidin), and 2’-deoxyadenosine (Sigma Chem-
ical Company, St. Louis, Mo.); 2’,5'-dideoxyadenosine
and 3’-deoxyadenosine (cordycepin) (P-L Biochemicals,
Milwaukee, Wisc.); dipyridamole (Dr. Karl Thomae
GmbH, Biberach, Federal Republic of Germany); nico-
tinic acid, theophylline, caffeine, and papaverine (Merck
AG, Darmstadt, Federal Republic of Germany); 3-iso-
butyl-1-methylxanthine (Aldrich Chemical Company-
Europe, Diisseldorf, Federal Republic of Germany);
(x)-propranolol (Rheinpharma, 6831 Plankstadt, Federal
Republic of Germany); and (—)-noradrenaline HCl
(Fluka AG, Buchs, Switzerland). 4-(3-butoxy-4-methox-
ybenzyl)-2-Imidazolidinone (Ro 20-1724) was kindly pro-
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vided by Dr. W. E. Scott (Hoffmann La Roche, Nutley,
N. J.); N°-mono-substituted adenosine derivatives by Dr.
K. Stegmeier (Boehringer Mannheim, Mannheim, Fed-
eral Republic of Germany); eritadenine by Dr. Takeyama
(Tanabe Seiyaku, Saitama, Japan). 3'-O-Methyldeno-
sine, 2-fluoroadenosine, and deoxycoformycin were a gift
of Dr. John Daly (Bethesda, Md.).

Preparation of fat cell plasma membranes. Isolated
fat cells were prepared according to the method of Rod-
bell (15). The procedure for preparation of plasma mem-
branes was essentially that described by McKeel and
Jarett (16). After the last centrifugation the membranes
were resuspended in 5-7 ml of incubation buffer (50 mm
Tris-HCl, pH 7.4, and 1 mM MgCl;) to a final protein
concentration of 80-120 ug/100 ul and incubated with
adenosine deaminase (1 pug/ml) for 10 min at 30° in all
experiments except where indicated. For measurement
of (—)-N°-[*H]phenylisopropyladenosine binding, the
membranes were used either immediately after prepara-
tion or after storage at —18° for up to 1 week without
essential loss of specific binding. The protein concentra-
tion was determined by the method of Lowry et al. (17),
using bovine serum albumin as standard.

Binding assay. The measurement of (—)-N°-[*H]phen-
ylisopropyladenosine binding to fat cell membranes was
performed by a vacuum filtration technique as previously
described for rat brain membranes (13). Briefly stated,
aliquots of fat cell membranes (80-120 pg/100 ul) were
incubated at 37° with 10 nm (-)-N®-[*H]phenylisopro-
pyladenosine in a total volume of 350 pl of incubation
buffer (50 mMm Tris-HC], pH 7.4, and 1 mm MgCly).
Following incubation, 300 ul were removed and rapidly
filtered through a Whatman GF/B glass fiber filter. The
filters were washed with two 5-ml portions of ice-cold
incubation buffer and counted after 6-hr storage at 4°
following the addition of 10 ml of Triton-based scintilla-
tion fluid (Quickszint 402, Zinsser Analytic GmbH,
Frankfurt, Federal Republic of Germany). In each exper-
iment, nonspecific binding was determined by measure-
ment of the amount of radioactivity retained on filters
when incubations were performed in the presence of 100
M (-)-NS-phenylisopropyladenosine. The nonspecific
binding, including counter background, nonspecific ad-
sorption to filters, and nonspecific adsorption to protein,
was approximately 30% of the total counts bound in the
absence of adenosine deaminase and approximately 10%
in the presence of adenosine deaminase. (—)-N°-[*H]-
Phenylisopropyladenosine nonspecifically adsorbed to
the filters was less than 0.2% of the total counts filtered
and was not altered by high concentrations of unlabeled
(=)-N®-phenylisopropyladenosine.

