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SUMMARY

LUCAS, MARGUERITE & BOCKAERT, JOEL (1977) Use of ( �)-[‘HIdihydroalprenolol to

study beta adrenergic receptor-adenylate cyclase coupling in C6 glioma cells: role of

5’-guamylylimidodiphosphate. Mol. Pharmacol. , 13, 314-329.

( �)-[‘H]Dihydroalprenolol, a potent beta adrenergic antagonist, was used as a ligand to

characterize the beta adrenergic receptors coupled with adenylate cyclase in C6 glioma
cell membranes. Binding of (-)-[‘Hldihydroalprenolol was Saturable with 0.47 ± 0.03

pmole/mg of protein (N = 4) and occurred on a single category of specific binding sites.
C6 glioma cells contained approximately 10,000 sites/cell. The dissociation binding
constant of (-)-[‘H]dihydroalprenolol was 5.7 ± 0.9 nM (N = 5), and its apparent
inhibition constant for the ( -)-isoproterenol-activated adenylate cyclase was 2.9 ± 0.5
nM (N = 4). The association of ( -)-[‘Hjdihydroalprenolol with its binding sites was very
fast, less than 1 mm at 30#{176},at a ligamd concentration of 45 nM. Dissociation was a first-
order reaction, with a rate constant of 0.35 min ‘ . An association rate constant of 6 x 10�
M ‘ min ‘ was computed. Activation of the ademylate cyclase by (-)-isoproterenol (0.1
mM) was instantaneous. After prior saturation of the binding sites with (-)-

[‘H]dihydroalprenolol, activation of the adenylate cyclase by ( -)-isoproterenol was slow

and limited by the dissociation of (-)-{‘H]dihydroalprenolol from its binding sites. Beta

adrenergic agonists competed for ( -)-[‘H]dihydroalpremolol binding sites and activated
the adenylate cyclase with an effectiveness typical of , adrenergic specificity, since
the order of potency was ( -)-isoproterenol > ( - )-norepinephrine � epimephrine. What-
ever the agonist considered, there was a 3-fold difference between the agonist dissocia-
tion constants determined by analyzing the competitive displacement of (-)-

[:RHIdmhy�froalprenolo1 from binding sites, and the apparent affinity (K.4 app) for ademyl-
ate cyclase activation. This difference indicates a hyperbolic relationship between

receptor occupancy and adenylate cyclase activation. Complete activation ofthe enzyme
requires full occupation ofthe specific binding sites. Beta blocking agents (but not alpha

blocking agents or neuroleptics) inhibited ( -)-[‘Hldihydroalprenolol binding and the

activated adenylate cyclase in the same order of potency. The ratio of the antagonist
dissociation constants for binding (K!)) to their apparent inhibition constants (K, app) for

ademylate cyclase was about 2 for ( -)-[3Hldihydroalprenolol and all the other beta

antagonists tested. Like adenylate cyclase activation, binding was stereospecific, since
(+)-propramolol required concentrations about 30 times higher than the (-) isomer to
inhibit binding or adenylate cyclase stimulation half-maximally. These equilibrium and
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rate study experiments suggest that ( -)-[3Hldihydroalprenolol binding sites have all the

features expected of beta adrenergic receptors functionally coupled with the adenylate
cyclase. The GTP analogue 5’-guamylylimidodiphosphate [Gpp(NH)pI stimulated the
basal ademylate cyclase catalytic state but reduced the maximal velocity of the agonist-
activated state. The effect of Gpp(NH)p on these two adenylate cyclase states was
irreversible. Gpp(NH)p reduced the affinity of ( -)-isoproterenol for the beta receptor but
increased its apparent affinity for adenylate cyclase activation. Gpp(NH)p therefore
increased the efficiency of coupling between receptor occupancy and adenylate cyclase

stimulation. It had no effect on the binding of ( -)-alpremolol to the beta receptor. The
following working hypothesis is proposed to explain these results: by modifying the

equilibrium between the different states of the beta receptor-adenylate cyclase system,
Gpp(NH)p changes the characteristics of the beta receptor when the receptor is “cou-
pled” with the adenylate cyclase as a result of its interaction with an agonist.

INTRODUCTION

Three labeled blocking agents - [‘HI-
propranolol (1, 2), ( -)-[3H]dihydroalpren-
olol (3-7) and [‘25I]hydroxybemzylpindolol
(8-12) have been shown to interact with

stereospecific binding sites on particulate
cell fractions containing beta adremergic-
sensitive ademylate cyclase. This report

sets out to show that C6 glioma cells
contain (-)-[3H]dihydroalpremolol binding

sites with the same specificity profile as
the beta receptor implicated in ademylate
cyclase activation. Although binding spec-

ificity is an essential feature of receptors,
it cannot be taken as definite evidence
identifying binding sites with functional

receptors. The best illustration of this
point is the report by Birnbaumer and
Pohl (13) that [‘251]glucagom activated the

adenylate cyclase of hepatic membranes
instantaneously whereas [‘25I]glucagom
binding measured under the same assay

conditions did not reach equilibrium for iO
or 15 mm. Their explanation (13) was that
only a few “specific” binding sites were
functionally coupled with the catalytic
component of ademylate cyclase and could
thus be called “receptors.” The remaining
“specific” binding sites were called “accep-
tors” (i4). Rodbell et al. (15) observed a
nonlinear relationship between the levels

of the glucagom receptors occupied and
adenylate cyclase activation, which re-
sembled the relationship reported for vaso-
pressim receptors ( i6). Occupation of a
small fraction of binding sites therefore
leads to activation of a greater fraction of
ademylate cyclase. On the other hand,
Brown et al. (10) reported that the occupa-

tion of a fraction of [ ‘25llhydroxybenzyl-
pindolol binding sites by ( -)-beta adrener-
gic agonists resulted in proportionally less
adenylate cyclase activation. Neverthe-
less, complete activation of the enzyme re-
quired full occupation of the binding sites
in all the systems studied (iS, 16, 10).

