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SUMMARY

MUKHERJEE, CHHABIRANI, CARON, MARC G., MULLIKIN, DEBRA & LEFKOWITZ,

ROBERT J. (1976) Structure-activity relationships of adenylate cyclase-coupled beta

adrenergic receptors: determination by direct binding studies. Mol. Pharmacol.,

12, 16-31.

Recently developed techniques for directly studying ligand binding to beta adrenergic

receptors with (-)-[3Hjalprenolol have been used to delineate in detail the binding
specificity of the adenylate cyclase-coupled beta adrenergic receptors in a model system,
the frog erythrocyte membrane. The abilities of 60 beta adrenergic agents to compete for
the binding sites and to interact with the adenylate cyclase (as agonists or antagonists)
were quantitated and compared. The specificity of the receptors determined by direct
binding studies or by adenylate cyclase studies was comparable. The K� values of the

agents as determined by inhibition of (- )-[3Hlalprenolol binding correlated well (r =

0.95) with their apparent dissociation constants determined by enzyme studies. The
latter were determined as the concentrations of agonists necessary to cause 50% maxi-
mal enzyme stimulation, or the concentrations of antagonists necessary to produce a 2-
fold rightward shift in the (-)-isoproterenol dose-response curve. Agonists and antago-
nists appeared to compete for the same set of receptor binding sites. Structure-activity

relationships determined by the direct binding studies were in excellent agreement with
those previously determined in more intact tissue preparations. For agonists the struc-

tural features which determined receptor affinity (assessed by direct binding studies)
were distinct from those which determined intrinsic activity (maximum ability to

stimulate adenylate cyclase). The affinity of agonists was increased by increasing the
size of the substituent on the amino nitrogen, by a (-) configuration of the hydroxyl on
the /3-carbon, and by the presence of a catechol moiety. Methyl or ethyl substitution on
the a-carbon had only a slight (generally inhibitory) effect on affinity. Intrinsic activity
of agonists was determined primarily by the nature of the substituents on the phenyl
ring. Full intrinsic activity requires the presence of hydroxyl groups on the ring at

positions 3 and 4 as well as the /3-carbon hydroxyl in the (-) configuration. Deletion of
the /3-carbon hydroxyl, as in compounds such as dopamine, dobutamine, and related
agents, leads to substantial loss of intrinsic activity and affinity even in the presence of
large amino nitrogen substituents. A methanesulfonamide group substituted for the
hydroxyl in position 3 on the ring results in reduced intrinsic activity. Deletion of the
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ring hydroxyl at either position 3 or 4 or substitution by chlorine produces competitive

antagonists. Structure-activity relationships of antagonists were similar to those of
agonists, except that the catechol moiety was replaced by a single or double aromatic
ring structure. Separation of this moiety from the ethanolamine side chain by an ether

function significantly increased affinity. When a phenyl group was present, a single
substituent at the para position was associated with reduced affinity.

INTRODUCTION

The receptors through which catechola-
mines exert their widespread physiological
effects have been among the most thor-

oughly studied of all drug receptors (1).
Two major classes of adrenergic receptors,

alpha and beta, have been defined (2). Ad-

renergic receptors were originally classi-
fied on the basis of order of potency of
certain agonist drugs (2). Subsequently

the development of specific antagonist
agents confirmed the validity of this classi-
fication (3). Beta adrenergic receptors are

characterized by their much higher affin-
ity for the agonist isoproterenol than for

norepinephrine. Antagonists such as pro-
pranolol and dichlorisoproterenol also

have high affinity for the beta receptors.

By contrast, phentolamine and phenoxy-
benzamine, antagonists which are specific

for alpha adrenergic receptors, do not inter-

act with the beta receptors.
The structure-activity relationships for

occupancy of beta adrenergic receptors by
agonists and antagonists have been stud-
ied in detail in various whole organ prepa-

rations (1). In subcellular membranes the
stimulatory effects of catecholamines on
the enzyme adenylate cyclase are almost
invariably mediated by beta adrenergic re-

ceptors (4). Recent studies by several labo-
ratories have indicated that the specificity
of these “adenylate cyclase-coupled” beta

adrenergic receptors is identical with that
of the beta receptors determined in more
intact preparations (5-10).

The assumption underlying all such

structure-activity studies is that the struc-
tural requirements for stimulation or inhi-
bition of a physiological or biochemical pa-
rameter are simple reflections of the bind-
ing specificity of some hypothetical struc-

ture called the beta adrenergic receptor.
The most direct means of assessing such a
binding specificity is to study the binding
of a radioactive ligand to the receptors and

to quantitate the ability of other agents to
compete for occupancy of these sites.

We have recently developed methods for

studying binding to beta adrenergic recep-

tors in membrane fractions. These studies
utilize (-)-[3H]alprenolol, a potent compet-

itive beta adrenergic antagonist labeled to
high specific activity with tritium. Bind-
ing of this ligand to membranes from frog

erythrocytes (11-15) and several mamma-
lian tissues (16)1 is rapid, reversible, and

appears to display specificity and affinity
appropriate to the beta adrenergic recep-
tors (11-16). In this communication we de-

scribe detailed studies of the structure-ac-
tivity relationships which determine the

affinity of beta adrenergic agonists and
antagonists for these receptor binding
sites in frog erythrocyte membranes. The
binding data are compared with data for
stimulation or competitive inhibition of
adenylate cyclase present in the same
membranes. The direct binding data are in
reasonable agreement with structure-activ-
ity relationships for beta adrenergic recep-
tors previously delineated in membrane

(adenylate cyclase) (5-10) or more intact
preparations (1). These are the first stud-
ies to delineate in detail these relation-
ships by direct binding techniques.