RESULTS

The binding of (—)-N-[°H]phenylisopropyladenosine
to fat cell membranes was dependent on the pretreat-
ment of the membranes with adenosine deaminase (1 ug/
ml) during the membrane preparation. In adenosine de-
aminase-treated membranes, specific binding was 3 to 4-
fold higher than that in untreated membranes, whereas
nonspecific binding was not changed (Table 1). The effect
of adenosine deaminase treatment is probably due to
removal of endogenous adenosine still present in the
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TABLE 1

Effect of adenosine deaminase treatment of rat fat cell membranes
on (—)-N°-[*H]phenylisopropyladenosine binding

Rat fat cell membranes, which had been treated or not with adeno-
sine deaminase (1 pg/ml) during the membrane preparation procedure,
were incubated for 15 min with 10 nmM (—)-N®-[*H]phenylisopropyl-
adenosine and binding was determined as described under Materials
and Methods. Values for nonspecific binding of the radioligand were
0.147 + 0.025 pmole/mg of protein in control membranes and 0.152 +
0.014 pmole/mg of protein in membranes treated with adenosine de-
aminase. Values are means * standard error of the mean of three
separate experiments.

Addition Specific binding of (—)-N®-[*H]phenylisopropyl-
adenosine
Control Adenosine deaminase
pmoles/mg protein
None 0.259 + 0.044 0.966 + 0.138
Deoxycoformycin

1nM 0.239 + 0.038 0.959 + 0.126
10 nm 0.239 + 0.035 0.555 + 0.106
100 nm 0.232 + 0.030 0.488 + 0.086
1000 nM 0.227 £+ 0.041 0.489 + 0.082

repeatedly washed membrane preparation. However, N°-
phenylisopropyladenosine is resistant to deamination by
the deaminase (13, 18) and as a possible competitive
inhibitor may bind to the enzyme, which then may in-
crease the amount of radioligand binding. The soluble
adenosine deaminase did not bind (—)-N°®-[*H]phenyl-
isopropyladenosine under our experimental conditions.
We have further considered the possibility that traces of
adenosine deaminase become associated with the mem-
branes and thus may be the reason for an additional
binding. As a control we have used the adenosine deam-
inase inhibitor deoxycoformycin to assess the enzyme as
an additional binding site for the radioligand, although
this experimental approach primarily will be a control
for the effectiveness of the added adenosine deaminase
to remove the endogenous adenosine. In fact, deoxyco-
formycin markedly reduced the specific binding of (—)-
NS-[*H]phenylisopropyladenosine in the presence of
added deaminase, but, even at the highest concentrations
of the deaminase inhibitor, binding was still 2-fold higher
than that obtained in the absence of adenosine deami-
nase (Table 1). Deoxycoformycin had no substantial
effect on radioligand binding in the absence of adenosine
deaminase.

These results favor the assumption that adenosine
deaminase is not an important site of (—)-N°-[*H]phen-
ylisopropyladenosine binding, since deoxycoformycin
only partially inhibited the effect of added adenosine
deaminase. Deoxycoformycin itself obviously does not
bind to adenosine sites on the fat cell membranes. Al-
though final proof under these circumstances is not pos-
sible, all available evidence supports the interpretation
that the effects of adenosine deaminase are due to re-
moval of endogenous adenosine. Therefore, in all exper-
iments, adenosine deaminase-treated membranes were
used with the exception of those experiments in which
adenosine deaminase-degradable compounds were stud-
ied.

Specifically bound (—)-N°-[*H]phenylisopropyladeno-
sine was linear with protein concentrations in the range

of 25-200 pg (data not shown) and usually represented
90% of the total binding (Table 1). Specific binding was
furthermore dependent on pH, showing a broad optimum
over the pH range 5.0-7.4 and a marked decline at pH
4.5 and 8.0. The analysis of the temperature dependence
revealed a sharp peak of specific binding at 37°, whereas
nonspecific binding was not substantially altered over
the entire temperature range tested (Fig. 1).

With increasing concentrations of (—)-N°-[*H]phenyl-
isopropyladenosine, specific binding was saturable (Fig.
2). Scatchard analysis of these binding data as is shown
in the inset to Fig. 2 yields a linear plot suggesting a
single class of binding sites. From these data an apparent
dissociation constant (Ki) of 6.1 nM and a maximal
number of binding sites (Bmax) of 1.89 pmoles of radioli-
gand bound per milligram of membrane protein were
calculated.

When (—)-N¢-[?H]phenylisopropyladenosine was in-
cubated with fat cell membranes in the presence of
increasing concentrations of unlabeled (—)-N®-phenyl-
isopropyladenosine, 50% inhibition of binding was ob-
tained at a concentration of 13.0 nM (—)-N°®-phenyliso-
propyladenosine (Fig. 3). As is shown in the inset of Fig.
3, Scatchard analysis of the data yields a linear plot
suggesting the existence of a single class of binding sites.
The apparent dissociation constant (Kp) calculated from
these data was 4.1 nM and the maximal number of binding
sites (Bmax) was 1.5 pmoles/mg of protein. These values
are in excellent agreement with those obtained from the
radioligand saturation studies described above (see Fig.
2).