We therefore analyzed in detail the rela-
tionship between the interaction of ( -

[‘H]dihydroalprenolol or ( -)-isoproterenol

with ( -)-[‘Hldihydroalprenolol binding

sites, and adenylate cyclase activation or
inhibition under equilibrium conditions

and also during kinetic experiments.
Guamine nucleotides are important in

modulating the response of adenylate cy-
clase systems to catecholamines (for re-
views, see refs. 17 and 18) and other hor-

mones (for review, see ref. 18). 5’-Gua-
nylylimidodiphosphate a synthetic ana-

logue of guanosine triphosphate, has been
used extensively to analyze the nucleotide
triphosphate action mechanism affecting
these systems. One of the most obvious

effects of Gpp(NH)p’ on catecholamine
systems is to potentiate the influence of
agomists and to increase their apparent
affinity for adenylate cyclase stimulation.
Contradictory observations have been re-
ported as to whether these effects are due
to a change in beta receptor characteris-
tics. On the one hand, Gpp(NH)p did not

seem to affect the affinity of [‘23I]hy-
droxybenzylpindolol (10), [‘H]propranolol

(2), or (-)-isoproterenol (10) for the bind-
img sites, but on the other hand, Maguire

I The abbreviations used are: Gpp(NH)p, 5’-

guanylylimidodiphosphate; cAMP, adenosine cyclic

3’,5’-monophosphate.
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et al. and Lefkowitz et a!. reported very
recently that Gpp(NH)p reduced the ap-
parent affinities of beta agonists without
modifying those of beta antagonists for

beta receptors in glioma cells (19) or frog
erythrocytes (20). Similarly, GTP was
shown to lower the affinity of glucagon

and angiotensin for their binding sites in
hepatic (21) and adrenal cortex (22) mem-
branes, respectively. At the same time

GTP increased the apparent affinity of

glucagon for the adenylate cyclase system
(15). The present experiments show that in
C6 glioma cell membranes Gpp(NH)p re-
duces the apparent affinity of agonist for
the beta receptor but does not affect antag-
onist affinity. However, Gpp(NH)p in-
creases the apparent affinity of beta ago-
mists for the beta-sensitive adenylate cy-

clase system. We suggest that the change
in agonist-receptor interaction should not

be ascribed to the direct effect of Gpp-
(NH)p on the receptor, but is simply a

consequence ofthe influence ofthis nucleo-
tide on one ofthe adenylate cyclase activa-
tion steps that follow such interaction.

MATERIALS AND METHODS

Cloned C6 glioma cells were taken from
glial tumors induced by repeated injec-
tions of N-nitrosomethylurea into Wistar
rats (23, 24). Cells were seeded in Roux

glass bottles at a concentration of 2 x 10�
cells/bottle. They were grown at 37#{176}in
Ham’s F-b medium supplemented with
10% fetal calf serum (Gibco), 50 IU/ml of

penicillin G, and 5 mg/ml of streptomycin
sulfate. The medium was changed 3, 5,
and 6 days after plating. The cells were
harvested at confluence on the 7th day.

Preparation ofparticulate fractions . The

culture medium was removed by washing
three times with 0.9% NaCl at room tem-
perature. The cells were scraped off with a
rubber stick and suspended in 0.9% NaCl.
They were centrifuged for 10 mm at 300 x

g, and the pellet was washed once more in
0.9% NaCl and resuspended in a cold hypo-
tonic medium (25 mM Tris-HC1, pH 8, and
5 mM EDTA; usually 6 x iO” cells/ml). The
cell suspension was then homogenized in a
Potter-Elvehjem glass homogenizer with a

Teflon pestle (10 strokes). The homogenate
was centrifuged at 5000 x g for 20 mm at
00. The pellet was resuspended in the same
hypotonic medium (usually 10 x iOH cells/
ml), rehomogenized (five strokes), filtered
through a silk screen (150-jAm pore diame-

ter), and centrifuged at 5000 x g for 30
mm. The final pellet was suspended in the
same buffer (106 cells/iO jAl), filtered again
through the silk screen, and used for bind-
ing and adenylate cyclase assays within 1-

2 hr. No significant change in binding or

ademylate cyclase characteristics was de-
tectable during this period. Filtration
through the silk screen removed the DNA

filaments formed after homogenization.
Measurement of ( -)-[‘H]dihydroal-

prenolol binding. The particulate frac-
tions (30 �g of protein) were incubated at
300 in 50 1�il containing 100 mM Tris-HC1

(pH 8), 5 mM MgSO4, 1 mM cAMP, 0.2 m�
ATP, 0.2 mg/mi of creatine kinase, 20 m�i
phosphocreatine, 1 mrvi EDTA, and (-)-

[RHldmhydroalprenoloi. The ( - )-[‘Hldihy-
droaiprenolol concentration was calcu-

lated on the basis of the radioactivity
added to the assay and the specific radioac-
tivity of the product (32.6 Ci/mmole). Ex-
cept in the kinetic experiments, the incu-

bation medium was diluted 10 mm later by

adding 1 ml of cold (4#{176})washing medium
containing 50 mM Tris-HC1 (pH 8) and 20
mM MgCl2. The diluted mixture was them

carefully sprayed over two Whatman GF/
C glass fiber filters, which were rinsed
with 4 ml of washing medium just before

filtration. As soon as all the diluted mix-
ture had been filtered, the filters were
rinsed three times with 4 ml of washing
medium. The entire dilution and filtration
processes did not take more than 25 sec.
The upper filter was them dried at 50#{176}
for 30 mm and counted in Umisoive (8 ml).
The use of two glass fiber filters reduced

the blank value without affecting specific
or nonspecific binding. Specific binding
was defined as the difference between
the amount of ( -)-[3H]dihydroalprenolol

bound in the absence and presence of
either 10 jAM unlabeled (-)-alprenolol or
(-)-isoproteremol. Specific and nonspecific
binding were determined in triplicate and
duplicate, respectively. The reproducibil-
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ity of replicate samples was ± 5%. Except

where otherwise stated, binding values re-
fer to specific binding. Nonspecific binding
in the presence of (-)-isoproteremol was

slightly higher than in the presence of ( -)-

alprenolol (see Fig. 4C). For routine exper-

iments nonspecific binding was deter-
mined using (-)-alprenolol. Both specific

and nonspecific binding were proportional

to the protein concentration. Boiling the

membranes eliminated specific but not
nonspecific binding.