MATERIALS AND METHODS

Materials. The drugs used in this study

were (+ )- and (-)-alprenolol hydrochloride
and (± )-p-alprenolol hydrochloride (Hassle

Pharmaceuticals); (-H- and (-)-proprano-

lol hydrochloride and practolol hydrochlo-
ride (Ayerst); (-)-isoproterenol hydrochlo-
ride and bitartrate, (-)-epinephrine bitar-
trate, (- )-norepinephrine bitartrate, (± )-

octopamine hydrochloride, dopamine hy-
drochloride, tyramine hydrochloride, phen-

ethylamine, (±)-dihydroxyphenylalanine,
dihydroxymandelic acid, and (± )-normeta-
nephrine hydrochloride (Sigma); pyrocate-
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chol (Mann); (+)-isoproterenol bitartrate,
(+ )-epinephrine bitartrate, (+ )-norepi-
nephrine bitartrate, (±)-deoxyisoproter-

enol hydrochloride, (±)-chlorisoproterenol

hydrochloride, (±)-isoetharine hydrochlor-

ide, (±)-N-cyclopentylbutanephrine hydro-

chloride, (±)-butanephrine hydrochloride,

(±)-ethylnorepinephrine, (±)-Cobefrin hy-

drochloride, and (±)-phenylephrine hydro-
chloride (Sterling-Winthrop); (±)-metara-
minol bitartrate (Merck Sharp & Dohme);
(±)-Cc34 benzoate, (±)-Cc25 benzoate and

(±) - ritodrine hydrochloride (Phillips -

Durphar, Netherlands); (±) - protokylol
hydrochloride (Lakeside); (±)-dichloriso-
proterenol hydrochloride, dobutamine hy-
drochloride, (±)-ephedrine hydrochloride,

46868, and 46220 (Lilly); (-)-oxprenolol
hydrochloride and phentolamine mesylate

(Ciba); (±) - butoxamine hydrochloride

(Burroughs-Wellcome); S-37260, S-40032-7,

and 16483-6 (Aldrich); phenoxybenzamine

(Smith Kline & French); and (-)-sotere-
nol, (±)-soterenol hydrochloride, (±)-isox-
suprine hydrochloride, (±)-amidephrine

hydrochloride, (±) - MJ 7963-b, (±) - MJ

8798-b, (±)-MJ 9184-b, and (±)-MJ 7434-1
(Mead Johnson). (±)-Hydroxybenzylpin-
dolol was a generous gift from Dr. G.
Aurbach.

cAMP,4 ATP, phosphoenolpyruvate, and

myokinase were obtained from Sigma
Chemical Company. Pyruvate kinase was

purchased from Calbiochem. [3HJcAMP
(b-S Ci/mmole) and [a-32P}ATP (10-20

Ci/mmole) were New England Nuclear
products.

Grass frogs were obtained from Nasco-
Steinhilber. Dowex AG5OW-X8 was ob-
tained from Bio-Rad, and alumina, neu-
tral grade, from Nutritional Biochemicals.

(-)-Alprenolol was tritiated at New Eng-

land Nuclear Corporation by catalytic re-
duction with tritium gas, using palladium
as the catalyst, to a specific activity of 17-
33 Ci/mmole. (- )-[3H}Alprenolol is used

here to identify the compound resulting

from catalytic reduction of (-)-alprenolol
with tritium. (-)-Alprenolol contains an
unsaturated bond in the aliphatic chain at
position 2 of the aromatic ring. The com-

‘The abbreviation used is: cAMP, adenosine

cyclic 3’,5’-monophosphate.

pound, in all likelihood, therefore, is (-)-

[3H]dihydroalprenolol. This material was
homogeneous in each of the following thin-
layer systems on silica gel plates: (a)
ethanol-water, 88:12, R�. 0.31; (b) bu-

tanol-acetic acid-water, 25:4:bO, R�. 0.68;

(c) chloroform-methanol-ammonium hy-
droxide, 6:4:2 drops, R� 0.67; (d) acetone-

benzene-acetic acid, 70:25:5, RF 0.24; (e)
methanol-benzene-water, 15:2:3, R ,� 0.36;

(f) chloroform - acetone - diethylamine,
5:4:1, Rb 0.8. In each of these systems la-
beled and native alprenolol had identical
R,. values.

When chromatography is performed on

silica gel plates impregnated with 5% sil-
ver nitrate (“argentation” chromatogra-

phy), compounds differing by only a single

unsaturated bond may be separated (17).
When labeled material was chromato-
graphed on such plates and compared with
native alprenolol, the following results
were obtained: (a) acetone-ben.zene-acetic

acid, 70:25:5, (-)-alprenolol R�. 0.65, (-)-

[3Hlalprenolol R,�. 0.83; (b) methanol-ben-
zene-water, 15:2:3, (-)-alprenolol R�. 0.4,
(-)-[3H]alprenolol R�. 0.83.

