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SUMMARY

Adenosine receptors of the A1 and A2 subtypes were character-
ized in membranes from DDT1 MF-2 smooth muscle cells. These
cells possess a high density of A1 adenosine receptors (Bmax

0.8-0.9 pmol/mg of protein), as measured by both agonist and
antagonist radioligands. Agonists compete for [1251]N6-[2-(4-
amino-3-iodophenyl)ethyl]-adenosine (A1 receptor-selective radi-
oligand) binding with the following potency series: (R)-phenyli-
sopropyladenosine [(R)-PIA] > 5’-N-ethylcarboxamide adeno-
sine (NECA) > (S)-PIA, indicative of their interaction with A1
adenosine receptors. Agonist competition for [3H}8-(4-[lt[(2-
aminoethyl)amino]carbonyl�methyl�oxy]phenyI�-1 ,3-dipropylxan-
thine ([3H]XAC) (an antagonist radioligand for the A1 adenosine
receptor) was described by a two-state model of 1 .3 nM (high
affinity state, K�) and 370 nr�i (low affinity state, Kj, with 70% of
the receptors in the high affinity state (RH). Addition of guanosine
5’-[i3, a-imido]triphosphate (100 pM) shifted the (R)-PIA compe-
tition curves to the right to lower affinities. Photoaffinity label-
ing with the agonist photoprobe [125l]N6-[2-(4-amino-3-iodo-
phenyl)ethyl]adenosine indicates that the A1 adenosine receptor
binding subunit is a M. 38,000 protein. Adenosine receptor

agonists [(R)-PIA, NECA, and (S)-PIA] inhibited isoproterenol-

stimulated adenylate cyclase activity in DDT1 MF-2 cell mem-
branes with 1C50 values of 62, 538, and 750 nr�i, respectively.
Inhibition of adenylate cyclase by (R)-PIA was attenuated by the
A1 receptor antagonist XAC and following inactivation of G, with
pertussis toxin (1 00 ng/ml). Using a recently developed A2 aden-
osine receptor agonist radioligand 2-[4-(2-�[4-aminophenyl]meth-

1 -N-ethylcarboxamido
adenosine (125l-PAPA-APEC), we have demonstrated the pres-
ence of A2 adenosine receptors in this cell line. Saturation curves
with 1251-PAPA-APEC indicated the Bmax and Kd values to be 0.21
pmol/mg of protein and 4.0 n�, respectively. In competition
experiments, NECA was more potent at inhibiting 125I-PAPA-
APEC binding than (R)-PIA, with their respective IC50 values
being 5.6 and 351 nM. The photolabeled A2 adenosine receptor
migrated on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis with an Mr of 42,000. Finally, adenosine receptor ago-
nists stimulated adenylate cyclase activity by =2-3-fold with the
following potency series: PAPA-APEC � NECA > (R)-PIA, indic-
ative of their interaction at A2 receptors. These data represent
the first demonstration of the presence of both A1 and A2
receptors in a single cell line, DDT1 MF-2 smooth muscle cells.

Adenosine receptors comprise a group of cell surface recep-

tors that mediate the physiological effects of adenosine. These

receptors were classified by Burnstock (1) as P1 or P2 purinergic

receptors, depending on their preferential interaction with

adenosine (P1) or ATP (P2). The P1 sites are further subdivided

into A1 and A2 adenosine receptors, on the basis of their

differential selectivity for a series of adenosine analogs (2, 3).

The A1 adenosine receptor potency series is (R)-PIA > NECA
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> (S)-PIA. At the A2 receptors, the potency series is NECA>

(R)-PIA > (S)-PIA.

Both A1 and A2 adenosine receptors are widely distributed in

the central nervous system and peripheral tissues (4). Although

the availability of agonist and antagonist radioligands has

enabled detailed characterization of the A1 adenosine receptor

in various tissues (5-8), a similar characterization of the A2

adenosine receptor has been lacking. Until recently, no truly

useful radioligand for the A2 adenosine receptor was available.

Demonstration of adenosine receptors in smooth muscle has

been made primarily by functional assays. For example, aden-

osine can stimulate adenylate cyclase activity via A2 adenosine

receptors in vascular smooth muscle cells in culture (9, 10).

ABBREVIATIONS: PIA, phenylisopropyladenosine; NECA, 5’-N-ethylcarboxamide adenosine, APNEA, M-[2-(4-amino-3-iodphenyl)ethyl]adenosine;
AZPNEA, N�-[2-(4-azido-3-iodophenyl)ethyl]adenosine; XAC, 8-�4-[ffl(2-aminoethyl)amino]carbonyl(methyl}oxyl]phenyl(-1 ,3-dipropylxanthine; PAPA-
APEC, 2-[4-(2-�[4-aminophenyI]methylcarbonyl$ethyl)-phenyl�ethylamino-5’-N-ethylcarboxamido adenosine; SDS, sodium dodecyl sulfate; PAGE,

polyacrylamide gel electrophoresis; CHAPS, 3-[(3-cholamidopropyl)dimethylammonioj-1 -propansulfonate; Gpp(NH)p, guanosine 5’-[13,a-imido]tri-
phosphate; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; G, protein, inhibitory GTP-binding protein.
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Whether this action mediates the vasorelaxant action of the

nucleoside is still unclear, because concentrations of adenosine

required to elevate cAMP are considerably higher than those
required for full vasorelaxation (11, 12). In rat vas deferens,

adenosine inhibits electrically induced contraction by interact-

ing with A1 adenosine receptors (13). A1 adenosine receptors

have also been observed in vascular smooth muscle, based on
the greater potency of cyclohexyladenosine (a selective A1 re-

ceptor agonist) over NECA to activate particulate guanylate

cyclase (14). Because cGMP mediates vasodilatation in smooth

muscle (15, 16), activation of guanylate cyclase might account

for vasodilatation by A1 agonists. To date, however, there has

been no solid confirmation by radioligand binding or photo-

affinity labeling that A1 adenosine receptors are present in

smooth muscle.