Adenylate cyclase assay. The same reac-

tion mixtures were used to determine
[3Hlldihydroalprenolol binding and ademyl-
ate cyclase activity, except that in the lat-

ter case trace amounts of [3H]cAMP and
[a-32P]ATP were added (0.002 and 2 jACi/
tube, respectively).

The reaction was started at zero time by
adding membranes to all the other com-
pounds except for the trace amount of [a-
32P]ATP, which was added after 9 mm.

The reaction was stopped 2 mm later by
addition of 900 jAl of 5.5 mr�i Tris-HC1 (pH
7.6), 0.33 mM ATP, 0.55 m�i cAMP, and 10
mM CaCl2. The tubes were centrifuged at
5000 x g for 5 mm. [32PIcAMP and [3H1-
cAMP were isolated according to Salomom
et al. (25). This ademylate cyclase assay
protocol was designed to measure the ye-
locity of the reaction between 9 and ii mm

after it had started and to make possible
direct comparison with the binding deter-
minations, which were made 10 mm after

the beginning ofthe reaction. It was possi-
ble to measure adenylate cyclase activity
in the presence of ( -)-[3H]dihydroalprem-
olol, since this product adheres tightly to
the Dowex column and does not interfere
with [3H]cAMP recovery.

The formation of cAMP in the absence

and presence of (-)-isoproteremol was a
linear function of time.

Determination of equilibrium constants

for binding and adenylate cyclase activa-
tion and inhibition. K�* is the dissociation

constant of (-)-[3Hldihydroalprenoloi cal-
culated from the Scatchard plot. Kf) refers

to the dissociation constant of unlabeled
agonists and antagonists for the (-)-

[3H]dihydroalpremolol binding sites and
was calculated from the concentrations of

these ligamds that caused 50% inhibition of

binding. Thus

[150] = KJ)( i +

where [S*I is the (-)-[3H]dihydroalpren-

olol concentration.
KA app refers to the agonist activation

constant for the adenylate cyclase system
and is equal to the agonist concentration
yielding 50% of maximal activation. K1 app

refers to the antagonist inhibition con-
stant for (-)-isoproterenoi-activated
ademylate cyclase and was evaluated in
two ways. (a) According to the increase in
K.4 � for ( -)-isoproterenol in the presence

of a constant antagonist concentration [I],

so that

K1app, K4apP(1 + �fl_-)
app

where KA appi = K.4 app in the presence of

the antagonist. (b) According to the extent
of inhibition of ( -)-isoproterenol-activated
ademylate cyclase caused by increasing
antagonist concentrations, where

[150] Kjapp (i + [S] )
K.,

and [SI is the (-)-isoproterenol concentra-
tion.

Materials. ATP (disodium salt), (-)-iso-

proterenol, ( -)-norepimephrine, ( -)-epi-
mephrime, dichloroisoproterenol, and ( ±)-

propramolol were purchased from Sigma

Chemical Company. cAMP, Gpp(NH)p,
phosphocreatime, and creatime kimase were

obtained from Boehrimger/Mannheim.
Caibiochem was the source of dopamine.
Drugs were kindly donated as follows:
phentolamine and unlabeled ( -)-aipreno-

lol, Ciba-Geigy Laboratories; phenoxy-
bemzamime, Smith Klein & French Labo-
ratories; pindolol, Sandoz; (-)- and (+)-

propranolol, ICI-Pharma; fluphenazine,
Squibb; chlorpromazine, Rhone Poulemc;
and protokylol, Lakeside Laboratories.

Hydroxybenzylpindolol was kindly do-
mated by Dr. H. Glossmann, and ubiqui-
tin, by Dr. G. Goldstein.
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I’H]cAMP (ammonium salt); 25 Ci!
mmole), [a-’2P]ATP (sodium salt; 10-20

Ci!mmole), and (-)-[‘H]dihydroaipreno-
lol (32.6 Ci,’mmole) were purchased from
New England Nuclear.

RESULTS

Kinetics of ( -)-[‘H]dihydroalprenolol
binding. The forward binding rate was

very fast (Fig. 1). In the presence of44 nM

ligand, maximal binding was achieved
within the first minute and, after a slight
overshoot, remained stable for up to 20
mm (Fig. 1). When a large excess of umla-
beled ligand (0. 1 mM) was added during
the assay, binding was completely reversi-
ble within 10 mm. Dissociation followed
first-order kinetics; the semilogarithmic

binding reversibility plot had a single
slope that permitted calculation of a disso-
ciation rate constant (k_ ,) of 0.35 mm ‘.

