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SUMMARY

VarNer, DoroTHY E., AND LEFKOwITZ, ROBERT J.: [*H]|Propranolol binding sites
in myocardial membranes: nonidentity with beta adrenergic receptors. Mol. Pharmacol.
10, 450456 (1974).

[*H]Propranolol binds rapidly and reversibly to sites in membranes prepared from canine
ventricular myocardium. Two orders of sites were identified. The higher-order sites have a
value (equilibrium constant) of 4.57 X 10* M~! and a binding capacity of 3.2 X 10~2 mole/
mg of protein. For the lower-order sites K = 4.32 X 10? M~! and binding capacity is 8.4 X
10-7 mole/mg of protein. Nine adrenergic antagonist drugs were tested for their ability to
block [*H]propranolol binding and block isoproterenol activation of adenylate cyclase in dog
heart membranes. No clear correlation between the two functions was found. d- and I-
Propranolol competed with equal effectiveness for the propranolol binding sites, but I-
propranolol was 50 times more potent than the d isomer in blocking cyclase activation. The
beta adrenergic blocking agent dichloroisoproterenol was a very weak inhibitor of [*H]-
propranolol binding. Chlorpromazine and haloperidol inhibited both propranolol binding
and cyclase activation. It is concluded that the [*H]propranolol binding sites studied here
are unrelated to the myocardial beta adrenergic receptors and may be involved in mediating
the more general membrane or local anesthetic effects of propranolol. Beta adrenergic re-
ceptor binding sites presumably represent too small a fraction of myocardial membrane
sites capable of binding propranolol to be revealed by binding studies of this type.

INTRODUCTION AMP? Cyclic AMP is said to augment
the force of cardiac muscle contraction (3)
and may be involved in mediating the
inotropic effects of catecholamines.

Beta adrenergic antagonists, such as
propranolol, block the inotropic and chrono-
tropic effects of catecholamines on intact

This research was supported by National Insti- hearts (4). Propranolol also blocks cate-
tutes of Health Grants HL-5196, HL 16037, and cholamine-induced stimulation of myo-
SCOR HE-14150 and by a grant-in-aid from the cardial adenylate cyclase (5). The precise
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Catecholamines stimulate the cnzyme
adenylate cyclase in myocardial membranes
via interaction with beta adrenergic receptors
(1), leading to an increased rate of genera-
tion of the ‘‘second messenger” cyclic 3',5'-
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and antagonists interact with beta adre-
nergic receptors to cause effects on adenylate
cyclase activity is unknown.

Recently, work from this and other
laboratories has described the characteris-
tics of specific binding sites in membranes
from heart (6) and several other tissues
(7-10) which bind beta agonist catechola-
mines. These sites, which have been studied
with [*H]norepinephrine (1, 6, 10), [*H]
epinephrine (7, 8), and [*HJisoproterenol (9),
are characterized by a predominant spec-
ificity for the catechol portion of the beta
agonist molecule (1). Stereospecificity of
the side chain did not influence binding of
the labeled catecholamines. Potent beta
antagonists, such as propranolol, were also
very weak inhibitors of binding at these
catechol-specific sites.

Accordingly, the studies to be reported
here were undertaken in an attempt to
determine whether distinct binding sites
could be identified using [*H]propranolol, a
beta antagonist drug. In addition to reporting
the characteristics of these [*H]propranolol
binding sites in myocardial membranes, we
have also compared the ability of various
adrenergic antagonists to compete for the
[*H]propranolol binding sites and to block
catecholamine-stimulated myocardial ade-
nylate cyclase. If the [*H]propranolol bind-
ing measured by our procedures did in fact
ocecur to the physiologically significant beta
adrenergic receptors, a good correlation
would be expected between the ability of the
adrenergic antagonists to block [*H]pro-
pranolol binding and to interfere with
activation of adenylate cyclase by -cate-
cholamines.

METHODS

Sources of malerials. l-Propranolol
(Ayerst) was tritiated by New England
Nuclear Corporation. The tritiated product
(specific activity, 5.0 Ci/mmole) was puri-
fied by high-voltage electrophoresis on paper
in a Gilson Electrophorator, with pyridine-
acetate buffer at pH 3.6. Electrophoresis
was carried out for 50 min at 3500 V. The
sample of [*H]propranolol migrated 19 cm
from the origin toward the cathode. Only a
negligible amount of background contamina-
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tion (less than 0.5%) was noted. The elec-
trophoretic profile of the [*H]propranolol
corresponded to the mobility of unlabeled
propranolol in the same system. [*H]Pro-
pranolol prepared in this way has been shown
to retain biological activity (11). To evalu-
ate this point further, we tested the ability
of [*H]propranolol to block activation of the
myocardial adenylate cyclase by isopro-
terenol (see below). Its activity in this
regard was identical with that of unlabeled
l-propranolol, indicating no decrease in the
beta adrenergic blocking activity of the
compound subsequent to the tritiation. It is
not, of course, possible to test directly the
biological effectiveness of only those mole-
cules which actually bear the *H label (and
which presumably represent only about 1%
of all the propranolol molecules).