Figure 4 shows the time course of (—)-N°®-[*H]phenyl-
isopropyladenosine binding to fat cell membranes. The
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Fi1G. 1. Temperature dependence of (—)-N°-[*H]phenylisopropyl-
adenosine binding to rat fat cell membranes

Rat fat cell membranes were incubated at various temperatures for
15 min under standard assay conditions in the absence (@) or the
presence (O) of 100 uM (—)-N°.phenylisopropyladenosine. Each value
is the mean of two separate experiments.
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F16. 2. Saturation of (—)-N°-[*H]phenylisopropyladenosine bind-
ing to rat fat cell membranes

Specific binding to rat fat cell membranes was determined as de-
scribed under Materials and Methods. Each value is the mean of two
or three separate experiments. Inset: Scatchard plot of the same data.
The line was calculated by linear regression analysis (r = 0.968) of the
data for specific (—)-N°-[*H]phenylisopropyladenosine binding, yield-
ing values for Kp = 6.1 nM and Bu.. = 1.89 pmoles/mg of protein. B,
(=)-N°-[*H]phenylisopropyladenosine bound (picomoles per milligram
of protein); F, concentration of free (—)-N°®-[*H]phenylisopropyladeno-
sine (micromolar).

specific binding occurred rapidly, being 50% complete
after approximately 3 min. Equilibrium was reached at
approximately 10 min. The observed forward rate con-
stant (k.») can be calculated from the slope of the line in
the inset to Fig. 4 and is 0.235 min~'. The second-order
rate constant can be obtained from k&, = ko, — ko/[(—)-
NS-[*H]phenylisopropyladenosine] = 1.95 x 10" m!
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Fic. 3. Displacement of (—)-N°-[*H]phenylisopropyladenosine (10
nM) from rat fat cell membranes by unlabeled (—)-N°-phenylisopro-
pyladenosine

Rat fat cell membranes were incubated with increasing concentra-
tions of unlabeled (—)-N®-phenylisopropyladenosine and specific bind-
ing was determined as described under Materials and Methods. Mean
values + standard error of the mean of three or four separate experi-
ments are shown. Inset: Scatchard plot of the same data. The line was
calculated by linear regression analysis (r = 0.916) of the data for
specific (—)-N°®-[*H]phenylisopropyladenosine binding, yielding values
for Kp = 4.1 nM and Bm.: = 1.51 pmoles/mg of protein. B, (—)-N°-
[*Hlphenylisopropyladenosine bound (picomoles per milligram of pro-
tein); F, concentration of free (—)-N°{*H]phenylisopropyladenosine
(micromolar).

(-) BHINS-Phenylisopropyladenosine bound
(pmol/mg protein )

ADENOSINE RECEPTORS IN FAT CELLS 231

min~’, where k; is the independently determined rate
constant of the dissociation of the radioligand from its
binding sites (see Fig. 5). Nonspecific binding measured
in the presence of 100 uM (—)-N°®-phenylisopropyladeno-
sine reached a maximum of 0.140 + 0.009 pmole/mg of
protein (mean + standard error of the mean; n = 3) after
only 1 min of incubation and than slowly decreased
during 30 min to 50% of the maximal value obtained at
1 min.

Figure 5 shows the dissociation of (—)-N°-[*H]phenyl-
isopropyladenosine from its binding sites as determined
by adding an excess of the unlabeled compound to an
equilibrated mixture of the radioligand and fat cell mem-
branes. The dissociation was relatively slow but constant
over the entire time measured, yielding a rate constant
k2 of 0.040 min™! (inset, Fig. 5). Within 15 min after the
addition of 100 uM (—)-N°®-phenylisopropyladenosine,
47% of the radioligand specifically bound to the mem-
branes was dissociated from its binding sites.

The ratio ks:k; of the rate constants was 2.1 nM and
provides an independent estimate of the equilibrium
dissociation constant Kp for the interaction of the radi-
oligand with its binding sites in fat cell plasma mem-
branes. This value is in good agreement with the appar-
ent Kp values calculated from the saturation and com-
petition experiments (6.1 and 4.1 nM) illustrated in Figs.
2 and 3.