Kinetic analysis ofrelationship between
the occupation of (-)-[‘H]dihydroal-
prenolol binding sites by ( -)-[4H]dihy-
droalprenolol or ( -)-isoproterenol and

adenylate cyclase activation . When 90% of

the binding sites were occupied by the la-
beled iigamd [in the presence of 50 flM ( -)-

[‘Hldihydroalprenoloij, the addition of a
large excess of ( -)-isoproterenol (0. 1 mM)

made it possible to detect the dissociation
of the labeled ligand, which followed a
kinetic pathway very close to that ob-

served after the addition of ( -)-alprenolol
(0.1 mM) (Fig. 2B). On account ofthe large
excess of ( -)-isoproterenol (0. 1 mM) added,
the (-)-[3H]dihydroalpremolol binding re-
versal rate also indicates the forward rate
of ( -)-isoproteremoi binding to the (-)-

[‘Hldihydroalpremoioi sites. In am experi-
ment performed simultaneously using the
same protocol, kinetic analysis of adenyl-
ate cyclase activation was performed by
measuring the reaction velocity during 1-

mm periods for up to 10 mm after the

addition of (-)-isoproteremoi (Fig. 2A).
Under these conditions, adenylate cyclase
activation was time-dependent and fol-
lowed the same kinetic course as ( -)-iso-
proterenoi interaction with the binding

sites, assessed under identical conditions
(Fig. 2B). In contrast, when the ademylate

FIG. 1. Time course for ( _).f:IH]dihydroalprenolol association with and dissocwtion from C6 glioma cell

meni branes

C6 glioma cell membranes (29 j.�g of protein) were incubated with 44 nM; ( _)1:IHldihydroalprenolol at

30#{176}C.Each point is the mean ± standard error of three determinations. Inset: Semilogarithmic plot of the

dissociation process. RH concentration of the hormone-receptor complex; RHo = concentration of the

hormone-receptor complex when the dissociation is started.
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FIG. 2. Comparison between rate of adenylate cyclase activation by ( -)-isoproterenol and its interaction

with ( -)-PHldihydroalprenolol binding sites

A. Time course for adenylate cyclase activation with or without a preliminary blockade of binding sites.

Membrane (29 �g) were incubated in 40 �l of medium with and without 50 nM ( _�l:IHldihydroalprenolol.

Ten minutes later, 5 �l of a ( - )-isoproterenol solution (final concentration, (0. 1 mM) were added and at

various intervals thereafter labeled ATP was added in 5 �tl of solution. The reaction was allowed to proceed

for 1 mm, as indicated by the length ofthe bars. Hatched bars indicated basal adenylate cyclase activity.

B. Time course for association of ( -)-isoproterenol (0. 1 mM) after preliminary occupation of the binding

sites with ( �)-l’H]dihydroalprenolol (50 nM). Experimental conditions were identical with those described

in part A.

cyclase activation kinetic pathway was fol-
lowed without a preliminary blockade, the
action of ( -)-isoproterenol (0. i mM) was
instantaneous (Fig. 2A). These experi-
ments indicate that the rate-limiting step
in ademylate cyclase activation by ( -)-iso-
proteremol is its interaction with the ( -)-

[3H]dihydroalpremolol binding sites.
Ademylate cyclase activation by 500 flM

( -)-isoproterenol was also instantaneous

(Fig. 3). Blockade ofthe activation by (-)-

[:RHjdihydroalpremolol (200 mM) was com-

plete within 1 mm. In an experiment per-
formed simultameously, the binding kinet-
ics of (_)4:RH]dihydroalprenolol (200 mM)

was studied after a 6-mm preliminary in-
cubatiom with 500 flM (-)-isoproterenol. At
1, 2, 3, and 5 mm after addition of (-)-

[3Hldihydroalprenolol, the binding values

were 0.55, 0.55, 0.62, and 0.60 pmole/mg of
protein, respectively.

Affinities of ( -)-[‘H]dihydroalprenolol

binding sites and adenylate cyclase system
for labeled and unlabeled ( -)-alprenolol

and ( -)-isoproterenol, and determination
of ( -)-[3H]dihydroalprenolol binding site

density in C6 glioma cells. The same
membrane preparation and the same stock
solutions for labeled and unlabeled prod-
ucts were used for all the experiments re-
ported in the present section. Specific ( -)-

[3Hldihydroalprenolol binding was a sat-

urable process as a function of ( -)-

[3Hldihydroalprenolol concentration (Fig.
4A). In contrast, nonspecific binding, as
defined under MATERIALS AND METHODS,

increased linearly. Nonspecific binding
therefore represented 10% of specific bind-
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Cell specificity of beta-sensitive adenylate cyclase and ( -)-[H]dihydroalprenolol

The membrane concentrations of neuroblastoma and C6 glioma cells

respectively, in 50 �l of solution.

binding sites

were 19 and 52 �g of protein,

Cells Adenylate cyclase activity

Basal + ( -)-Iso- + PGEI (5
proterenol jIM)

( )-[3H]Dihydroalprenolol

Nonspecific Specific

(0.1 mM)

pmoles/2 mm/mg protein pmoles/mg protein

Neuroblastoma 10.1 10.5 55.3 0.38 0.00

C6 glioma 6.1 95.6 11.3 0.06 0.36
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FIG. 5. Determination of( -)-alprenolol inhibition constant (K, � for ( -)-i.soproterenol-activated adenyl-

ate cyclase

Membrane preparation and drug solutions used were the same as in Fig. 4. A. Dose-response curve for

adenylate cyclase activation by ( - )-isoproterenol in the presence and absence of 13.6 nM ( -

[3H]dihydroalprenolol. B. Dose-dependent inhibition of (-)-isoproterenol-activat.ed adenylate cyclase by

( - )-alprenolol. The ( - )-isoproterenol concentration was 500 nM.
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img at 10 mM, the concentration generally
used, and was equal to specific binding at

150 mM. The Scatchard plot of the dose-
binding curve produced only one straight
lime, allowing determination of a dissocia-

tion constant (KD*) of 8.7 flM in this exper-
iment (Fig. 4B). The mean value of five

experiments was 5.7 ± 0.9 flM (SEM). The
total binding capacity of the membrane
fraction used was 0.55 pmole/mg of protein
(0.47 ± 0.03 pmole/mg; N = 5). On the
basis of the total number of glioma cells
used and the maximal binding capacity of
the membrane, it may be calculated that
the intact cells contained 7000 receptors/
cell, assuming that no binding was lost
during cell preparation. The exact loss of

binding sites cannot be estimated, since
the Scatchard plot of the binding curve

obtained with homogenates was not lin-
ear. If recovery of the (-)-isoproteremol-
sensitive ademylate cyclase (71%) is consid-

ered equal to the recovery of binding sites,
the intact cells would contain 9860 recep-

tors/cell.
As shown in Table 1, neuroblastoma

cells did not contain either ( -)-isoprotere-
nol-semsitive adenylate cyclase or specific
(_)..[:!Hldihydroalpremolol binding sites.