Detailed studies on the regulation of A1 and A2 adenosine

receptors have been hindered by the lack of a cell culture model

containing both A1 and A2 receptors. To alleviate this problem,

we have screened a number of cell lines to find an appropriate

model. The DDT1 MF-2 smooth muscle cell line was derived

from a steroid-induced leiomyosarcoma tumor of the vas def-

erens of an adult Syrian hamster (17). These cells express ct�-

(18) and �32-adrenergic receptors (19) and glucocorticoid recep-

tors (20) and possess a very responsive adenylate t�yclase system

(19). In the present study we have demonstrated the existence

of both A1 and A2 adenosine receptors in membranes from

DDT1 MF-2 smooth muscle cells by radioligand binding and

photoaffinity labeling using selective probes for these receptors

and by adenylate cyclase assays. This study, we believe, repre-

sents the first detailed characterization of both types of P1

adenosine receptors in a cultured cell line and should facilitate

future studies on the structure, function, and regulation of

adenosine receptors.

Materials

Experimental Procedures

Chloramine T, cAMP, dATP, GTP, ATP, creatinine phosphokinase,

HEPES, phosphocreatine, Tris . HC1, and isoproterenol were from

Sigma Chemical Co. (St. Louis, MO). (R)-PIA, (S)-PIA, and adenosine

deaminase were from Boehringer-Mannheim (Indianapolis, IN). Elec-
trophoresis reagents were from Bio-Rad Laboratories (Campbell, CA).

Dulbecco’s modified Eagle medium (high glucose), fetal bovine serum,
and penicillin/streptomycin were from GIBCO Laboratories (Grand

Island, NY). [3H]XAC (160 Ci/mmol) and [a-32PJATP were from

Dupont-New England Nuclear (Boston, MA). Na’25! (carrier-free) was

from Amersham Corp. (Arlington Heights, IL). NECA was a generous
gift from Dr. Ray Olsson (University of South Florida, Tampa, FL).

All other reagents were of the highest available grade and were pur-

chased from standard sources.

Cell Culture

DDT, MF-2 cells were grown in suspension in Dulbecco’s modified

Eagle medium (high glucose) supplemented with 10% fetal bovine

serum, 100 units/ml penicillin, and 100 pg/mi streptomycin. Cells were
grown (in the absence of adenosine deaminase) at 37 ‘ in the presence

of 20% 02 and 5% CO2. The cells were supplemented with fresh medium
12 hr before experiments were performed. Under these conditions, the

addition of adenosine deaminase (0.3 units/mi) did not appear to alter
the (R)-PIA mediated inhibition of adenylate cyclase or the density
and affinity of A1 adenosine receptors, when compared with cells not
treated with adenosine deaminase. Experiments were performed on

cells grown to a density of -1 x 106 cells/mi.

Membrane Preparation

Cells were pelleted by centrifugation at 800 x g for 3 mm and washed

twice with Krebs phosphate buffer (128 mM NaCl, 1.4 mM MgC12 5.2

mM KC1, 10 mM Na2HPO4, pH 7.4). The cells were then washed in 50

mM Tris.HC1 buffer (pH 7.4), Dounce homogenized (15 up and down

strokes), and centrifuged at 800 x g for 5 mm. The supernatant was

then centrifuged at 43,000 x g for 15 mm and the resulting pellet was

resuspended in 50 mM Tris . HC1 buffer containing 10 mM MgCi2 and

1 mM EDTA (termed 50/10/1 buffer, hereafter). Endogenously released

adenosine was degraded using adenosine deaminase (-3 units/mi) and

incubating the mixture for 10 mm at 37 � . Membranes were then

pelleted again by centrifugation at 43,000 x g for 10 mm. The resulting

pellet used for binding experiments was resuspended in 50/10/1 buffer

containing -3 units/mi adenosine deaminase. For ‘251-PAPA-APEC

and ‘251-azido-PAPA-APEC binding, membranes were resuspended in

50 mM HEPES buffer (pH 7.2) containing 10 mM MgC12 (termed 50/

10, hereafter).

Membranes used for adenylate cyclase were prepared by centrifuging

the Dounce-homogenized cells (as above) at 43,000 x g for 15 mm and

resuspending the pellet in 75 mM Tris buffer (containing 200 mM NaC1,

12.5 mM MgC12, and 1 mM dithiothreitol, pH 8.12 at 5 �. Membranes

were incubated with adenosine deaminase (-3 units/ml) for 15 mm at

30 � to eliminate endogenous adenosine before adenylate cyclase assays

were performed.

Synthesis of [125IIAPNEA and E125IIAZPNEA

These agonist radioligands were synthesized as described previously

(5, 21).

Radioiodination of PAPA-APEC

PAPA-APEC was iodinated by the chioramine T method described

previously (5, 22). Briefly, 10 pl of PAPA-APEC (0.1 mg/mi) were

placed in a microfuge tube and dried completely under a stream of

nitrogen. The residue was then dissolved in 30 pl of 0.5 M Na2HPO4
(pH 7.35), 1.5 mCi of Na’25 (15 pi) was added, and the solution was

mixed well. The reaction was initiated by the addition of 10 pl of
chioramine T ( 1 mg/mi) and the mixture was incubated for 4 mm at

room temperature with constant agitation. lodination was terminated

by addition of 10 pi of sodium metabisulfite (2 mg/ml). ‘2�I-PAPA-

APEC was then separated by high pressure liquid chromatography
using a C15 p-Bondapak column and a gradient protocol. The mobile

phase was initially composed of a 60:40 mixture (v/v) of methanol and

20 mM ammonium formate (pH 7.8) and this was changed incremen-

tally to a 50:50 mixture by 10 mm. ‘251-PAPA-APEC emerged as the

radioactive peak at 7 mm and was collected and used for binding assays

or lyophylized and resuspended in 3 N acetic acid for use in the synthesis

of ‘251-azido-PAPA-APEC. The identity of the ‘251-PAPA-APEC was

confirmed by thin layer chromatography and was the only fraction

shown to bind a receptor possessing the appropriate A2 receptor phar-

macology.