When the tritiated material was chro-
matographed alone on silver nitrate-
treated plates and the plates were exam-
ined under ultraviolet light, only a single

spot was seen, corresponding to the R ,� of
the radioactivity. Thus no native, un-

reacted alprenolol was found contaminat-
ing the tritiated material.

The finding that the specific activity of

the labeled material was less than “theoret-
ical” (i.e., less than 60 Ci/mmole) was pre-

sumably due to tritium exchange with sol-
vent during the labeling procedure, which

could lead to reduction of some double

bonds with hydrogen rather than tritium
atoms.

We tested the biological activity of sev-
eral lots of the labeled material with spe-
cific radioactivities ranging from 10-33
Ci/mmole as antagonists of isoproterenol-
activated adenylate cyclase. In all cases

the K� obtained (approximately 5 nM) was
the same, and was in turn identical with
that of unlabeled native (-)-alprenolol.
Since the tritiated material contained no
unreacted native (- )-alprenolol, these as-
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says represent valid potency estimates of

the tritrated compound.
Membrane preparation. Heparinized

blood from southern grass frogs (Rana pi-

piens) maintained at 23#{176}was collected by

cardiac puncture, and the red cells were

washed three times by centrifugation with
a solution of 110 m�i NaCl and 10 m�i Tris-

HC1, pH 7.4. The buffy coat was removed
by aspiration. Erythrocytes were lysed in
water and homogenized with a glass-Tef-
lon homogenizer; the lysate was immedi-
ately adjusted to 5 m�i Tris-HC1, pH 8.1,
and 2 mr�i MgCl2, and centrifuged at 4#{176}in a
Sorvall RC-2B instrument at 30,000 x g for
15 mm. The pellet was washed three
times, and the membranes were resus-
pended in 75 m� Tris-HC1 buffer, pH 8.1,
and 25 m� MgCl2 by homogenization.

For some studies a more purified mem-
brane fraction was obtained as follows.

After the first centrifugation of the lysate,
the pelleted material was resuspended by

homogenization in 10 m� Tris-HC1, pH
8.1, and bO mM MgCl2, and centrifuged at

4#{176}in a Sorvall GLC-b (swinging bucket)
centrifuge at 2000 x g for 10 mm over a
cushion (7 ml/30 ml of preparation) of the
same buffer containing 50% sucrose. The

material which sedimented through su-
crose was discarded, whereas the superna-
tant was centrifuged at 30,000 x g for 15
mm. The pellet was washed once with the

same buffer and resuspended in 75 m�i
Tris-HC1, pH 8.1, and 25 m� MgCl2. Aden-
ylate cyclase assays were generally per-
formed on the less purified preparations.
Basal adenylate cyclase activity in these

preparations (b8 ± 5 pmoles of cAMP gen-
erated per minute per milligram of pro-
tein) was stimulated 8-15-fold by isoproter-
enol (bOO /.LM).

Assays of (-)-[3H]alprenolol binding
were usually performed on the more puri-

fied membrane preparations, since specific
binding of( -)-[3H]alprenolol in these prep-
arations was about 90% of total binding.
Apparent dissociation constants of various
adrenergic agents for adenylate cyclase
and (-)-[3Hlalprenolol binding determined

on the two types of preparations were the
same.

Membranes were prepared fresh each

day for each experiment, as were solutions

of the agents tested.

Adenylate cyclase assays. These were
performed as previously described (18, 19)

by incubating membranes, agonists,

and/or antagonists in a medium contain-
ing 25 m�i Tris-HC1 buffer (pH 8.1), 10 mM

MgCl2, 0.1 m� cAMP, 1.5 m� ATP, 1-2

jiCi of [a-32P]ATP, 5 m�i phosphoenolpy-

ruvate, 40 j.�g/ml of pyruvate kinase, and
20 /Lg/ml of myokinase in a volume of 50 �l
for 10 mm at 37#{176}.At the completion of
incubations, reactions were terminated by

addition of 1 ml of a solution containing
100 p.g of ATP, 50 j�g of cAMP, and 15,000

cpm of [3HJcAMP. [32P]cAMP formed was

isolated as described by Salomon et al.

(20). Product recovery was monitored by
following the recovery of [3H]cAMP.

The affinity and activity of agonists
were assessed by plotting dose-response

curves for stimulation of enzyme activity.
Typical results with several agonists are

shown in Fig. bA. Kf) values of agonists
were taken as the concentrations of each

agent causing half the maximal enzyme
stimulation observed with that agent. Iso-
proterenol dose-response curves were plot-
ted in all experiments. The intrinsic activ-
ity (21) of each agent was taken as the
maximum enzyme stimulation with the

agent divided by maximum enyzme stimu-
lation due to isoproterenol.

The affinity of antagonists for the aden-

ylate cyclase-coupled beta adrenergic re-
ceptors was assessed as described by
Mayer (7), by quantitating the ability of

antagonists to cause a parallel rightward

shift of the isoproterenol dose-response
curve. Typical results are shown in Fig.

2A. All antagonists were tested at two or
three different concentrations, generally
selected to produce 5-100-fold shifts in the
isoproterenol dose-response curve. Disso-
ciation constants were then calculated
from the equation K,, = [antago-
nist]/(CR- 1) (22), where CR = ratio of

equiactive concentrations of isoproterenol
in the presence and absence of the given
concentration of the antagonist. Equiac-
tive concentrations of isoproterenol were
generally assessed at the midpoints of the
parallel portions of the stimulation curves
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FIG. 1. f3-adrenergic agonists

A. Stimulation of frog erythrocyte adenylate cy-

clase by potent beta adrenergic agonists. The results

shown are the means of three experiments deter-

mined in duplicate, save for soterenol (two experi-

ments).