The binding of (—)-N°-[*H]phenylisopropyladenosine
to fat cell plasma membranes was stereospecific, as was
demonstrated by a lower IC;s value for the (—)-isomer
(13 nm) as compared with the (+)-isomer (ICso = 142 nm)
(Fig. 6; Table 2). Thus, an 11-fold higher concentration
of the (+)-isomer was required to cause half-maximal
inhibition of binding.
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Fic. 4. Time course of specific binding of (—)-N°-[*H]phenyliso-
propyladenosine to rat fat cell membranes

At times indicated, 300-ul aliquots were removed from the incubation
medium and specific binding of (—)-N°®-[*H]phenylisopropyladenosine
was determined as described under Materials and Methods. Values are
the means + standard error of the mean of three separate experiments.
Inset: pseudo-first order plot of (—)-N®-[*H]phenylisopropyladenosine
binding. The slope of the line, determined by linear regression analysis
(r = 0.997), provides an estimate of the observed rate constant (&o).
Beq, amount of (—)-N°®-[’H]phenylisopropyladenosine bound at equilib-
rium; B, amount bound at each time; &, second order rate constant for
the association, calculated from the equation k) = (ko — k2)/[(—)-N°®-
[*Hlphenylisopropyladenosine]; k., rate constant for the dissociation of
the receptor-ligand complex (see Fig. 5).
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Fi1G. 5. Dissociation of specific (—)-N°-[*H]phenylisopropyladen-
osine binding

Rat fat cell membranes were equilibrated with (—)-N®-[*H]phenyl-
isopropyladenosine (10 nM) for 15 min, after which a large excess of
unlabeled (—)-N°®-phenylisopropyladenosine (100 um) was rapidly
added to the mixture at time zero. Alquots of 300 ul were sampled at
the indicated times and specific binding was determined as described
under Materials and Methods. Each value is the mean of three separate
experiments. Inset: first-order plot of the dissociation of the radioligand
from the binding sites. The slope of the line, determined by linear
regression analysis (r = 0.998), provides an estimate of the dissociation
rate constant k,. B, The amount of (—)-N°®-[*H]phenylisopropyladeno-
sine bound at each time after the addition of unlabeled compound; B.q,
the amount at equilibrium at time zero.
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Fi1G. 6. Inhibition of specific (—)-N°-[*H]phenylisopropyladenosine
binding to rat fat cell membranes by the (—)- and (+)-stereoisomers of
N°®-phenylisopropyladenosine

Rat fat cell membranes were incubated for 15 min under standard
assay conditions as described under Materials and Methods. Each value
is the mean of three separate experiments.

(-)[H] N6 -Phenylisopropyladenosine bound
(pmol/mg protein)

Several methylxanthines which are known as adeno-
sine antagonists and phosphodiesterase inhibitors have
been tested for their ability to compete with (—)-N®-[*H]-
phenylisopropyladenosine binding. The order of effec-
tiveness was isobutylmethylxanthine > theophylline >
caffeine, and the ICs values ranged from 55 to 150 um
(Fig. 7; Table 2). Other phosphodiesterase inhibitors,
such as papaverine, dipyridamole, and Ro 20-1724, had
no effect at concentrations up to 100 uM (Table 2).

Moreover, several other substances were tested for
their effects on (—)-N°- [3H]?henylisopropyladenosine
binding (Table 2). Several N°-monosubstituted adeno-
sine derivatives as well as 2-chloroadenosine and 2-fluo-
roadenosine, which have been classified as R site effectors
of adenosine action (10), were highly effective in reducing
specific binding of the radlohgand Since it yielded an
ICso value of 0.017 um, (—)-N¢ -phenyhsopropyladenosme
monophosphate was, next to (—)-NS-phenylisopropyl-
adenosine, the most effective adenosine derivative,
whereas N°®-benzyladenosine (ICso = 0.139 uM) required

TABLE 2
ICs values for inhibition of (—)-N®-[*H]phenylisopropyladenosine
binding to rat fat cell membranes

ICso values were determined by using 10 nM of the radioligand and
at least four concentrations of the displacing compound in two to six
separate experiments. Values given in parentheses indicate the per-
centage inhibition obtained by 100 um of the added compound if
inhibition was less than 50%.