Synthesis of 1251-Azido-PAPA-APEC

The parent compound PAPA-APEC was iodinated as described
above. The conversion of the aryl amine to the aryl azide was performed

by reacting 20 pl of ice-cold sodium nitrite (20 mg/mi) and 20 pi of the

‘25IPAPAAPEC (from above) on ice for 10 mm. This was followed by

the addition of 10 pl ofice-cold sodium azide (5 mg/ml) and the mixture

was allowed to react for 5 mm on ice. An additional 10 pl of sodium

azide were added and the mixture was incubated for 5 mm at room
temperature. The reaction was terminated by alkalinization with 8 pi

of ammonium hydroxide and the ‘251-azido-PAPA-APEC was separated

by high pressure liquid chromatography using an isocratic protocol

with a mobile phase consisting of a 75:25 mixture (v/v) of methanol

and 20 mM ammonium formate (pH 7.8). ‘251-Azido-PAPA-APEC

emerged as a radioactive peak at 6 mm. On thin layer chromotography

(chloroform/methanol/acetic acid in a ratio of 85:10:5), RF values for

PAPA-APEC, ‘251-PAPA-APEC, and ‘251-azido-PAPA-APEC were
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0.11, 0.22, and 0.34, respectively. Each of the purified radioligands was

assumed to have a specific activity of 2200 Ci/mmoi.

Radioligand Binding in DDTI MF2 Cell Membranes

[3H]XAC binding. Membranes (- 20-40 pg/assay tube) were in-

cubated for 1 hr at 37 � with six to eight concentrations of [3H]XAC
(0.2-6 nM) in a totalvolume of250 pi of5O/10/1 buffer. This incubation

time was optimal to ensure steady state binding as determined from
[3HJXAC association curves (data not shown). (R)-PIA (10 pM) was

used to define nonspecific binding, which normally averaged from 30
to 50% of the total binding. Following incubation, membranes were

rapidly filtered over 25-mm glass fiber filters (No. 32; Schleicher &
Schuell) by vacuum and washed three times with 3 ml of 50/10/1 buffer

containing 0.03% CHAPS. Filters were allowed to extract for at least

6 hr in toluene-based scintillation fluid before counting.
(R)-PIA competition curves were performed by incubating mem-

branes with a single concentration of [3H]XAC (-1.5 nM) and increas-
ing concentrations of (R)-PIA, with or without Gpp(NH)p (100 pM).

[‘251]APNEA Binding. Binding experiments were performed, as
described above, using 0.2-6 nM [‘251]APNEA and -20-40 pg of mem-

brane protein/assay tube. Incubations were for 1 hr at 37 ‘ . Agonist

competition curves were performed using a single concentration of the
radioligand (-1 nM) and different concentrations of the competitors

[(R)-PIA, NECA, (S)-PIA].

‘25IPAPAAPEC binding. Membranes (-60 pg of protein) were

incubated for 1 hr with ‘251-PAPA-APEC (0.2-6 nM) in a total volume

of 250 pl of 50/10 buffer. Nonspecific binding was defined with 10 mM

theophyliine and averaged -50% of total binding at concentrations of

the radioligand at the Kd. This concentration of theophylline was

optimal and defined a level of nonspecific binding simiiar to that
defined by NECA (100 pM). Agonist competition experiments were

performed using a single concentration of ‘251-PAPA-APEC (-1.5 nM)

and various concentrations of NECA or (R)-PIA. Separation of the
bound radioligands was performed as described above.

Photoaffinity Labeling

[‘251]AZPNEA. DDT1 MF-2 cell membranes (-450 pg of protein/

ml), prepared as described above, were suspended in a final volume of

3 ml of 50/10/1 buffer (21). To separate aliquots of membranes was

added either H20, (R)-PIA, (S)-PIA, or XAC (drugs added in a final
concentration of 10 nM). [‘251]AZPNEA (5 nM) was then added to all

aliquots and the mixtures were incubated at 37 ‘ for 45 mm. The

samples were washed with 40 ml of ice-cold 50/10/1 buffer and centri-

fuged at 45,000 x g for 5 mm. This wash was repeated once and the
resulting pellet was resuspended in 10 ml of the same buffer and

exposed to UV light for 4 mm to initiate incorporation. Membranes

were then pelleted by centrifugation and solubilized in SDS-glycerol

buffer for SDS-PAGE.
125IAzidoPAPAAPEC Labeling of A2 adenosine receptors was

performed by incubating membranes (-250-300 pg of protein) with 0.8

nM ‘251-azido-PAPA-APEC, in the absence or presence of competitors,

in polypropylene tubes that were individually wrapped with aluminum

foil. Incubations were for 45 mm at 37 � in a final volume of 1 ml of

50/10 buffer. Following incubation, membranes were centrifuged and

washed twice with 50/10 buffer containing 0.01% CHAPS, centrifuged

at 43,000 x g for 5 mm, and resuspended in 5 ml of buffer. Photoincor-

poration of ‘251-azido-PAPA-APEC was performed by exposing the

membranes on ice to UV light for 4 mm and at a distance of 1 cm. The
resulting mixture was washed twice with 50/10 buffer containing 0.01%

CHAPS. The membrane pellets were solubilized in SDS-giycerol buffer
before SDS-PAGE was performed.