(see Fig. 2A). The values shown in the
various tables represent the means of val-

ues determined at all concentrations of the
antagonist tested in two to six separate
experiments.

In preliminary experiments we deter-
mined that comparable results were ob-
tained in this system when antagonists
were added 30-45 mm prior to agonists

and when agonists and antagonists were
added simultaneously at the beginning of
incubations. These findings are in agree-
ment with those of Kaumann and Birnbau-
mer (6) in cardiac membranes and suggest
that problems of diffusion and equilibra-
tion with receptors are less important in

these subcellular membranes than in in-
tact tissue preparations. In our experi-
ments agonists and antagonists were gen-

erally added simultaneously.
Adenylate cyclase and binding assays

were performed under identical conditions

of incubation save for the presence of ATP

FIG. 1. �3-adrenergic agonists

B. Inhibition of ( - )-[3H]alprenolol binding to frog

erythrocyte membranes by potent beta adrenergic

agonists. Values shown are the means of four deter-

minations from two experiments.

in the enzyme assays. We have previously

demonstrated (12) that ATP and other nu-
cleotides (15) are without effect on (-)-

[3H]alprenolol binding.
Binding assay. (-)-[3H]Alprenolol bind-

ing assays were performed essentially as
previously described (b2). (- )-[3H]-Alpreno-
lol, 25 n�, was incubated with 0.3-0.4 mg
of membrane protein for 10 mm at 37#{176}in a

medium containing 50 m� Tris-HC1 (pH
8.1) and 15 m�i MgCl2 in a volume of 150

�l. At the completion of the incubations,
duplicate SO-p.l aliquots were placed over
300 j.il of the incubation buffer in small
polyethylene centrifuge tubes and centri-

fuged for 1 mm in a Beckman microfuge
152. The membranes and bound (-)-

[3H]alprenolol were pelleted almost imme-
diately. The surface of the pellet was
washed once with the same buffer, and the
pellet was solubilized overnight by shak-

ing with 0.5 ml of 10% sodium dodecyl
sulfate and 10 m’vi EDTA and then counted
in a liquid scintillation spectrometer after

addition of a Triton X-100 toluene-based
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fluor. In all experiments the amount of
(-)-[3H]alprenolol “nonspecifically” bound

and/or trapped in the membrane pellets
was determined by incubating membranes

and (-)-[3Hlalprenolol in the presence of
10 �tLM (±)-alprenolol or propranolol, which

blocked all beta adrenergic receptor bind-
ing sites (12). “Nonspecific” binding was
generally 10-15% of total binding and was

subtracted from all experimental values.

“Specific binding” in purified membrane

preparations ranged from 2 to 2.5 pmoles

of (-)-[3H]alprenolol bound per milligram

of protein.

This binding method was validated by

equilibrium dialysis. In three experi-
ments, with (-)-[3H]alprenolol present at
10 n�i, specific binding as assessed by the

centrifugation method was 1.30 ± 0.2
pmoles/mg of protein and, by equilibrium

dialysis (18 hr, 4#{176}),1.37 ± 0.14 pmoles/mg
of protein (not a statistically significant
difference). Thus binding as assessed by
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FIG. 2. f3-adrenergic antagonists

A. Antagonism of isoproterenol stimulation of

frog erythrocyte membrane adenylate cyclase by

(- )-alprenolol and (± )-dichlorisoproterenol. Results

are the means of two experiments determined in

duplicate.

this simple centrifugation assay was a true
reflection of equilibrium binding. It should

be noted that the half-time for dissociation
of (-)-[3HJalprenolol from the receptors

(about 2 mm at 37#{176};about 5 mm at
room temperature, at which centrifuga-

tion was performed) was sufficiently slow
relative to the time needed to pellet the
membranes (a few seconds) that insignifi-

cant dissociation occurred during the proce-
dure (23, 24).

In all tables the K,�, values for binding
listed for the various agents were calcu-
lated from the concentrations causing 50%
inhibition of specific binding, using the
following relationship as described by

Cheng and Prusoff (25): EC)0 = (1 +

S/Km)K0 where Km denotes the equilib-

rium dissociation constant of (-

[3H]alprenolol determined by direct bind-
ing studies, S is the concentration of (-)-
[3H}alprenolol present in the binding as-

says, EC)O is the concentration of a ligand
causing 50% inhibition of specific (-)-

/
/

/
/

/
/

/
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FIG. 2. /3-adrenergic antagonists

B. Inhibition of) -)-E3Hlalprenolol binding to frog

erythrocyte membranes by (- )-alprenolol and (± )-

dichlorisoproterenol. Values shown are the means of

four determinations from two experiments.
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[3H]alprenolol binding, the KJ) is the appar-
ent dissociation constant of the ligand. Fig-
ures lB and 2B present typical data for
several agonists and antagonists. Else-
where we have demonstrated by satura-
tion binding experiments that the Kj) of
(-)-[3H]alprenolol for these beta adrener-

gic receptors is 5-8 flM (12). We also have
demonstrated that binding of (--

[3H]alprenolol to frog erythrocyte mem-
branes is rapid (equilibrium within 2-4
mm at 37#{176})and rapidly reversible (t12

about 2 mm) (12, 23, 24). All K1) values
listed in the tables [(-)-[3Hlalprenolol
binding and adenylate cyclasel represent

the means of values determined in two to
six experiments for each agent.