The apparent inhibition constant of (-)-

[3H1dih�droalpremolol for activated aden-
ylate cyclase inhibition wasK, app 4.3 flM

(Fig. 5A)(2.9 ± 0.5 mM;N = 4). TheK,) of
unlabeled (-)-alpremolol was 15 flM (Fig.

TABLE 1



cemtrations of (-)-isoproterenol were
added (see, for example, Figs. 4C, 6, and
9C). This increase were never observed for

antagonists.
Structure-activity relationships. All

compounds which were able either to stim-
ulate the basal ademylate cyclase or to in-
hibit the ( -)-isoproterenol-activated adem-
yiate cyclase were also competitors for ( -)-

[3H]dihydroalpremoiol binding (Figs. 6 and
7). The binding ratios of Kf) to either
K.4 � , relating to agomists, or K, app , relat-
ing to antagonists, were constant what-
ever the drug considered, and equal to 3
and 1.7 for beta adremergic agonists and

antagonists, respectively (Figs. 6 and 7,
insets). Binding sites and the ademylate

cyclase activation process were stereospe-
cific, since (-)-propranoiol was 27 and 36

times more potent than ( +)-propranoiol for
binding and adenylate cyclase inhibition,
respectively (Fig. 7, inset). Phemtolamime,
phenoxybenzamime, fluphemazine, and

4C) (15 ± 4 nM;N = 5), and �t5Kjap�) was 9

nM (Fig. SB) (7.6 ± 1.2 nM;N = 5). The Kf)!

K, app ratios were 2 and 1.7 for (-)-

[:iHldihydroalprenolol and ( -)-alprenoloi,
respectively. The difference between the

absolute values of the constants (KJ) and
K app) for labeled and unlabeled ligand

was due to the fact that, whereas the exact
concentration of the labeled product was
known (see MATERIALS AND METHODS), the
concentration of unlabeled product had to
be calculated according to the dilution
process and was consequently overesti-
mated because of ( -)-alprenolol adsorp-
tion to plastic and glass walls.

The dissociation constant of ( -)-isopro-
terenol for the binding sites was 150 flM

(Fig. 4C) (180 ± 40 mM; N = 8), and its

apparent activation constant (K.4 app) was
So nM (Fig. SA) (62 ± 17 n�; N = 5). The
ratio K/)!K4 app was therefore 3. In all bind-
img experiments, a slight increase in bind-

img capacity was observed when low con-
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. (-)Isoproterenol

‘5 Protokylol

0 (-)Nrep’nephrine

0 (-)Epinephrine

S Dopamine

FIG. 6. Comparison of relative potencies of various drugs in competing for binding sites and activating

adenylate c.vclase

The membrane concentration was 50 �tg of protein in 50 pJ of solution. The ( -)-1’H]dihydroalprenolol

concentration was 11.6 flM. TheKi)* for (-)-[‘H]dihydroalprenolol, determined in the same experiment, was

3.3 n�, a value which was used to calculate the K,� of the various drugs for binding. Inset: Data plotted as a

correlation between K,, for binding and K,4 app for adenylate cyclase activation.
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FIG. 7. Comparison of relative potencies of various drugs in competing for binding sites and inhibiting

( -)-isoproterenol-activated adenylate cyclase

The membrane concentration was 42 �tg of protein in 50 �l of solution. The ( ���l:Hldihydroalprenolol

concentration was 10 nM. The mean value ofK,)* obtained in all other experiments (5.7 ± 0.9 nM; N = 5) was

used to calculate K1) values for the unlabeled drugs. The ( - )-isoproterenol concentration was 500 nM . The

K.4 app for ( - )-isoproterenol was taken equal to 50 n�s in order to calculate the K, api’ value for the drugs.

Inset: Data recorded in the left-hand part of the figure and those obtained in another experiment [for ( -

and (+)-propranololl plotted as a correlation between K1) for binding and K, � for adenylate cyclase

inhibition.
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chlorpromazime were ineffective both as
competitors for the binding sites and as
inhibitors of (-)-isoproterenol-activated
adenylate cyclase (Fig. 7). All the other
neuroleptics tested at 10 p.M (f[upemthixol,
thioproperazine, thioridazime, clozapine,
haloperidol, and pimozide), as well as ubi-

quitin, were also ineffective (data not
shown). L-Dopa and serotonin did not aS-
fect either binding or adenylate cyclase

stimulatiom (Fig. 6).
Comparative effects of Gpp(NH)p on

adenylate cyclase system and on interac-

tion of beta adrenergic agonists and an-

tagonists with ( �)-[‘H]dihydroalprenolol
binding sites . As in many other adenylate

cyclase systems (for reviews, see refs. 17
and 18), Gpp(NH)p had a marked effect on
C6 glioma cell ademylate cyclase. It stimu-

lated the basal adenylate cyclase with a
lag time of several minutes (Fig. 8B).