SDS-PAGE

Electrophoresis was performed according to the method of Laemmli

(23) using homogeneous gels, with the stacking gel containing 3%

acrylamide and the separating gel 12-15% acrylamide. Electrophoresis

was performed at a constant current of 10 mA. Premixed SDS-PAGE

standards from Pharmacia were iodinated using the chloramine T

method and include albumin (M� = 67,000), ovalbumin (M. = 45,000),

carbonic anhydrase (M. = 29,000), trypsinogen (M� 24,000), and soy-

bean trypsin inhibitor (M. = 20,000). Following eiectrophoresis, gels

were dried using a Bio-Rad gel dryer and used for autoradiography at

80 �, using X-ray film (XAR-5) and Cronex Lightening Plus intensi-
fying screens.

Adenylate Cyclase Assay

Adenyiate cyciase activity in DDT1 MF-2 cell membranes (pretreated
with adenosine deaminase) was determined as described previously

(24). Briefly, 20 pl of membranes (-50 pg of protein) were incubated

with 20 pl of reaction mixture (0.14 mM ATP, 5 mM phosphocreatine,

1 pM cAMP, 30 units/mi creatine phosphokinase, 5 pM GTP, ‘-l.S pCi

of [cs-32P]ATP) and 10 pl of H20 or drugs. Papaverine (0.1 mM) was

included in all experiments to provide adequate inhibition of the low

K,. cyclic AMP phosphodiesterase. Assay tubes were incubated for 10

mm at 30 ‘ and terminated by addition of 1 ml of ice-cold stop solution

containing -15,000 cpm of [1H]cAMP, 0.3 mM cAMP, and 0.4 mM

ATP. Cyclic AMP is isolated by the method of Salomon et al. (25).

Data Analysis and Protein Determination

Saturation and competition curves were analyzed by a computer-
assisted curve-fitting program (26, 27) equipped with a statistical

package. Other statistical analyses were performed using the Student
test (two-tailed) with an a probability of 0.05. Error bars shown in the

text and in the figures are standard errors. Protein concentrations were
determined by the method of Bradford (28), using bovine serum albu-

mm as standard.

Results

Quantitation of A1 adenosine receptors in DDT1 MF-

2 cell membranes. Fig. 1 shows a saturation curve of [3H]

XAC, an A1 adenosine receptor-selective radioligand, in DDTJ

MF-2 cell membranes. Radioligand binding experiments were

carried out for 1 hr at 37 �, which was adequate to ensure steady

state binding (data now shown). [3H]XAC binding was satu-

rable, with a Bmax of 0.81 ± 0.09 pmoi/mg (mean ± SE) and

equilibrium dissociation constant (Kd) of 2.7 ± 0.5 nM.

Agonist [(R)-PIAJ competition curves versus [‘H]XAC were

shallow, as evident from the Hill coefficients that were signif-

icantly less than unity (p < 0.05). These competition curves

Fig. 1. [3H]XAC saturation curve in DDT1 MF-2 smooth muscle cell
membranes. Experiments were performed by incubating [3H]XAC with
membranes (20-40 pg/assay tube) in the absence (specific binding) and
presence (nonspecific binding) of 1 0 pM(R)-PIA. This is representative of
five similar experiments performed in duplicate.
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ylate cyclase activity. A1 adenosine receptors in several

were more appropriately described by a two-state model (26,

27), with KH and KL being 1.3 ± 0.3 and 370 ± 175 nM,

respectively, and ‘-70% of the receptors in the high affinity

(RH) state (Table 1, Fig. 2). A two-state model was statistically

favored over a one-state model (p < 0.05). Addition of

Gpp(NH)p (100 pM) to the incubation mixture shifted the K,1

to a novel high affinity state of 7.3 nM without changing KL or

without significantly affecting the Hill slopes. In addition, this

treatment decreased the percentage of receptors in the high

affinity state to 57%. However, these curves were still most

appropriately described by a two-state model. These results are
consistent with those observed for the A1 receptor in other

tissues; guanine nucleotides are unable to shift all of the recep-

tors to a low affinity state (7).

An agonist radioligand ([125I]APNEA) was also used to study

the properties of the A1 adenosine receptor. Fig. 3 and Table 2

demonstrate that this ligand labels a population of receptors

equivalent to that labeled by the antagonist [3H]XAC. Fig. 4

demonstrates that the receptors labeled by [‘251]APNEA are of

the A1 adenosine receptor subtype, as evidenced from the

agonist potency series in competition binding experiments

[(R)-PIA > NECA > (S)-PIA]. K, values for these competitors

were 0.9 ± 0.3, 6.8 ± 1.8, and 57.9 ± 22.2 nM, respectively.

Photoaffinity labeling of the A1 adenosine receptors.

TABLE 1

(R)-PIA competition curves in the absence and presence of 100 pM

Gpp(NH)p

Treatment HUt coefficient K,�’ K� RH5 pC

Control 0.56±0.09d 1.3±0.3 370±175 70±4 <0.05
Gpp(NH)p 0.59 ± 0.12” 7.3 ± 2.3e 279 ± 132 57 ± 10 <0.05

. KH and KL , high and low dissociation constants, respectively, calculated assum-
ing a two-state model.

a � A5, percentage of total receptors in the high affinity state.
C �, F statistics derived from comparing the applicability of a two-state model

over a one-state model in analyzing the data.
a For Hill coefficient, statistically significantly difterent from unity (p < 0.05).

. Statistically significantly different from control (p < 0.05). Similar increases in
KH �fl the presence of Gpp(NH)p have been described (36, 37).
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Fig. 2. (R)-PIA competition curves versus [3H}XAC. Membranes were
incubated with [3H]XAC (1 .5 nM) and various concentrations of (R)-PIA
in the absence or presence of Gpp(NH)p (100 pM). Specific [3H]XAC
binding was 0.23 ± 0.04 and 0.31 ± 0.06 pmol/mg of protein for control
and Gpp(NH)p-treated membranes, respectively. Results are presented
as the averaged data from five independent experiments of each treat-
ment group. Competition curves were analyzed by a curve-fitting pro-
gram (Scafit) according to a two-state model (27, 28).

flM

.07

C

.� .05

� .04

4
w
z
0.
4

Sn

.03

.02

.01

Fig. 3. [125I]APNEA saturation curve. Experiments were performed using
20-40 pg of DDT1 MF-2 cell membranes incubated with [125I]APNEA in
the absence (total binding) and presence (nonspecific binding) of 10 pM
(R)-PIA. This is a representative of three similar experiments, each
performed in duplicate. B�5 and Kd values for this representative exper-
iment were 0.90 pmol/mg of protein and 1 .4 n�i, respectively.