Compound ICeo
uM
(=)-N°®-[°'H]Phenylisopropyladenosine 0.013
(=)-N®-[*H]Phenylisopropyladenosine mono- 0.017
phosphate

N¢-Isobutyladenosine 0.018
N&-Cyclohexyladenosine 0.019
N®-n-Propyladenosine 0.019
2-Chloroadenosine 0.023
2-Fluoroadenosine 0.023
N®-Phenyladenosine 0.024
N&.0-Xylyladenosine 0.088
NS-Benzyladenosine 0.139
(+)-N°-Phenylisopropyladenosine 0.142
7-Deazaadenosine 25.7
2',5’-Dideoxyadenosine 314
Cyclic AMP 34.0
S-Adenosylhomocysteine 34.5
5-ATP 4.7
Isobutylmethylxanthine 55.4
5-ADP 56.3
Theophylline 61.4
5-AMP 64.4
Caffeine 150.3
1,N%-Ethenoadenosine >100(31%)
Inosine >100(23%)
3'-0-Methyladenosine >100(16%)
Dipyridamole >100(11%)
Papaverine >100(7%)
Eritadenine >100(3%)
Propranolol >100(1%)
Hypoxanthine >100(0%)
Adenine >100(0%)
Noradrenaline >100(0%)
Nicotinic acid >100(0%)
Ro 20-1724 >100(0%)
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F1G. 7. Inhibition of specific (—)-N°-[*H]phenylisopropyladenosine
binding to rat fat cell membranes by methylxanthines

Rat fat cell membranes were incubated for 15 min under standard

assay conditions as described under Materials and Methods. Values are
means + standard error of the mean of three separate experiments.

approximately 10-fold higher concentrations for 50% in-
hibition of binding. Several other N°-substituted adeno-
sine derivatives, as well as 2-chloroadenosine and 2-fluo-
roadenosine, showed ICs values in the nanomolar con-
centration range. All other derivatives tested were at
least 3 orders of magmtude less active than (—)-N°®-phen-
ylisopropyladenosine in reducing the binding of the ra-
dioligand. 2’,5’-Dideoxyadenosine, which has been clas-
sified as a P site effector of adenosine action (10), was
approximately 2000 times less effective than (—)-N°-
phenylisopropyladenosine. Eritadenine, which can be
classified as a pure P site agonist in fat cells (19), had no
effect on binding. Other adenosine analogues which are
neither R site nor P site effectors (10) (such as 7-deaza-
adenosine, 1,N%-ethenoadenosine, or 3'-O-methyladeno-
sine) were at least 2000 times less effective than (—)-N°-
phenylisopropyladenosine. The phosphorylated adeno-
sine derivatives cyclic AMP, ATP, ADP, and 5-AMP
required concentrations between 34 and 64 um for 50%
inhibition of binding. A similar ICs, value was obtained
for S-adenosylhomocysteine. The adenosine metabolites
inosine, hypoxanthine, and adenine, which are only weak
inhibitors of cyclic AMP accumulation and lipolysis in
intact cells (5, 20), did not substantially compete with
(=)-N¢-[*H]phenyl- isopropyladenosine binding. The an-
tilipolytic agent nicotinic acid, which markedly reduces
cyclic AMP levels in fat cells (21), was ineffective as an
inhibitor of binding. Propranolol and noradrenaline had
no effect on binding of the radioligand.

Finally, adenosine and some adenosine analogues
which are deaminated by adenosine deaminase were
studied in the absence of this enzyme. A 50% inhibition
of specific (—)-N°®-[*H]phenylisopropyladenosine binding
occurred at a concentration of 0.11 uM (—)-N°-phenyl-
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isopropyladenosine (Table 3), a concentration being 8
times higher than that in the presence of the enzyme
(Table 2). Adenosine (ICs, = 0.65 uM) was approximately
6 times less effective than (—)-N°®-phenylisopropyl-
adenosine in reducing binding of the radioligand, whereas
3’-deoxyadenosine and 2’-deoxyadenosine were approxi-
mately 2-3 orders of magnitude less effective than (—)-
NS-phenylisopropyladenosine (Table 3).