Protein was determined by the method

ofLowryetal. (26).

RESULTS

Several agents known to be devoid of
beta adrenergic activity were inactive as
agonists or antagonists on the frog erythro-

cyte adenylate cyclase and did not compete
for the binding sites at concentrations less

than 100 /.LM. These included phenethyla-
mine, pyrocatechol, dihydroxymandelic
acid, (±)-dihydroxyphenylalanine, the me-

tabolite (±)-normetanephrine, and alpha

adrenergic antagonists phentolamine and
phenoxybenzami ne.

Studies with agonists. Table 1 depicts
the structures of a series of beta adrenergic
catecholamines with substituents of in-
creasing size on the amino nitrogen. All
these compounds were tested as racemic
mixtures. Affinity for the binding sites pro-
gressively increased with increasing size
of the substituent on the amino nitrogen.
Branched alkyl-aryl substituents (Cc34,
Cc25, protokylol) were associated with par-
ticularly high affinity. However, a nonaro-
matic, 5-membered ring (cyclopentylbuta-
nephrine) was associated with much lower

affinity. All the more potent agonists in
this series had intrinsic activity equal to or

greater than that of isoproterenol.
The presence of a substituent on the a-

carbon had variable effects on affinity. A
methyl or ethyl group on the a-carbon of
norepinephrine (Cobefrin, ethylnorepi-
nephrine) produced a slight increase in af-
finity. However, an ethyl substituent on

the a-carbon of isoproterenol (isoetharine)
produced a decrease in affinity.

The beta adrenergic agonists depicted in
Table 2 are not catecholamines. In place of
the hydroxyl group on position 3 of the

aromatic ring there is methanesulfonam-
ide substituent. In agreement with the
findings of Grunfeld et al. (10), these

agents displayed only partial intrinsic ac-

tivity (Fig. bA). Nonetheless, they had rea-
sonably high affinity for the receptors, as
shown by the binding studies. As with the
catecholamine agonists, a large substitu-
ent on the amino nitrogen increased affin-
ity. Thus MJ 9b84-b, which has a very
large substituent, had considerably higher

affinity than soterenol, which bears an iso-
propyl group on the amino nitrogen. Still

the intrinsic activity of MJ 9184-1 was no
greater than that of soterenol, suggesting

that the size of the substituent on the

amino nitrogen is not an important deter-
minant of intrinsic activity of agonists.
The greater potency (affinity) of MJ 9184-1

over soterenol is quite analogous to the
greater potency of Cc34 over isoproterenol

(Table 1). The direct binding assays
greatly facilitated the evaluation of po-
tency of agonists with low intrinsic activ-

ity, because the ability of agents to com-

pete for the receptor binding sites de-
pended only on their affinity and not on
intrinsic activity. A potent, high-affinity
partial agonist such as MJ 9184-1 gives a
full displacement curve in the binding

assays (compare Fig. bA and B).
The affinities of the agonists shown in

Table 3 for the beta adrenergic receptor
binding sites were compared in order to

assess the role of the /3-carbon hydroxyl in
determining affinity and activity. (+)-Nor-

epinephrine and dopamine had compara-
ble, albeit weak, affinity for the sites, as

did (+ )-soterenol and /3-deoxysoterenol.
This suggests that the /3-carbon hydroxyl
is not essential for affinity and that the

weak effects of the (-H isomers of agonists

were likely due to the (+) isomers them-
selves, rather than to a contaminating (-)

isomer. (+ )-Norepinephrine and (+ )-soter-
enol had weak intrinsic activity on adenyl-
ate cyclase, whereas dopamine and /3-deox-
ysoterenol had no activity, suggesting that
the /3-carbon hydroxyl may play a role in



Interaction of methanesulfonamide agonists with (- )-I3Hkilprenolol binding sites and adenylate cyclase

Compound
/

.

.

. �
(- )-[3HlAlprenolol

binding, K,, -

Adenylate cyclase

K,, Intrinsic activ-
-i �- ity

�- R phI pM

(±)-Soterenol /1

H

2.40 0.46 1.0 0.6 0.28 0.04

(±)-MJ 8798-1 . 0.65 0.06 3.3 1.1 0.24 0.09

(±)-MJ 9184-1 -�c--I.i�-�-� - 0.014 ± 0.001 0.08 0.01 0.27 ± 0.02
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TABLE 1

Interaction of catecholamine agonists uith - -l3Hkilprenolol binding sites and adenylate cyclase

Compound - Ade nylat e cyclase

‘Hlalprenolol
binding. K,,

-

K,, Intrinsic ac-
-�1 tivity

‘ R pM pM

(± )-Norepineph-

rine H H >200 90 42 0.54 0.18

(±)-Cobefrin CR, H 28 11 41 ± 6.9 0.87 0.18

± )-Ethylnorepi-

nephrine C2H;, H 18 10 38 ± 25 0.71 ± 0.10

(±)-Epinephrine H CH3 8.8 0.7 10 ± 7.0 0.75 0.14

)-Isoproterenol H 1.7 ± 0.6 1.4 ± 0.6 1.00 ± 0

1± (-Isoetharine C2H� 24 2.8 45 20 0.72 ± 0

(± )-Cyclopentyl- --.