TABLE 2
Measurement of A1 adenosine receptor density and affinity in DDT1
MF-2 cell membranes

Ugand B,� K5 n

pmol/mg ofprotein flM

[3H]XAC 0.81 ± 0.09 2.7 ± 0.5 5
[125IJAPNEA 0.90 ± 0.1 1 1 .8 ± 0.5 3

. Number of experiments.
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Fig. 4. Agonist competition curves versus [125I]APNEA. Competition

curves were derived by incubating [1251]APNEA (-0.5 nM) with mem-
branes (as in Fig. 3) and different concentrations of the competitors.
Specific binding in the absence of competitors averaged -0.21 pmol/
assay tube. This figure is representative of three similar experiments.
The curves were fitted by a curve-fitting program (27, 28).

The agonist photoaffinity probe [‘25IJAZPNEA has been used

previously to characterize the A1 adenosine receptors in several

tissues (21). The photolabeled receptor migrates with an Mr

-38,000 (Fig. 5) and is similar to A1 adenosine receptors de-

scribed previously in other tissues (21). Labeling was com-

pletely inhibited by 10 nM (R)-PIA and XAC and less com-

pletely by 10 nM (S)-PIA, as expected for agents competing

stereospecifically at A1 adenosine receptors.

A1 adenosine receptor-mediated inhibition of aden-
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I Barrington, W. W., K. A. Jacobson, and G. L. Stiles. The glycoprotein nature

of the A2 adenosine receptor binding subunit. Submitted for publication.
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Fig. 5. Photoaffinity labeling of A1 adenosine receptors in DOT1 MF-2 cell
membranes. Cell membranes were incubated with [125I]AZPNEA (0.5 nM)
in the absence (control) or presence of (R)-PIA, (S)-PIA, or XAC. Incu-
bations were for 1 hr at 37 #{176}, following which membranes were centri-
fuged, washed, and exposed to UV light. The photolabeled receptor was
resolved on 12% acrylamide SOS-PAGE and subjected to autoradiog-
raphy. The migration profile of iodinated molecular weight standards is
indicated on the left.

tissues are coupled to the inhibition of adenylate cyclase (3, 4,

24). We, therefore, tested the ability of the agonist (R)-PIA to

inhibit isoproterenol-stimulated adenylate cyclase in mem-

branes prepared from these cells. Nanomolar concentrations of

(R)-PIA had no effect on basal adenylate cyclase in these cells

but stimulated the enzyme at higher micromolar concentrations

(see below). Inhibition of adenylate cyclase by (R)-PIA could

be elicited following the activation of the enzyme by a stimu-

latory agent (e.g., isoproterenol). Isoproterenol (10 �sM) was,

therefore, used routinely to demonstrate the inhibitory effects

of various adenosine analogs on adenylate cyclase activity. This

concentration of isoproterenol resulted in a 8-12-fold stimula-

tion of adenylate cyclase, which was a submaximal response;

maximal response was attained with 100 pM isoproterenol (data

not shown). Adenylate cyclase activity in the presence of iso-

proterenol was linear with time to 15 mm (data not shown).

All adenylate cyclase assays were terminated after 10 mm of

incubation.

(R)-PIA, in a dose-dependent manner, inhibited adenylate

cyclase by -30-40% with an IC50 of 66 nM (Fig. 6). Fig. 6B

shows that the order of potency of the analogs for inhibiting

isoproterenol-stimulated adenylate cyclase activity in these

cells was typical ofan A1 adenosine receptor-mediated response.

Inhibition of adenylate cyclase was effectively attenuated by

XAC (a selective A1 receptor antagonist) and by pertussis toxin

(which ADP ribosylates and inactivates the G� coupling protein)

(Fig. 7). The identity of the G� subtype(s) that couples A1

adenosine receptor to adenylate cyclase in these cells is not

known at present.

Quantitation of A2 adenosine receptors in DDT1 MF-

2 cell membranes. We have recently developed “5I-PAPA-
APEC, an agonist radioligand that interacts specifically with

A2 adenosine receptors (22). Using this radioligand, we can
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Fig. 6. Inhibition of adenylate cyclase activity in DOT1 MF-2 cell mem-
branes by adenosine analogs. A, Adenylate cyclase assays were per-
formed as described in Experimental Procedures using 1 0 pM isoproter-
enol and various concentrations of (R)-PIA. lsoproterenol-stimulated
adenylate cyclase in the absence of inhibitor (control) was 32.8 ± 6.1
pmol/min/mg of protein, compared with basal activity of 3.7 ± 0.5 pmol/
mm/mg of protein. Results are expressed as the averaged data from
eight independent experiments. B, Adenylate cyclase activity was as-
sayed in the presence of isoproterenol (1 0 pM) and various concentrations

of inhibitors. The lC� values (nM) for (R)-PIA, NECA, and (S)-PIA for
inhibiting adenylate cyclase were 62 ± 1 0, 538 ± 189, and 750 ± 250,
respectively (mean ± SE of four independent experiments).

A.