However, it is the first system in which
Gpp(NH)p has been shown to reduce the
velocity of the reaction measured in the
presence of a maximal concentration of ag-

omist (Fig. 8A and B). Gpp(NH)p acted

faster in the presence of ( -)-isoproterenol
than in its absence (Fig. 8B). Further-
more, when the velocity of the reaction
was measured between 9 and 11 mm after
the addition of Gpp(NH)p, the dose-re-
sponse curves for activation of the basal
activity and inhibition of the ( -)-iso-
proterenol-activated adenylate cyclase
showed different apparent �, values [con-
centration of Gpp(NH)p yielding half the
maximal effecti. On the one hand, the
dose-response curve for inhibition of ( -)-
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FIG. 8. Gpp(NH)p effects on C6 glioma cell adenylate cyclase system

The membrane concentration used was 35 .tg of protein in 50 .cl of solution. A. Dose dependence.

Gpp(NH)p was added at zero time, and the adenylate cyclase activity was measured between 9 and 11 mm

according to the general protocol described under MATERIALS AND METHODS. B. Kinetics ofGpp(NH)p action

on basal and ( - )-isoproterenol-activated adenylate cyclase. After various preliminary incubation times,

labeled ATP was added in 5 j.d ofsolution, and the reaction was allowed to proceed for 2 mm (length of the

bars). The ( -)-isoproterenol and Gpp(NH)p concentrations were 100 and 10 MM, respectively.

isoproterenol activation by Gpp(NH)p was

probably measured under equilibrium
conditions, since the lag time of the
Gpp(NH)p effect in the presence of (-)-

isoproterenol was very short (Fig. 8B). On
the other hand, the effect of Gpp(NH)p on
basal adenylate cyclase activities was
probably not determined under equilib-
rium conditions for all Gpp(NH)p concem-
trations. If the lag times increased in in-
verse proportion to Gpp(NH)p concemtra-

tion, we would expect an even lowerA�) for
basal stimulation at equilibrium than the
one we observed (Fig. 8B). However, in pig
kidney plasma membranes, Roy (26) has
shown that the lag time for Gpp(NH)p ac-
tivation was lower at 0.1 /LM than at 10
p�M. The situation is probably more com-
plex, since free Gpp(NH)p (1 j.�M) was

shown to be completely degraded after 10
mm of incubation with hepatic mem-
branes (27). Obviously, further investiga-

tions are needed to explain this difference
in apparent � As shown in Table 2, the

action of Gpp(NH)p on either the basal or

the (-)-isoproteremoi-activated adenylate

cyciase was irreversible, whereas the ac-
tion of (-)-isoproterenoi on basal adenyl-

ate cyclase was reversible.
A maximal dose of Gpp(NH)p (10 jIM)

increased the K0 of ( -)-isoproterenol for
the binding sites, from 120 to 380 flM (Fig.

9A), without modifying the Kf) of (-)-al-
premolol (Fig. 9B). Furthermore, Gpp-
(NH)p reduced the apparent activation
constant (K.4 app) for ( -)-isoproteremol

from 50 to 34 flM (Fig. 9C). In contrast, the
nucleotide increased the apparent inhibi-
tiom constant (K app) of (-)-alprenolol for
the (-)-isoproteremol-activated ademylate

cyclase (Fig. 9D). Thus the ratio of the K0
of (-)-isoproteremoi for the binding sites to
KA app for adenylate cyciase stimulation
was 2.4 in the absence ofGpp(NH)p and 11

in its presence. Several similar experi-
ments were conducted (Table 3). The pres-

ence of ATP did not change the amplitude
of the shift in agonist affinity induced by
Gpp(NH)p (Table 3).

The quantitative relationship between
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TABLE 2

Reversibility of Gpp(NH)p and ( -)-isoproterenol

effects on adenylate cyclase system

The membranes, containing 80 �g ofprotein in 50

�l of solution, were first incubated under standard

conditions with drugs added as shown below. After

10 mm, 3 ml of cold (4#{176})standard medium (see

MATERIALS AND METHODS) were added. ( - )-Isopro-

terenol and Gpp(NH)p concentrations were 0.1 m�i

and 10 �M respectively. The suspensions were cen-

trifuged at 5000 x g for 15 mm at 4#{176}.The superna-

tant was discarded, and the tubes were dried by

aspiration. The pellets were resuspended in 45 �l of

standard incubation medium, supplemented with

drugs as indicated, and incubated at 30#{176}.After 9

mm, 5 pJ of labeled ATP were added, and the reac-

tion was allowed to proceed for 2 mm.

Preliminary in- Adenylate cy- Cyclic
cubation clase assay AMP

formed

pmoles/2
mm/mg pro-

tein

No additions No additions 4.0

Gpp(NH)p No additions 13.2

Gpp(NH)p Gpp(NH)p 16.9

(-)-Isoproterenol No additions 11.3

No additions ( -)-Isoproterenol 56.1

(-)-Isoproterenol ( -)-Isoproterenol 47.5

(-)-Isoproterenol No additions 36.8

+

No additions ( -)-Isoproterenol 37.6

+

(-)-Isoproterenol ( -)-Isoproterenol 41.5

+ Gpp(NH)p +

receptor occupancy and ademylate cyclase
activation in the presence or absence of
Gpp(NH)p was calculated and is reported
in Fig. 10.