butanephrine C2H�, �, 39 0 31 2.8 0.64 0.05

)±(-Cc25 H -:H-c�---.\ - c� 0.68 ± 0.01 0.47 ± 0.12 1.08 ± 0.15

(±)-Protokylol H 0.68 ± 0.01 0.42 ± 0.02 1.09 ±0.18

-(±)-Cc34 H �- 0.060 0.003 0.08 0.02 1.20 ± 0.15

TABLE 2

determining intrinsic activity as well as
affinity. The /3-carbon hydroxyl is not re-
quired for intrinsic activity, however.
Thus, as shown in Table 3, addition of

large substituents on the amino nitrogen
of dopamine produces agents such as dobu-
tamine, which do have weak intrinsic ac-
tivity even in the absence of the /3-carbon
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(+)-Norepinephrine was too weak to calculate a valid K,, value (adenylate cyclase) or potency ratio.

hydroxyl. The binding studies also clearly
indicate that the addition of these substitu-

ents increases affinity for the receptors (cf.
dobutamine and dopamine).

The stereoconfiguration of the /3-carbon
hydroxyl of beta adrenergic agonists and
antagonists has long been recognized as a
crucial structural feature in determining
affinity for the beta adrenergic receptor
(b). Table 4 summarizes inidvidual affinity

values and stereoisomeric potency ratios
for six pairs of beta agonist and antagonist
stereoisomers. Data from both binding and
adenylate cyclase assays are presented. In

all cases the (-) isomers are considerably
more potent than the (-H isomers. The

potency ratios determined from binding
and cyclase assays agree closely and, in

turn, are in good agreement with ratios
determined by others in more intact prepa-

rations (1).
Studies with antagonists. Tables 5-7

summarize the structure-activity relation-
ships for a variety of beta adrenergic antag-
onists. In addition to determining the affin-
ity of each agent for the (-)-[3H]alprenolol
binding sites, we also determined an equi-
librium dissociation constant of each agent
for the beta adrenergic receptors linked to

adenylated cyclase. As described under MA-

TERIALS AND METHODS, this was deter-

mined by testing the ability of several con-

centrations of each antagonist to shift the

isoproterenol dose-response curve to the
right. All antagonists were also tested as

agonists and had no intrinsic activity on
the frog erythrocyte membrane adenylate

cyclase. Although several laboratories
have previously studied the effects of some

of the agents we used on erythrocyte or
other adenylate cyclase systems, in most of

these studies K,, values were not deter-
mined and only relative potencies were
reported (9, 10). It is apparent from the

data in Tables 5-7 that the affinities of the
various antagonists for the receptors deter-

mined by competition for the (- )-

[3H]alprenolol binding sites and by compet-
itive inhibition of isoproterenol-stimulated

adenylate cyclase are comparable.
The antagonists shown in Table 5 are all

phenylethanolamine derivatives, as are
the beta adrenergic agonists. However, in
each case some modification of the basic
catechol nucleus of the agonist molecule
was made. This led to a complete loss of

intrinsic activity, as previously noted by
others (b, 10). None of the agents shown in

Table 5 stimulated adenylate cyclase in
concentrations tested up to 100 /.LM. As
with the agonists, increasing the size of

the substituent on the amino nitrogen in-

TABLE 4

Stereoisomeric potency ratios of beta adrenergic agonists and antagonists determined by (- )-[3Hjalprenolol

binding and adenylate cyclase studies

Compound
K

t)

Stereoisomeric
tio

potency ra-

(-)-13H]Alprenolol bind- Adenylate cyclase (-)- Adenylate
ing [3HlAlprenolol cyclase

binding

pM

(-)-Norepinephrine 49 ± 2 150 ± 10 4
(+)-Norepinephrine >200 >1000

(-)-Epinephrine 4.6 ± 0.2 15 ± 0 30 53
(+)-Epinephrine 137 ± 4 800 ± 57

(-)-Isoproterenol 0.400 ± 0.005 0.3 ± 0 407 2333

(+)-Isoproterenol 183.0 ± 0.6 700 ± 114

(-)-Soterenol 0.7 ± 0.1 0.30 ± 0.07 42 100
(+)-Soterenol 29.8 ± 0.2 30 ± 22

(-)-Alprenolol 0.0034 ± 0.0002 0.007 ± 0.002 50 30
(+)-Alprenolol 0.15 ± 0.005 0.21 ± 0.05

(-)-Propranolol 0.0046 ± 0.0003 0.004 ± 0.001 70 45
(+)-Propranolol 0.286 ± 0.008 0.18 ± 0.07
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TABLE 5

Affinity of some “phenylethanolamine” antagonists for (- )-[3Hkilprenolol binding sites and adenylate cyclase

K,� values were determined as described under MATERIALS AND METHODS.

Compound //> Ch-0H2---NH

r
�

�)-

[3HlAlprenolol
binding, Kj)

Adenylate cy-
clase, K,,

3 .�

“ 3 13 R pM pM

Tyramine OH H H H >200 >1000

(±)-Octopamine OH H OH H >200 >1000

)±)-16483-6 H Cl OH H 83 ± 25 310 ± 140

(±)-Amidephrine H CH3SO2NH OH CH3 65 ± 11 220 ± 106

(± )-Phenylephrine H OH OH CH3 52 ± 4 135 ± 54

(±)S400327 H OH OH C2H, 22 ± 4 51 ± 22

C3

(± )-Deoxyisoproterenol OH H OH .