Fig. 7. Attentuation of (R)-PIA mediated inhibition of adenylate cyclase
by XAC and pertussis toxin. A, Adenylate cyclase assays were performed
in the presence of isoproterenol (1 0 pM) and either reaction buffer or
XAC (1 pM) diluted in buffer. Adenylate cyclase activity in absence of(R)-
PIA (control) was 32.1 and 34.5 pmol/min/mg of protein for buffer and
XAC, respectively. B, 00T1 MF-2 cells in culture were treated with
Oulbecco’s modified Eagle’s medium or Oulbecco’s modified Eagle’s
medium plus pertussis toxin (1 00 ng/ml) for 18 hr. Control adenylate
cyclase activity [in the absence of(R)-PIA] averaged 23.7 and 24.6 pmol/
mm/mg of protein.

clearly show saturable and high affinity binding in DDTI MF-

2 membranes (Fig. 8). Bma. and Kd values were 0.21 ± 0.03

pmol/mg ofprotein and 4.0 ± 1.3 nM, respectively. These values

are similar in magnitude to those previously observed in bovine

striatum (22). Both NECA and (R)-PIA competed for 12’��

PAPA-APEC binding sites with IC�() of5.6 ± 3.4 and 351 ± 117

nM, respectively (Fig. 9A). These values are lower than those

observed in bovine striatum (22). This order of potency is

indicative of their interaction at the A2 adenosine receptor.

Photoaffinity labeling of the A2 adenosine receptors.

The apparent molecular weight of the A2 adenosine receptor

was determined with the photoaffinity probe ‘25I-azido-PAPA-

APEC, a derivative of PAPA-APEC shown to bind specifically

to A2 receptors.’ The photolabeled receptor migrates with an

Mr of -42,000 (Fig. 9B), similar to the molecular weight deter-

mined for the bovine brain A2 receptors (22). Labeling was

inhibited to a greater degree by NECA (3.3 nM) than by (R)-

PIA (3.3 nM), as expected from the order of potency of these
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Fig. 8. 1251-PAPA-APEC saturation curve in 00T1 MF-2 cell membranes.
Membranes (-60 pg) were incubated with different concentrations of the

radioligand for 45 mm at 37 0 in the absence (total binding) or presence
(nonspecific binding) of theophylline (1 0 mM). This curve is representative
of five similar experiments. Curves were modeled by a computer pro-
gram, as previously described (27, 28). B�,, and Kd values for this
representative experiment were 0.1 7 pmol/mg of protein and 2.9 nM,
respectively.

analogs at A2 receptors. Furthermore, theophylline, a nonselec-

tive adenosine receptor antagonist, inhibited photoaffinity la-

beling of these receptors completely.

A2 adenosine receptor-mediated activation of aden-

ylate cyclase. A, adenosine receptors in DDT cells are func-

tionally coupled to activation of adenylate cyclase. As observed

in Fig. 10, PAPA-APEC is more efficacious at increasing aden-

ylate cyclase activity (over basal) than either NECA or (R)-

PIA at the highest concentration of each drug tested. Fold

stimulation obtained with PAPA-APEC, NECA, and (R)-PIA

were 2.8 ± 0.2, 2.1 ± 0.1, and 1.8 ± 0.1 at 10 �tM concentrations

of each drug tested (mean ± SE of three experiments). The

potency series of these drugs for activating adenylate cyclase is

as follows: PAPA-APEC > NECA > (R)-PIA (the EC50 values

for activation of adenylate cyclase were 0.13 ± 0.06 and 0.38 ±

0.26 pM for PAPA-APEC and NECA, respectively). Because

(R)-PIA did not produce a near maximal stimulation of aden-

B.

ylate cyclase at 10 pM, it is difficult to calculate an ECr,o value

for this agent. However, its potency is significantly less than

that of NECA, as expected from its relative potency at A2

adenosine receptors.

The study of adenosine receptors has been limited by the

unavailability of a suitable cell line that possesses these recep-

tors. We (7) and others (29) have previously used rat adipocytes

to demonstrate the existence and regulation of adenosine re-

ceptors in this tissue. Adipocytes, however, can only be used as

a primary culture model and they lose receptor density and

functional responses when maintained in culture for extended

periods (30). In contrast, the DDT, MF-2 cells possess a high

density of A, and a useful quantity of A2 receptors, the levels

of which were not affected by duration in culture or by fre-

quency of passaging. Thus, the use of these cells should greatly

accelerate the study of adenosine receptors in vitro.

The existence of A, adenosine receptors in DDT, MF-2 cells

is supported by several pieces of evidence. Using both agonist

([‘25I]APNEA) and antagonist ([‘H]XAC) radioligands, we de-

tected a high density of receptor (0.8-0.9 pmol/mg of protein)

with the characteristic A1 receptor potency series [(R)-PIA >

NECA > (S)-PIA]. The quantity of receptors detected by the
agonist in this tissue was equivalent to that detected by the

antagonist radioligand. Photoaffinity labeling of the receptor

with the agonist probe ([‘251]AZPNEA) demonstrated a labeled

protein migrating at M. 38,000, which was identified as the A,

adenosine receptor by its characteristic pharmacology and sim-

ilarity in molecular weight of the adipocyte and brain receptor

(21). Furthermore, this receptor is functionally coupled to the

inhibition of isoproterenol-stimulated adenylate cyclase activ-

ity, a property ascribed to A, adenosine receptors (3, 4, 24, 29).

ADP-ribosylation of G� proteins by pertussis toxin abolished

this inhibitory effect of (R)-PIA, implicating these proteins in

the mediation of inhibition of adenylate cyclase.