Isoproterenol and dl-propranolol were ob-
tained from Sigma Chemical Company. d-
Propranolol was obtained from Ayerst;
chlorpromazine, from Smith Kline & French;
phentolamine, from Ciba; dichloroisopro-
terenol, from Lilly ; haloperidol, from McNeil,
nylidrin, from USV Pharmaceutical Com-
pany; sotalol, from Mead-Johnson; and bu-
toxamine, from Burroughs Wellcome. The
Millipore filters used were 0.45 ym in pore
size and 25 mm in diameter (HAWP 02500).
[#PJATP was purchased from International
Chemical and Nuclear Corporation, and
[FH]JeAMP,? from Schwartz-Mann. Other
chemicals were of the highest purity obtain-
able from commercial sources.

Preparation of myocardial membranes.
Differential centrifugation of ventricular
homogenates in 0.25 M sucrose was performed
as previously described (7). The 78,000 X g
fraction was routinely used for binding and
cyclase studies, since we have found that the
specific activity of fluoride- and catechola-
mine-stimulated cyclase is highest in this
fraction. Protein was determined by the
method of Lowry et al. (12).

Binding assay. [*H]propranolol, 0.1 pm
(500,000 cpm/ml), was incubated with 1 ml
of myocardial membranes (approximately
60 pg of protein) at 37° for 30-60 min.
Binding of [*H]propranolol was quantitated
by rapid Millipore filtration of the samples.
After the filtration, the Millipore filters
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were  routinely washed with 10 ml  of
buffered 0.25 M sucrose, followed by
liquid scintillation counting (13). Experi-
ments were done to determine nondisplace-
able binding of [*H]propranolol. These were
performed by incubating membranes with
[*H]propranolol in the presence of a large
excess (100 wg/ml) of dl-propranolol and
determining binding after Millipore filtra-
tion. The small number of counts of [*H]-
propranolol found on the Millipore filters
under such conditions (1-2% of the added
tracer) was subtracted from all experimental
values, which generally were about 10 times
higher. Nonspecific background was also
minimized by soaking all Millipore filters
in 10 mg,;ml of di-propranolol prior to use.
This procedure reduced by several fold the
amount of [*H]propranolol adsorbed to the
Millipore filters. In competition studies,
adrenergic blocking drugs were incubated
with the membranes for 30 min at 37° prior
to the addition of [*H]propranolol. Control
membranes were initially incubated without
added drugs.

Adenylate cyclase activity was assayed by
a modification (6) of the method of Krishna
et al. (14), which follows the conversion of
[@-*2P]ATP to [®2P]cAMP in the presence of an
ATP-regenerating system. Substrate ATP
concentration was 1.5 my. Under these con-
ditions mean stimulation by 10 um isopro-
terenol was 70%, and by 100 pMm isopro-
terenol, 100 %, above basal levels. Incuba-
tions were routinely performed for 10 min at
37°. The sensitivity of the myocardial
adenylate cyclase to the beta agonist isopro-
terenol is demonatrated in Fig. 1. Adrenergic
antagonists were tested for their ability to
block the stimulation of the myocardial
cyclase by isoproterenol (10 pM). In report-
ing the results of these studies, 100 % of
“maximum response’’ refers to the amount of
cAMP generated above basal levels in the
presence of 10 uM isoproterenol; 0% there-
fore represents complete blockade of the
isoproterenol effect, indicating basal cyclase
activity.

RESULTS

[*H]Propranolol bound rapidly and re-
versibly to sites in the myocardial mem-
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Fic. 1. Stimulation of myocardial adenylale

cyclase by 1soproterenol

Assays were performed according to Krishna
et al. (14). Incubation mixtures contained the fol-
lowing in a total volume of 50 ul:ATP, 1.5 mwm;
Tris-HCI buffer, 30 mM (pH 7.5); MgCl,, 5 mwm;
cAMP, 0.1 mMm; phosphopyruvate kinase, 40
ug/ml; myokinase, 20 ug/ml; and isoproterenol at
the indicated concentrations. Incubations were
conducted for 10 min at 37°. Recovery of [3*P]-
cAMP during chromatography on Dowex 50W-X2
(14) was monitored with 3H]cAMP added to each
assay tube. Appropriate corrections for this re-
covery were made in each experimental value.
cAMP generated refers to the increment above
basal levels due to isoproterenol. Each point is the
mean of triplicates. In this and the experiments
depicted in Fig. 5, basal activity ranged between
1100 and 1200 pmoles of ¢cAMP per milligram of
protein in 10 min.