OH

15 ± 2 11 ± 4.1

(±)-p-Chloroisoproterenol Cl OH OH - :� 4.2 ± 0.8 1.3 ± 0.4

(±)-Dichlorisoproterenol Cl Cl OH -o� 0.57 ± 0.03 0.4 ± 0.1

(±)-Sotalol CH3SO2NH H OH -�-

.H3

1.3 ± 0.1 1.6 ± 0.7

creased affinity for the binding sites. The
stereoconfiguration at the /3-carbon hy-
droxyl was also an important factor in de-
termining affinity in antagonists (a�

shown in Table 4).
The nature of the substituents on the

phenyl ring had variable effects on affinity
for the receptor binding sites. Two chlorine

atoms in positions 3 and 4 R±)-dichloriso-
proterenoll were associated with reasona-

bly high affinity, in the micromolar range.

This value is quite close to that for (±)-

isoproterenol, which is a strong agonist.
Thus substitution of the two ring hydrox-
yls by chlorine atoms does not affect affin-
ity for the receptors, but converts an ago-
nist to a competitive antagonist. One chlo-
rine and one hydroxyl in positions 4 and 3
on the ring (p-chloroisoproterenol), or one

hydroxyl and one hydrogen (“deoxyisopro-
terenol”) were associated with somewhat

lower affinity. Sotalol was considerably
more potent than deoxyisoproterenol, indi-

cating that methanesulfonamide is a more

effective substituent on position 4 of the
ring than a hydroxyl. However, amide-

phrine and phenylephrine had compara-
ble affinities, suggesting that methanesul-

fonamide is no more effective than a hy-
droxyl group when this is the only substitu-

ent on the ring and present in position 3.
The antagonists depicted in Table 6 are

all derivatives of phenylpropanololamine.
As with all the other beta adrenergic

agents studied, increasing the size of the
substituent on the amino nitrogen in-
creased affinity for the beta adrenergic

binding sites.
In general, the presence of a methyl

group on the a-carbon in this series of
compounds did not strikingly affect affin-
ity as compared with agents of comparable
structure without this group shown in Ta-
ble 5. A larger substituent on the a-car-
bon, however, such as an ethyl group, did
decrease affinity (compare MJ 7434-b in
Table 6 with sotalol in Table 5).

As with the phenylethanolamine deriva-
tives, the nature of the substituents on the
phenyl ring affected affinity. Thus MJ

7963-1 was more potent than isoxsuprine.
This is presumably attributable to the pres-
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ence of the CH3SO2N(CH3) group in posi-
tion 3 of MJ 7963-b rather than the hydro-
gen in isoxsuprine.

The antagonists listed in Table 7 are
aryloxyethanolamine derivatives. As pre-
viously determined in a variety of intact

and subcellular systems (1, 6), the pres-
ence of the ether function between the
ethanolamine side chain and the aromatic
ring is associated with very high affinity
for the (-)-[3H]alprenolol binding sites.

Two agents in this series had only modest
affinity for the receptors despite the pres-
ence of the ether function. Both of these,
practolol and H64/52 (“p-alprenolol”), con-

tain a single substituent on the phenyl
ring in the para position. This configura-

tion has been demonstrated to be associ-

ated with a reduction of affinity for the
adenylate cyclase-coupled beta adrenergic
receptors (10). (±)-Hydroxybenzylpindolol,
which has a large substituent on the
amino nitrogen as well as an ether func-

tion, was the most potent agent of all.
Figure 3 is a plot of K0 values deter-

mined by (-)-[3H]alprenolol binding vs.
those determined in the adenylate cyclase
assays. The plot includes values for all the
agonists and antagonists studied except
those which were too weak to determine
accurately (K0 values listed in tables as
more than 1000 or more than 200). The

agents studied displayed affinities for the
receptors which varied over six orders of

magnitude. The correlation coefficient of

0.95 indicates the good agreement between

the two sets of data.

DISCUSSION

The data presented here indicate the fea-

sibility of studying the detailed structure-

activity relationships of beta adrenergic
receptors by direct binding studies. The

results are in agreement with previously
reported data determined by studies of
adenylate cyclase activation (5-10) as well

TABLE 7

Affinity of some “aryloxyethaolamine” antagonists for (- )-[3Hkzlprenolol binding sites and adenylate cyclase

OH

Compound OCH2CHCH2NH

�

(-)-

[3H]Alprenolol
binding, Kt)

Adenylate cy-
clase, K,,

R2

pM ,�M

(-)-Propranolol

(+)-Propranolol

- CH3
- C�

3

0.0046 ± 0.0003

0.286 ± 0.008

0.004 ± 0.001

0.18 ± 0.07

(-)-Alprenolol

(+)-Alprenolol

- CH3

-CH
CH2CHCH2 CH3

0.0034 ± 0.0002

0.150 ± 0.005

0.007 ± 0.002

0.21 ± 0.05

(-)-Oxprenolol �\ CH3

-3� -CH

OCH2CHCH2 CH3

0.0078 ± 0.0006 0.009 ± 0.006

(±)-H64/52 (p-alprenolol)
7=> CH3

CH2CH-CH2----<\.j �CH3 2.94 ± 0.55 6.6 ± 3.8

(±)-Practolol CH3-N�/�- C� 20.9 ± 0.9 7.8 ± 3.2

(±)-Hydroxybenzylpindolol HN�� 0.0011 ± 0.0002 0.0014 ± 0.0003
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FIG. 3. K,, values of beta adrenergic agents deter-

mined by I -)-[3Hjalprenolol binding and adenylate

cyclase assays

Individual values used are those listed in Tables

1-7. The line was drawn by regression analysis.

as data obtained in a variety of intact tis-
sue preparations (1).