DISCUSSION

The results of the present study demonstrate in a rat
fat cell membrane 3preparation the presence of binding
sites for (—)-N°-[°*H]phenylisopropyladenosine which
display the characteristics of R site adenosine receptors.
NE¢.Phenylisopropyladenosine has been classified as an R
site adenosine agonist in several adenosine-sensitive cel-
lular systems (10, 22). In the fat cell, N°-phenylisopro-
pyladenosine is a very potent adenosine derivative with
respect to inhibition of adenylate cyclase, cyclic AMP
accumulation, and lipolysis (1, 5, 8, 11, 18, 23). Né-Phen-
ylisopro;s)yladenosme shares these properties with several
other N°-substituted adenosine derivatives, all of which
are resistant to degradation by adenosine deaminase (9,
18). Furthermore, no phosphorylation of (—)-N°-[*H]-
phenylisopropyladenosine occurred in another binding
study with this radioligand (13). In contrast to adenosine,
which is a substrate of many different enzymes, (—)-N®-
[*H]phenylisopropyladenosine is thus far a relatively sta-
ble ligand for labeling of adenosine receptors.

Binding of the radioligand to fat cell plasma mem-
branes was saturable, rapid, reversible, and dependent
on pH temperature, and the presence of adenosine de-
aminase. The Scatchard plots from the saturation and
competition experiments were linear, suggesting a single
class of binding sites. The K values, calculated indepen-
dently from the saturation and competition curves and
from the kinetic data, were in the same order of magni-
tude—ranging from 2 to 6 nM. These values are in good
agreement with the nanomolar concentrations of N°®.
phenylisopropyladenosine necessary to inhibit hormone-
stimulated cyclic AMP accumulation and lipolysis in
intact rat fat cells (4, 5, 8, 23) and adenylate cyclase in
rat fat cell membranes (11).

Concerning the specificity of binding, there was an
excellent correlation between binding and the pharma-
cological activity of several adenosine derivatives in the

TABLE 3
ICso values for the inhibition of (—)-N°-[*H]phenylisopropyladeno-
sine binding to rat fat cell membranes in the absence of adenosine
deaminase
" The ICs values were determined by using 10 nM of the radioligand
and five or six concentrations of each compound in two or three
separate experiments.

Compound ICs
uM
(—)-N°®-Phenylisopropyladenosine 0.11
Adenosine 0.65
3’-Deoxyadenosine 9.7
2’-Deoxyadenosine 78.5
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fat cell system. Binding proved to be highly specific. The
(—)-isomer of N°-phenylisopropyladenosine was 11 times
more effective than the (+)-isomer in competing with the
radioligand for the binding sites. A stereospecific effect
of N®-phenylisopropyladenosine in fat cells has previ-
ously been described (18, 24).

Methylxanthines antagonize the effects of adenosine
on adenylate cyclase as well as cyclic AMP accumulation
in intact fat cells, but they do not appear to antagonize
the inhibitory effects of ribose-modified analogues of
adenosine, such as 2',5’-dideoxyadenosine (4, 9, 11). Ac-
cordingly, the methylxanthines have been classified as R
site adenosine antagonists (3, 10, 11). The concentrations
of methylxanthines which are effective in competing for
(—)-N°®-[*'H]phenylisopropyladenosine binding are in the
range of pharmacologically active concentrations of these
agents in antagonizing the inhibitory effect of adenosine
and N°®substituted adenosine derivatives. The ICs, val-
ues obtained for inhibition of radioligand binding for
theophylline (61 mm) and caffeine (150 uMm) agree well
with those of a previous report in their half-maximally
effective concentrations (38 and 193 uM, respectively) in

antagonizing the inhibitory effect of N®-methyladenosine -

on adenylate cyclase activity in fat cell membranes (11),
whereas isobutylmethylxanthine (ICs, = 55 uM) was more
potent in the adenylate cyclase system (ICso = 9 um). A
similar order of the effectiveness has been demonstrated
for activation of lipolysis in intact rat fat cells by theo-
phylline and caffeine, whereas isobutylmethylxanthine
was 15 times more potent as a lipolytic agent than was
theophylline (25). Other phosphodiesterase inhibitors
such as papaverine and Ro 20-1724, which were inactive
as adenosine antagonists in the adenylate cyclase prep-
aration (11), likewise did not affect (—=)-N®-[°’H]phenyl-
isopropyladenosine binding.

The N°-monosubstituted adenosine derivatives as well
as 2-chloroadenosine or 2-fluoroadenosine were potent
inhibitors of radioligand binding, with ICs, values ranging
from 17 to 139 nM. Similar ICs values for these com-
pounds have been obtained from inhibition of noradren-
aline-induced cyclic AMP accumulation in isolated rat
fat cells [ranging from 0.6 to 112 nM (9)] or from inhibition
of isoproterenol-stimulated adenylate cyclase activity in
rat fat cell membranes [ranging from 5 to 20 nm (11)]. It
is worth mentioning that N°®-O-xylyladenosine and N°®-
benzyladenosine, which were less potent as inhibitors of
cyclic AMP accumulation in fat cells (9), were similarly
less potent among the N°®-substituted analogues investi-
gated in the present study.