branes (Fig. 2). Addition of excess unlabled
propranolol to incubations after equilibrium
had been achieved was followed by rapid
dissociation of all the bound [*H]propranolol,
which was complete within 1 min. Scatchard
plots (15) of the binding data were con-
structed by computer analysis (16) (Iig. 3).
The data could not be fitted by a model
based on a single, homogencous class of sites
(16). Two orders of sites gave a good fit, with
the higher-order site having Ki = 4.57 X
10* Mt and the lower-order site having K, =
4.32 X 10* »~'. Binding capacities of the
two orders of sites correspond to 3.2 X 1073
mole/mg of protein for the high-order sites
and 8.4 X 1077 mole/mg of protein for the
low-order binding sites. Adequacy of fit for
models with higher numbers of sites was not
evaluated.

In order to determine the structural
requisites for binding of drugs to the [*H]pro-
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F1G. 2. Time course of binding of [*H]propranolol
to cardiac membranes

Bound [*H]propranolol was isolated by Milli-
pore. filtration at various intervals. Each point is
the mean of duplicates. The earliest point tested
was 30 sec. [*H]Propranolol was present at 0.1 uM.
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Fi1G. 3. Scatchard plot of binding of [3H|]pro-
pranolol to cardiac membranes (15)

Increasing amounts of unlabeled ! propranolol
from 0.1 uM to 10 mM were added. Incubations were
conducted at 37° for 30 min. Values are the means
of triplicates.

pranolol binding sites, nine adrenergic
antagonist drugs were tested for their ability
to inhibit [*H]propranolol binding. The
most effective inhibitors were I-propranolol,
d-propranolol, chlorpromazine, and halo-
peridol. The inhibition curves obtained with
these drugs are depicted in Fig. 4A. The
other drugs tested were significantly less
effective in blocking [*H]propranolol binding
(Fig. 4B and C).

Each of the adrenergic blocking agents was
next tested for its ability to inhibit isopro-
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F1G. 4. Inhibition of binding of [*H]l-propranolol
to cardiac membranes by adrenergic antagonists

A. l-Propranolol, d-propranolol, chlorproma-
zine, and haloperidol. B. di-Dichloroisoproterenol,
dl-sotalol, and dl-practolol. C. Nylidrin, dI-
butoxamine, and phentolamine. Incubation con-
ditions are described under MmETHODS. Each point
is the mean of triplicates. Control binding refers
to the amount of [*H]!-propranolol bound in the
absence of added drugs.
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terenol-stimulated myocardial adenylate
cyclase. These data are presented in Fig.
5A-C.

Both sets of data (inhibition of [*H]pro-
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Fic. 5. Inhibition of isoproterenol-stimulated
adenylale cyclase by adrenergic antagonists in
canine venlricular membranes

A. l-Propranolol, d-propranolol, chlorproma-
zine, and haloperidol. B. di-Dichloroisoproterenol,
dl-sotalol, and dl-practolol. C. Nylidrin, di-
butoxamine, and phentolamine. Assays were per-
formed as described under MrTHODS. Each value
is the mean of three separate experiments.
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TaBLE 1
Inhibition of [*H]propranolol binding and tsopro-
terenol-activated adenylale cyclase tn myocardial
membranes by adrenergic anlagonists

Half-maximal inhibition

Drug [*H]Pro-  Isoproterenol-
pranolol stimulated
binding cyclase

{-Propranolol 60 uM 600 nM
d-Propranolol 50 um 30 pM
Chlorpromazine 9 uM 20 uM
Haloperidol 30 uM 20 pM
dl-Dichloroisopro-

terenol 6 mM 10 uM
dl-Sotalol 10 mM 1 mM
dl-Practalol 2 mMm 500 uM
dl-Nylidrin 900 uM 200 uM
dl-Butoxamine 6 mMm 1 mm
Phentolamine 20 mM 300 uM

pranolol binding and inhibition of isopro-
terenol-activated cyclase) are tabulated in
Table 1. Little correlation between binding
and cyclase inhibition was found. The
potent beta agonist isoproterenol did not
displace [*H]propranolol from the sites at
concentrations less than 1 mm. In separate
experiments it was determined that only di-
chloroisoproterenol at the concentrations
tested affected basal cyclase (slight de-
pression). All other drugs were without
effect.