Previously the most direct means of as-
sessing the molecular properties of beta

adrenergic receptors was by studies of
adenylate cyclase activation. However,
binding studies such as those reported
here represent the most direct way of

studying these receptors (11-16, 27-29).
Validation of the hypothesis that the sites
labeled with (-)-[3H]alprenolol are in fact

equivalent to the adenylate cyclase-cou-
pled beta adrenergic receptors in the mem-
branes rests on the close agreement ob-
tained in the binding and enzyme studies.

Grunfeld et al. (10) underscored the fact
that “characterization of purified beta adre-
nergic receptors must ultimately include
correlation of binding by the receptor com-
plex with the complete structure-activity
relationships documented for adenylate cy-
clase.”

The frog erythrocyte membranes used

for these experiments provide a simple,
convenient model system for study of beta

adrenergic receptors linked to adenylate
cyclase (5, 9, bO, 18, 30). Rosen et al. (9) and
Grunfeld et al. (10) studied the structure-
activity relationships of agents which
stimulate or inhibit the frog erythrocyte

membrane adenylate cyclase. Nonethe-
less, we chose to determine K1) values for
both interaction with adenylate cyclase
and the (-)-[3H]alprenolol binding sites
for all the agents we studied, for several
reasons. First, although there is some over-

lap between the agents we studied and
those studied by other groups, many of the
agents we used have not previously been

tested in this system. Second, even where

agents had been previously tested, actual
K0 values were often not reported (9, 10),
precluding quantitative comparison of po-
tencies determined by enzyme and binding

studies.
The data presented here indicate that

the detailed specificity apparent in beta

adrenergic responses can be attributed
solely to the specificity of binding of beta
adrenergic agents to the beta adrenergic
receptor binding sites. The data also sug-
gest that agonists and antagonists com-
pete for the same set of binding sites. In no
case was the potency of an agonist or antag-

onist as determined by adenylate cyclase
studies discordant with the potency deter-

mined simply on the basis of ability to
compete for occupancy of the (- )-

[3Hlalprenolol binding sites.
The K1) values of the various agents de-

termined by binding and adenylate cyclase

studies were quite comparable. It should
be borne in mind, however, that a variety
of factors may influence the relationship
between the binding EC�0 and K0, such as
the concentration of receptors present, co-

operative interactions between receptors,
or presence of spare receptors (31).

By performing binding and enzyme stud-
ies in parallel on all agents, we were able

to distinguish those structural features of
ligands which are major determinants of
receptor affinity and those which deter-
mine intrinsic activity. Different features
of the beta adrenergic ligand molecule
determined these two parameters of drug
action. The binding data clearly indicate
that the major determinants of receptor

affinity were the stereoconfiguration of the
/3-carbon hydroxyl and the size of the sub-

stituent on the amino nitrogen. Substitu-
ents on the a-carbon had relatively little
effect on affinity. The nature and number
of substituents on the catechol ring had
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only a small effect on receptor affinity. By

contrast, the nature of the substituents on
the catechol ring was crucial in determin-
ing intrinsic activity. Only the 3,4-dihy-
droxyl configuration was compatible with
full intrinsic activity. CH3SO2NH in posi-
tion 3 of the catechol ring produces agents,
such as soterenol or MJ 9184-1, which have
reduced intrinsic activity. Deletion of one
or both hydroxyls, or their substitution by
chlorine atoms, produces agents with no

intrinsic activity (antagonists), but only
minimally altered affinity for the receptor

binding sites.
The /3-carbon hydroxyl appeared to be

important in determining both affinity

and intrinsic activity. Thus, as noted
above, a (-) configuration of this substitu-
ent conferred approximately 100 times
more affinity than the H-) configuration.

Compounds with no hydroxyl group on the
/3-carbon generally had affinity equivalent
to that of similar agents having a H-)-
hydroxyl group at this position. However,
the agents with no /3-carbon hydroxyl had
reduced intrinsic activity in this system.
Thus agents such as dobutamine had only
partial intrinsic activity, indicating a role
for the /3-carbon hydroxyl in determining

activity at the beta receptors.

The binding data and the considerations
outlined above highlight the independence

of receptor affinity and intrinsic activity.
High-affinity partial agonists such as soter-

enol or MJ 9184-b gave binding displace-
ment curves indistinguishable from those
obtained with full agonists such as isopro-
terenol or Cc34. Thus binding assays pro-
vide information only about receptor affin-

ity and not about intrinsic activity. The
latter can be assessed only by an assay
which measures some parameter of biologi-

cal activity, such as activation of an en-
zyme or change in a physiological varia-
ble. The most complete understanding of
structure-activity relationships can be ob-
tained by studying receptor binding and
biological activity in parallel.
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