All other compounds tested were at least 3 orders of
magnitude less active than (—)-N°®-phenylisopropyl-
adenosine in reducing the binding of the radioligand.
2’,5’-Dideoxyadenosine, which has been classified as a P
site compound (10), was approximately 2000 times less
active than (—)-N°-phenylisopropyladenosine in displac-
ing the radioligand from its binding sites. Moreover, the
ICs value of this compound obtained in the present
study (ICso = 31.4 um) agrees well with that obtained
from inhibition of cyclic AMP levels in isolated rat fat
cells (ICso = 10 um) (9). Eritadenine, which has been
found to elicit only P effects in fat cells (19), had no
substantial effect on binding. Other adenosine ana-
logues which are neither R site nor P site effectors, such

as 7-deazaadenosine, 1,N®-ethenoadenosine, or 3-O-
methyladenosine (11), were at least 2000 times less active
than (—)-N®-phenylisopropyladenosine. The phosphoryl-
ated adenosine derivatives cyclic AMP, ATP, ADP, and
5’-AMP were 2600-5000 times less active than (—)-N®.
phenylisopropyladenosine as inhibitors of binding. The
greater effectiveness of these nucleotides on cyclic AMP
accumulation in fat cells (20) than on binding in this
study may be due to degradation of the nucleotides to
adenosine during incubation with the isolated fat cells.
S-Adenosylhomocysteine, a substrate of the S-adenosyl-
homocysteine hydrolase, which has recently been iden-
tified as a soluble adenosine binding protein (26), was 3
orders of magnitude less active than (—)-N®-phenyliso-
propyladenosine in competing for the radioligand; there-
fore, it seems unlikely that this enzyme substantialléy
contributed to the observed binding of (-)-N°-
[*H]phenylisopropyladenosine in our binding experi-
ments. Breakdown products of adenosine metabolism,
such as inosine, hypoxanthine, or adenine, which were
only poor inhibitors of cyclic AMP accumulation or li-
polysis in fat cells (5, 20), did not substantially compete
with the binding of the radioligand. Interestingly, nico-
tinic acid was completely ineffective as an inhibitor of
binding. The antilipolytic effect of this compound, which
inhibits cyclic AMP accumulation in fat cells (21), ob-
viously is not mediated by an interaction with adenosine
receptors. As to be expected, dipyridamole, an inhibitor
of adenosine uptake in isolated fat cells (5), as well as
propranolol and noradrenaline had no effect on binding.

The binding of some adenosine deaminase-sensitive
compounds such as adenosine, 3'-deoxyadenosine, and
2'-deoxyadenosine was tested in an adenosine deaminase-
free assay. In the absence of this enzyme, (—)-N®-phen-
ylisopropyladenosine itself was approximately 10 times
less active in competing for the radioligand than it was
in the presence of adenosine deaminase. The adenosine
generated during the preparation or incubation of the
membranes in the absence of adenosine deaminase is
probably responsible for a reduced effect of (—)-N®-phen-
ylisopropyladenosine on binding. Similarly, adenosine
(ICso = 650 nM) inhibited radioligand binding 10- to 100-
fold less effectively than cyclic AMP accumulation in
isolated fat cells (ICso = 8 nM) (9) or adenylate cyclase
activity of fat cell membranes (K; = 27 nM) (27). Never-
theless, 3’-deoxyadenosine and 2’-deoxyadenosine had
less effect on the binding of (—)-N-[*H]phenylisopropyl-
adenosine than did adenosine and thus showed an order
of effectiveness similar to that in a previous study on the
inhibition of cyclic AMP accumulation in rat fat cells (4).

In conclusion, this report demonstrates that (—)-N°-
[*Hlphenylisopropyladenosine binding techniques first
developed for the study of adenosine receptors in brain
(13) are more generally applicable to other adenosine-
sensitive systems. The close correlation between the
results obtained in these binding experiments and in
previous adenylate cyclase studies provides a further tool
for future studies on the molecular mechanisms of aden-
osine-mediated inhibition of hormone and drug-induced
stimulation of adenylate cyclase in fat cells.
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