DISCUSSION

A number of attempts have been made to
specifically label alpha adrenergic receptors
with radioactive irreversible alpha blocking
agents. These attempts have generally been
unsuccessful, in that the labeled sites had
characteristics other than those to be ex-
pected of the receptors (17-19).

Relatively few studies of binding in vitro
of labeled beta adrenergic blocking agents,
such as propranolol, have been reported.
Potter (11) studied binding of [*H]pro-
pranolol to subcellular fragments derived
from guinea pig atria and concluded that the
binding observed was ‘‘nonspecific’”’ and
nonsaturable. He did not, however, use drug
concentrations higher than 0.1 um. As noted
here, the kinetics of [*H]propranolol binding
is such that saturation would not have been
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observed until somewhat higher concentra-
tions than those Potter used were reached.
DeRobertis and Fiszer de Plazas (20) ob-
served binding of [“C]propranolol to cat brain
synaptic membranes. The binding was in-
hibited by norepinephrine, but only at very
high concentrations (1 mm).

Clearly the [*H]propranolol binding sites
which we have studied are not the beta
adrenergic receptors which mediate stimula-
tion of the myocardial adenylate cyclase or
of effects on myocadial contractility. This is
demonstrated by several features. (a) The
ability of adrenergic blockers to inhibit iso-
proterenol-stimulated adenylate cyclase was
not correlated with ability to inhibit [3H]-
propranolol binding. (b) Binding was not
stereospecific; thus d- and l-propranolol were
equally effective as inhibitors of [*H]pro-
pranolol binding, but l-propranolol was con-
siderably more potent for cyclase inhibition.
(¢) A number of pharmacologically effective
beta adrenergic blocking agents (e.g., di-
chloroisoproterenol were poor inhibitors of
[*H]propranolol binding.

The physiological significance of these
[*H]propranolol binding sites cannot be
unequivocally determined from the present
experiments. The equivalent affinities of d-
and l-propranolol as well as the effectiveness
of chlorpromazine, however, suggest that
these sites may be involved in some more
general membrane effects of these com-
pounds, such as membrane stabilization or
local anesthetic effects. Additional support
for such an interpretation is provided by a
recent study (21) which showed that chlor-
promazine and propranolol competed for the
same set of binding sites in dog liver mito-
chondrial membranes (which would not be
expected to contain the beta receptors).

The most plausible explanation why the
myocardial beta adrenergic receptors were
not identified in this study is that the num-
ber of physiologically significant receptors
represents a very small fraction of the total
number of membrane sites capable of binding
the labeled antagonist drug. Another possi-
ble, though less attractive, explanation is
that the affinity of receptor sites is very high
and the specific activity of the available
tracer is not high enough to permit delinea-

tion of the sites. With regard to this point,
we attempted to perform binding experi-
ments with very low concentrations of
[*H]propranolol (1000 cpm = 1 nm). Under
these conditions, however, reproducible spe-
cific binding could not be demonstrated.

Our findings with regard to blockade of
isoproterenol-stimulated adenylate cyclase
by the various adrenergic antagonists agree
resonably well with results previously re-
ported for more intact cardiac preparations,
as well as for cyclase activation in subcellu-
lar particles. Koch-Weser (22) found [-pro-
pranolol > dichloroisoproterenol > sotalol
in cat papillary muscles, which agrees with
the potency series found here.

In general, somewhat higher concentra-
tions of agonists and antagonists are neces-
sary for effects ¢n vitro on adenylate cyclase
in broken cell preparations than for com-
parable effects on more intact preparations
(23). We found half-maximal effects of I-
propranolol on isoproterenol stimulation
of cyclase at approximately 600 nM, which
is virtually identical with the results ob-
tained by Rosen et al. (24) in erythrocyte
membranes and Burges and Blackburn (25)
in rat heart membranes, though somewhat
higher than that reported by Mayer (5) in
dog heart membranes. Our data for half-
maximal effects of dichloroisoproterenol (24)
and practolol (25) also agree with results of
other systems in vitro. Sotalol was weaker
than anticipated, 1 mm being required for
half-maximal effects. Sotalol, however, has
been found to be only 0.5% as potent as
dl-propranolol in blocking the effects of iso-
proterenol on cat papillary muscles (26).

d-Propranolol was only 2% as potent as
l-propranolol on adenylate cyclase, which is
still perhaps more active than might have
been anticipated. The reason for this is not
apparent, although some racemization to the
I form might have occurred.

The effects of chlorpromazine and halo-
peridol on catecholamine-stimulated cyclase
are also in agreement with findings by others
(27, 28). These effects presumably are not
due to competition for occupancy of hor-
mone receptors, but rather to distortion of
the normal receptor-cyclase interaction by
binding of the drugs to the membranes (27).
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