DISCUSSION

Recent binding studies of polypeptide
hormones (for review, see ref. 28) have

emphasized the difficulty of assimilating
binding sites to the functional receptors
involved in ademylate cyclase activation as
well as the importance of measuring both
processes under strictly identical condi-
tions. This is the first report for which
labeled beta antagonist binding and meas-
urement of ademylate cyclase activities

were carried out using the same comcem-
trations of ATP and ATP-regemerating
system. It seems particularly important to
include ATP in binding determinations, in

view of the possible role of this mucleotide
in both the coupling and desensitization

processes (29, 30). Furthermore, ademylate

cyclase activities are generally determined
by the accumulation of cAMP throughout
the entire incubation period, whereas
binding is measured at the end of this

period. Therefore, if agonist degradation,
desensitization, or other processes occur,

direct comparison between binding and
adenylate cyclase activation is no longer
possible. We avoided this obstacle by
measuring binding at 10 min and adenyl-
ate cyclase activity from 9 to 11 mm after
the beginning of incubation. (-)-[3H]Di-

hydroalpremoloi interacts with only one
category of binding sites (KJ)* 5.7 ± 0.9
mM; N = 5), as indicated by the presence of

a single slope both in the Scatchard plot
and in the semilogarithmic plot of the dis-

sociation process. This affinity is very
close to that reported for the (-)-[3H}dihy-
droaipremoloi binding sites in other sys-

tems (from S to 15 mM) (for review, see ref.
31). Using [‘25I]hydroxybemzylpmmdolol,
Maguire et al. (12) reported the presence in

C6 GT 1A glioma cells of two categories of
binding sites with the same affinity, but
only one was related to the beta receptor.

This difference might be due either to a
difference between the C6 glioma cell
clones used by the two laboratories or to
the greater specificity of (�)[3H]di
hydroalprenoloi as a beta adremergic ii-
gand.

The binding capacity of the crude mem-
brane fraction used in this study varied
from 0.39 to 0.55 pmole/mg of protein, a
value compatible with the capacity of var-
ious other cell membranes for beta recep-

tors (for reviews, see refs. 17 and 31) or
hormonal receptors (for review, see ref.

28). The C6 glioma cells used in this study
contained about 10,000 (-)-[3Hldihydro-

alpremoloi binding sites, a figure which
compares well with the 4000 [‘25I]hy-
droxybemzylpimdolol sites reported by Ma-
guire et al. (12) in a C6 GT 1A clone.
Furthermore, meuroblastoma cells which
did not contain isoproteremol-semsitive
adenylate cyciase did not specifically bind
(_)4:!Hldmhydroalpremolol (Table 1).

We did not detect negative cooperativity

between ( -)-[3H]dihydroalprenoloi bind-
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FIG. 9. Effect ofGpp(NH,)p on affinity constants for binding and adenylate cyclase of(-)-alprenolol and

( -)-isoproterenol

The membrane concentration was 35 �g of protein in 50 pJ of solution. The ( �)-[1H]dihydroalprenolol

concentration used for A and B was 9.3 nM. The ( -)-isoproterenol concentration for D was 500 nM. The basal

adenylate cyclase activities were 41 and 24 pmoles/2 mm/mg of protein in the presence and absence of

Gpp(NH)p (10 �tM), respectively. The corresponding activities in the presence of (-)-msoproterenol (0.1 mM)

were 115 and 268 pmoles/2 mm/mg of protein. A. Effect of Gpp(NH)p on ( -)-isoproterenol binding. The K1,

values for ( -)-isoproterenol were 380 and 120 n� in the presence and absence ofGpp(NH)p, respectively. B.

Effect of Gpp(NH)p on ( - )-alprenolol binding. The K1 value for unlabeled ( -)-alprenolol was 10 nM in both

the presence and absence of Gpp(NH)p. C. Effect of Gpp(NH)p on the K.4 ,,� for ( -)-isoproterenol activation

of adenylate cyclase. The K.4 app values were 34 and 50 n� in the presence and absence of Gpp(NH)p,

respectively. D. Effect ofGpp(NH)p on the K � for (-)-alprenolol inhibition of (-)-isoproterenol-activated

adenylate cyclase. Results obtained with or without Gpp(NH)p were indicated by (A) and (0) respectively,

in A, B, C and D.

ing sites, an observation which differs

from those reported for other systems (7,
32). However, the increase in ( -)-

[3H]dihydroalprenolol binding observed
when low concentrations of ( -)-isoprotere-
nol were added might indicate positive
cooperativity between sites when both ag-
onist and antagonist are present. This ob-
servation is under further investigation.

The order of potency of agonists as re-

gards their ability both to compete with
( -)-[1H}dihydroalprenolol for binding sites
and to stimulate adenylate cyclase was
( - )-isoproterenol > norepinephrime � epi-
nephrine and is typical of � adremergic

specificity (33). Whatever the beta adre-
nergic agonist considered, the K0 binding!
KA app ratio for ademylate cyclase activa-

tion was constant within the same experi-
ment and equal to 3 (Figs. 4C, 5A, and 6,
inset) or 2.4 (Fig. 9). As reported for the
glucagon (15) and vasopressim (16) recep-
tor-ademylate cyclase systems, this might
indicate that the relationship between

binding and ademylate cyclase activation
is nonlinear (see also Fig. 10). From the

experiments of Figs. 4B and 5A, it may be
seen that, in the presence of 13.6 flM (-)-

[4H]dihydroalprenolol, total occupation of
the binding sites by (-)-isoproterenol was
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TABLE 3

Effects ofGpp(NH)p and ATP on affinity constants

of(-)-alprenolol and (-)-isoproterenol for binding

and adenylate cyclase

Assay conditions were the same as described in

Fig. 9. ATP did not change ( -)-l1H]dihydro-

alpren olol bind ing capacity.

Expt. Gpp
(NH)p

(10
j.LM)

ATP
(200
�iM)

Kj)
(-)-

alpren-
olol

nM

K1,
(-)-iso-

prote-
renol

nM

K4 �
(-)-iso-

prote-

renol

nM

1

2

3

-

+

-

+

-

+

+

-

+

+

+

+

+

+

-

-

8.1

8.1

10

10

8.8

8.8

8.8

8.8

130

560

120

380

170

300

300

170

63

33

50

34

50

30

obtained with a concentration of 10 jIM,

and 100% activation of the adenylate
cyclase by (-)-isoproteremol was also

reached at 10 p.M. Occupation of the entire
population of binding sites is therefore re-
quired to obtain 100% stimulation.