Demonstration of A2 adenosine receptors in DDT, MF-2

cells was aided by the selective A2 agonist radioligand 125J

PAPA-APEC (22). The binding of ‘25I-PAPA-APEC was sat-
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Discussion

Fig. 9. Competition of various ligands with A2 aden-
osine receptors. A, Membranes were incubated with
1 .5 nM concentrations of the radioligand in the pres-
ence of various concentrations of NECA or (R)-PIA.
The data presented were analyzed by computer

modeling (27, 28) and represent the mean of five
independent experiments with standard errors at

each point of less than 10%. Specific 125I-PAPA-
APEC binding in the absence of inhibitors was 30.1
fmol/mg of protein. B, Labeling was performed as
described in Experimental Procedures using -0.75
nM 125I-azido-PAPA-APEC, in absence or presence
of NECA (3.3 nM), (R)-PIA (3.3 nM), or theophylline
(10 mM). The labeled A2 adenosine receptor mi-
grates with Mr 42,000 on a 14% polyacrylamide
gel. The migration of labeled standards is indicated
on the left. Experiments were repeated three times.
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urable and of higher affinity than that observed for [3H]NECA

in vascular smooth muscle (31). NECA competed with 60-fold

higher affinity for this site than (R)-PIA, indicative of the

binding site being the A2 adenosine receptor. Furthermore, the

molecular weight of the labeled receptor (42,000) was similar

to that observed in bovine brain (22) but different from the A,

adenosine receptor (38,000). Labeling of this M. 42,000 species

was preferentially inhibited by NECA over (R)-PIA. Adenosine

analogs activate smooth muscle adenylate cyclase with the

order ofpotency being PAPA-APEC > NECA > (R)-PIA. This

order of potency suggests that the site of action of these analogs

is the A2 adenosine receptor.

The specific role of each of these receptor subtypes on smooth

muscle function is not clear at present. It has been proposed

that A2 adenosine receptor activation leads to smooth muscle

relaxation via activation of adenylate cyclase (9, 10). In this

respect, the finding that A1 adenosine receptor activation leads

to inhibition of adenylate cyclase is quite confusing. However,

this property of adenosine analogs is evident only in the pres-

ence of an activator of adenylate cyclase (i.e., isoproterenol).

In the absence of isoproterenol, adenosine analogs can them-

selves activate adenylate cyclase via A2 adenosine receptors.

Thus, assuming a role of cAMP in smooth muscle relaxation,

one would expect adenosine and its analogs to relax vas deferens

smooth muscle contracted by norepinephrine (in the absence

of concurrent fl2-adrenergic agonists) by activating A2 adeno-

sine receptors. On the other hand, in the presence of /32-

adrenergic receptor activation, one might expect adenosine to

produce smooth muscle contraction via A, adenosine receptors.

Examples of A, adenosine receptors mediating smooth muscle

contraction have been described (32, 33).

In addition to adenylate cyclase, the coupling of A, adenosine

receptors to other effector systems has been described. For

example, A, adenosine receptors can activate particulate gua-

nylate cyclase (14) and inhibit phospholipase C (34) or Ca2�

channels (35), actions that might underlie the smooth muscle

relaxant effect of adenosine in vas deferens (13).

In summary, our data clearly demonstrate the presence of

both A, and A2 adenosine receptors in DDT, MF-2 clonal cells.

This model system should be extremely useful in studying the

regulation of A, and A2 adenosine receptors.
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Fig. 10. Activation of adenylate cyclase by adenosine analogs in DOT1
MF-2 membranes. Assays were performed as described in Experimental
Procedures, for 10 mm at 30 0 Basal adenylate cyclase activity averaged
3.0 ± 0.6 pmol/mg/min. Data are presented as the mean ± standard

error of three independent experiments.

Acknowledgments

We would like to thank Linda Scherich for her assistance in the preparation
of this manuscript.

References

1. Burnstock, G. A basis for distinguishing two types of purinergic receptors.

In Cell Membrane Receptors for Drugs and Hormones (R. W. Straub and L.

Bolis, eds.). Raven Press, New York, 107-118 (1978).

2. Vaii Ca1k�r, D., M. Mu11�r, and B. Jlainprecht. AdelloMille regulates via two
different types of receptors the accumulation of cyclic AMP in cultured brain

cells. J. Neurochem. 33:999-1005 (1979).
3. Londos, C., D. M. F. Cooper, and J. Wolff. Subclasses of external adenosine

receptors. Proc. NatI. Acad. Sci. USA 77:2551-2554 (1980).
4. Ramkumar, V., G. Pierson, and G. L. Stiles. Adenosine receptor: clinical

implications and biochemical mechanism. Prog. Drug Res. 32:196-241
(1988).

5. Stiles, G. L., D. J. Daly, and R. A. Olsson. The A, adenosine receptor:

identification of the binding subunit by photoaffinity cross-linking. J. Biol.

Chem. 260:10806-10811 (1985).

6. Jacobson, K. A., D. Ukena, K. L. Kirk, and J. W. Daly. i3HiXanthine amine

congener of 1,3-dipropyl-8-phenyl xanthine: an antagonist radioligand for

adenosine receptors. Proc. Natal. Aced. Sci. USA 83:4089-4093 (1986).
7. Ramkumar, V., and G. L. Stiles. Reciprocal modulation of agonist and

antagonist binding to A, adenosine receptors by guanine nucleotides is

mediated via a pertussis toxin-sensitive G protein. J. Pharmacol. Exp. Ther.

246:1194-1200 (1988).
8. Martens, D., M. J. Lohse, B. Rauch, and U. Schwabe. Pharmacological

characterization of A, adenosine receptors in isolated rat ventricular myo-

cytes. Naunyn-Schmiedeberg ‘s Arch. Pharmacol. 336:342-348 (1987).
9. Anand-Srivastava, M. B., D. J. Franks, M. Cantin, and J. Ganest. Presence

of “Ra” and “P”-site receptors for adenosine coupled to adenylate cyclase in

cultured vascular smooth muscle cells. Biochem. Biophys. Res. Commun.

108:213-219 (1982).

10. Anand-Srivastava, M. B., and D. J. Franks. Stimulation of adenylate cyclase
by adenosine and other agonists in mesenteric smooth muscle cells in culture.

Life Sci. 37:857-867 (1985).

1 1 . Berne, R. M. The role of adenosine in the regulation of coronary blood flow.

Circ. Res. 47:807-813 (1980).