The order of potency of several beta an-
tagonists as regards their ability to com-

pete with (-)-[3Hldihydroalpremolol bind-
ing sites and inhibit the (-)-isoproterenol-

activated adenylate cyclase was hydroxy-
benzylpimdolol > pimdolol � ( -)-propra-
nolol > (±)-propranolol � (-)-alpremolol
> dichloroisoproteremol > ( +)-propra-
molol, which is exactly the order of potency

found by Maguire et al. (12) using
[‘25llhydroxybenzylpimdolol as a tracer.
The alpha adremergic antagonists (phem-

tolamime and phemoxybemzamime) and the
dopamine receptor antagonists (fluphema-
zine and other meuroleptics) were unable

to interact with either the binding sites or
the ademylate cyclase system. This corre-
lates well with the observation that neuro-

leptics were unable to inhibit the beta-
sensitive ademylate cyclase in the central
nervous system (34-36). The nonlinear re-

lationship between binding site occupation
and ademylate cyclase activation was con-
firmed by the value of 1.7 found for the
ratio Kf)/K1 app (Figs. 4C, 5B, and 7, inset).

It was recently suggested (37) that pun-
fled ubiquitim [a single band was detected

FIG. 10. Effect of Gpp(NH)p on relationship be-

tween receptor occupancy and adenylate cyclase acti-

vation

In C6 glioma cells the relationship were calcu-

lated on the basis of the affinity constants found in

the experiment of Fig. 9, assuming that binding of

( - )-isoproterenol and adenylate cyclase activation

by ( -)-isoproterenol followed Michaelis-Menten ki-

netics. In turkey erythrocytes the relationships are

those found by Brown et al. (10).

on polyacrylamide gel electrophoresis
(38)1, a naturally occurring polypeptide,
might be a beta adrenergic agonist. We

found ubiquitin to be totally ineffective
both in interacting with binding sites and
in affecting adenylate cyclase activity.

(_)..[:;H�Dihydroalpremolol binding was

very fast (less than 1 mm in the presence
of44 nM ligamd) and totally reversible. The

dissociation rate constant was equal to
0.35 min�. Since the dissociation constant
for (-)-[4Hldihydroalprenolol was 5.7 ±

0.9 flM (N = 5), it was possible to compute

an association rate constant of 6 x 10� M’

min’ and therefore a t,,� of association of
14 sec.

When the (�)-[‘H]dihydroalprenolo1
binding sites were free, ( -)-isoproteremol
(0.1 mM) activated the ademylate cyclase
instantaneously (Fig. 2A). On the other
hand, in our experiment in which the

binding sites were already occupied by the
beta antagonist (-)-[3Hldihydroalpremo-
lol, adenylate cyclase activation by (-)-

isoproterenol (0. 1 mM) required 10 mm

and followed a kinetic pathway parallel to
that of ( -)-isoproteremol interaction with
the (-)-[3Hldihydroalprenolol binding
sites (Fig. 2A and B). Consequently this
interaction is the rate-limiting step in
adenylate cyclase activation.

Thus equilibrium and rate studies show

that (_).[:IHldmhydroalprenolol binding
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sites are the functional � receptor sites
involved in adenylate cyclase stimulation.

As shown in Figs. 2A and 8B, there was

a 25% time-dependent decrease in the

steady-state rate of hormone-stimulated
adenylate cyclase activity. This could be
due either to hormone-dependent desemsi-
tizatiom or to a burst in the hormome-acti-
vated state of the enzyme. Further experi-
ments will obviously be necessary to un-
derstand this phenomenon.

As shown in Figs. 8 and 9 and Table 2,

four different states of the ademylate cy-
clase system can be obtained: (a) a basal

state (I), (b) an agonist-activated state (II),

which is reversible and results from “cou-
pling” of the agonist-receptor complex and
the adenylate cylase, (c) a Gpp(NH)p-acti-
vated state formed in the absence of an
agonist (III), and (d) a Gpp(NH)p-acti-
vated state formed in the presence of am
agonist (IV). States III and IV are irrevers-
ible. The relative activities of all four
states at equilibrium were I < III < IV <

II. The agonist-activated state had a lower
activity when formed in the presence of
Gpp(NH)p. In all other hormonal systems
so far described, the opposite observation
was made (e.g. , refs. 39, 40). However,

GTP was shown to reduce the activity of
vasopressin-activated ademylate cyclase in
beef kidney plasma membrane (41).

Gpp(NH)p reduces the apparent affinity

of the beta receptor for the agonist, (-)-

isoproteremol, without affecting the appar-
emt affinity for the beta antagonist, (-)-

alpremolol (Fig. 9). This selective effect on

agonist affinity makes direct action of
Gpp(NH)p on receptor conformation un-
likely. Furthermore, such direct action by
Gpp(NH)p would not explain why its pres-

ence reduced the apparent activation con-
stant of the adenylate cyclase system for
(-)-isoproteremol. On the contrary, it is
possible that Gpp(NH)p could indirectly
modify the kinetics of agonist-receptor in-
teraction by affecting one of the steps in-
volved in the ademylate cyclase activation
that follow such interaction. This assump-

tiom is more likely, since the effect of
Gpp(NH)p on the apparent affinity of the
beta receptor for its ligand is only observed
in the case of “coupling” between the re-

ceptor and the adenylate cyclase. This ef-

fect was not apparent either when the ii-
gand was an antagonist or when the beta
receptor was solubilized (20). Whatever

the mechanism involved, the presence of
Gpp(NH)p increases the efficiency of cou-
pling between hormone receptor occu-

pancy and ademylate cyclase activation

(Fig. 10).
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