12. Herlihy, J. T., E. L. Bockman, R. M. Berne, and R. Rubio. Adenosine

relaxation of isolated vascular smooth muscle. Am. J. Physiol. 230:1239-
1243 (1976).

13. Lee, C. M., and W. T. Cheung. Inhibitory effect of adenosine on electrically

evoked contractions in the rat vas deferens: pharmacological characterization.

Neurosci. Lett. 59:47-52 (1985).

14. Kurtz, A. Adenosine stimulates guanylate cyclase activity in vascular smooth

muscle cells. J. Biol. Chem. 262:6296-6300 (1987).

15. Iganarro, L. J., and P. J. Kadowitz. The pharmacological and physiological

role ofcyclic GMP in vascular smooth muscle relation. Annu. Rev. Pharmacol.

Toxicol. 25:171-191 (1985).

16. Murad, F. Cyclic guanosine monophosphate as a mediator of vasodilitation.

J. Clin. Invest. 78:1-5 (1986).
17. Norris, J. S., and P. 0. Kohler. Androgen receptors in a Syrian hamster

ductus deferens tumor cell line. Nature (Lond.) 248:422-424 (1974).
18. Cornett, L. E., and J. S. Norris. Characterization of the a1-adrenergic receptor

subtype in a smooth muscle line. J. Biol. Chem. 257:694-697 (1982).
19. Norris, J. S., D. J. Cramer, F. Brown, K. Popovich, and L. E. Cornett.

Characteristics of an adenylate cyclase coupled to fl2-adrenergic receptor in

a smooth muscle tumor cell line. J. Recept. Res. 3:623-645 (1983).
20. Norris, J. S., and P. 0. Kohler. The coexistence of androgen and glucocorti-

coid receptors in the DDT, cloned cell line. Endocrinology 100:613-618
(1977).

21. Stiles, G. L., D. T. Daly, and R. A. Olsson. Characterization of the A,

adenosine receptor-adenylate cyclase system of cerebral cortex using an
agonist photoaffinity ligand. J. Neurochem. 47:1020-1025 (1986).

22. Barrington, W. W., K. A. Jacobson, A. J. Hutchison, M. Williams, and G. L.
Stiles. Identification of the A2 adenosine receptor binding subunit by photo-

affinity cross-linking. Proc. NatI. Acad. Sci. USA, 86:6572-6576 (1989).
23. Laemmli, U. K. Cleavage of structural proteins during the assembly of the

head of bacteriophage T, Nature (Land.) 227:680-683 (1970).
24. Ramkumar, V., and G. L. Stiles. The new positive inotrope sulmazole inhibits

the function of guanine nucleotide regulatory proteins by affecting GTP

turnover. Mol. Pharmacol. 34:761-768 (1988).
25. Salomon, Y., C. Londos, and M. Rodbell. A highly sensitive adenylate cyclase

assay. Anal. Biochem. 58:541-548 (1974).

26. DeLean, A., A. A. Hancock, and R. J. Lefkowitz. Validation and statistical

analysis of a computer modeling method for quantitative analysis of radioli-

gand binding data for mixtures of pharmacological receptor subtypes. Mol.

Pharmacol. 21:5-16 (1982).

27. Hancock, A. A., A. DeLean, and R. J. Lefkowitz. Quantitative resolution of

beta-adrenergic subtypes by selective ligand binding: application of a com-

puterized model folding technique. Mol. Pharmacol. 16:1-9 (1979).
28. Bradford, M. M. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein dye binding.

Anal. Biochem. 72:248-254 (1976).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


156 Ramkumaretal.

29. Malbon, C. C., P. J. Rapiejko, and T. J. Manigano. Fat cell cyclase system.

J. Biol. Chem. 260:2558-2564 (1985).
30. Green, A. Adenosine receptor down-regulation and insulin resistance follow-

ing prolonged incubation of adipocytes with an A, adenosine receptor agonist.

J. Biol. Chem. 262:15702-15707 (1987).

31. Diocee, B. K., and J. E. Souness. Characterization of 5’-N-ethylcarboxamido

[‘Hiadenosine binding to pig aorta smooth muscle membranes. Biochem.

Ph�irmacol. 36:3621-3627 (1987).

32. Smith, M. A., I. L. 0. Buxton, and D. P. Westfall. Pharmacological classifi-

cation of receptors for adenyl purines in guinea pig myometrium. J. Phar-

macol. Exp. Ther. 247:1059-1063 (1988).
33. Rossi, N., P. Churchill, V. Ellis, and B. Amore. Mechanism of adenosine

receptor-induced renal vasoconstriction in rats. Am. J. Physiol. 255:4885-

4890 (1988).
34. Delahunty, T. M., M. J. Cronin, and J. Linden. Regulation of GH3-cell

function via A, receptors. Biochem. J. 255:69-77 (1988).

35. Sperelakis, N. Regulation of calcium slow channels of cardiac and smooth

muscles by adenine nucleotides, in Cardiac Electrophysiology and Pharma-
cology of Adenosine and A TP: Basic and Clinical Aspects. (A. Pelleg, E. L.

Michelson, and L. S. Freifus, eds.) Alan R. Liss, Inc., New York, 135-193

(1987).

36. Mattera, R., B. J. R. Pitts, M. L. Entman, and L. Birnbaumer. Guanine

nucleotide regulation of a mammalian myocardial muscarinic receptor sys-

tem. J. Biol. Chem. 260:7410-7421 (1985).

37. Stiles, G. L., R. H. Strasser, B. F. Kilpatrick, S. R. Taylor, and R. J. Lefkowitz.

Endogenous proteinases modulate the function of the �3-adrenergic receptor-

adenylate cyclase system. Biochem. Biophys. Acta 802:390-398 (1984).

Send reprint requests to: Dr. G. L. Stiles, Duke University Medical Center,

Box 3444, Durham, NC 27710.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



