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Abstract-The compound FM,,, I-(2.exo-bicyclo[ 2,2,1 Ihept-2-ylphenoxy)-3-[(l-methyl-ethyl)aminoI-2- 
propanol, hydrochloride, inhibited isoproterenol-dependent adenylate cyclase from rat liver plasma mem- 
branes, while it had no effect on the basal, fluoride-, Gpp(NH)p-, and glucagon-dependent cyclase activities. 
FM,, also blocked the specific binding of (-)[‘H]dihydroalprenolol to the rat liver /J-adrenoreceptors. The 
inhibition was of the non-competitive type and could not be reversed by extensive washing, unlike the 
competitive, reversible, inhibition caused by propranolol. Preincubation with either propranolol or isoproter- 
enol protected the binding sites and adenylate cyclase activity against inactivation by FM,,. These findings 
suggest that FM,, behaves as a non-disscciable or a very slowly reversible P-receptor antagonist. This may be 
due to the hydrophobic nature of the molecule, and is supported by experiments done with several structural 
analogs of FM2,, 

Just recently. a new compound. FM,,, has been shown 
to be a long lasting /I-adrenergic blocker in vivo [ 11. In 
addition to its possible therapeutic action in hyperten- 
sions 121, such a compound could be of interest for 
labeling fl-adrenergic receptors from a biochemical 
point of view. Indeed, a bromoacetylated propranolol 
analog was shown to bind covalently to specific p- 
adrenergic receptors [ 3,4 1 and the radiolabeled deriva- 
tive has been used for characterization of the P-antago- 
nist-receptor complex at the membrane level 151. How- 
ever. such an affinity labeling does not allow 
pharmacological studies of the b-receptors in their 
native form. On the other hand, noncovalently, tightly 
bound ligands are of great interest in characterizing the 
hormonal binding sites, since the possibility does exist 
of modifying their dissociation kinetics by a non-dena- 
turing process, i.e. temperature variations. As an exam- 
ple, labeling P-receptors with such a ligand would make 
it possible to assess the pharmacological properties of 
the receptors during the course of their solubilization 
and purification. In the present study, we report the in 
vitro apparently irreversible inactivation of j-receptors 
from rat liver plasma membranes by FM,,. 

MATERIALS AND METHODS 

Materials 

(f)Alprenolol (Ciba-Geigy) and (-)propranolol 
(ICI) were obtained as gifts; (-)isoproterenol and ATP 
were purchased from Sigma. Creatine kinase, GTP and 
guanyl-5’.yl imidodiphosphate (Gpp(NH)p) were ob- 
tained from Boehringer-Mannheim, and creatine phos- 
phate from Calbiochem. All other reagents were ob- 
tained from Merck (Darmstadt) and were of analytical 
grade. [@PlATP (6-14 Ci/m-mole) was obtained 
from Amersham Radiochemical Centre, cyclic IS- 
3HlAMP (13 Ci/m-mole) was from the CEA (Saclay, 
France) and (-)[3H]dihydroalprenolol was from New 
England Nuclear Corp. 

Methods 

Preparation of purified liver plasma membranes. 
Plasma membranes were obtained from livers of female, 
adrenalectomized [61, Wistar rats (about 100 g body 
weight), and prepared according to the procedure de- 
vised by Neville [ 71 up to step 11. The purified mem- 
brane preparations were suspended in 1 mM NaHCO, 
and stored in liquid nitrogen until use. Protein was 
measured according to Lowry’s procedure, using bo- 
vine serum albumin as standard. 

Adenylate cyclase assay. Adenylate cyclase [ATP 
pyrophosphatase lyase (cyclizing) (EC 4.6.1.1 )I activ- 
ity was measured as previously reported [8,91. Unless 
otherwise indicated, the assay medium contained 
0.5 mM [a-32P]ATP ( lo6 c.p.m.), 3 mM MgCI,, 1 mM 
EDTA, 1 mM [3H]cyclic AMP (2 < lOa c.p.m.), 
10pM GTP, 50mM Tris-HCl (pH 7.6), an ATP 
regenerating system (25 mM phosphocreatine and 
creatine phosphokinase, 1 mg/ml) and 2&6Opg of 
protein in a final volume of 60~1. Incubation was 
initiated by the addition of membranes and performed 
for 5 or 10 min at 30° in a shaking water bath. Reac- 
tions were terminated by a modification of the proce- 
dure of White [ 101 as described earlier [ 91. Enzymatic 
activities are expressed as nmoles cyclic AMP formed 
in 5 or 10 min per mg membrane protein. The results 
obtained from triplicate determinations agreed within 
+5 per cent. 

Binding assay. Binding of (--)[ 3Hldihydroalprenolol 
was carried out as described previously [ 11. 121. 5 nM 
(-)I 3H IDihydroalprenolol and liver plasmamembranes 
(0.4-0.6 mg protein/ml) were incubated with constant 
shaking for 10 min at 30” in the complete medium used 
for adenylate cyclase determination and in a final vol- 
ume of 400 ~1. At the end of the incubation, triplicate 
aliquots (100~1) were diluted with 4 ml ice-cold 
50 mM Tris-HCl (pH 7.6), and filtered through What- 
man GF/C glass fiber filters (24 mm diameter). The 
filters were then washed with 8 ml ice-cold buffer, dried 



2006 P.-H. SCHMELCK et al. 

and counted in 10 ml ACS aqueous scintillation mix- 
ture (Amersham Searle) at an efficiency of 40%. Non- 
specific binding is defined as binding which is not 
displaced by 5 PM (i) alprenolol. Specific binding is 
defined as total radioactivity bound minus nonspecific 
binding. Results are expressed as fmoles 
(--)l 3H ldihydroalprenolol specifically bound per mg 
protein. 

Preincubation experiments. Unless otherwise speci- 
fied, preliminary incubations of the membranes (1.5- 
2 mg protein/ml) with fi-adrenergic analogs were per- 
formed for 15 min at 20° with constant shaking. Mem- 
branes were then either used directly for the adenylate 
cyclase and binding assays, or washed first as follows: 
the incubation mixture was diluted with 10 vol. ice-cold 
50 mM Tris-HCI (pH 7.6) and centrifuged at 2000 g 
for 5 min at 4O. The pellet was resuspended and simi- 
larly washed 3 or 4 times. The final pellet was resus- 
pended in buffer for direct use in the adenylate cyclase 
and binding assays. The recovery of protein after such 
washing was about 50-60 per cent. 

RESULTS 

FMz4 is a spec@ic inhibitor of isoproterenol-stimu- 
lated adenylate cyclase. FM,,, 1-(2.exo-bicyclo- 
[2,2,1 lhept-2-ylphenoxy)-3-[( l-methyl-ethyl)aminol- 
2-propanol, hydrochloride (Fig. 1) comprises the side 
arm of classical fl-adrenergic antagonists and a norbor- 
nyl group at the ortho position of the phenyl ring. 

As shown in Fig. 2, the isoproterenol-stimulated 
adenylate cyclase activity from rat liver was inhibited 
by low concentrations of FM,,, i.e. 10 nM, maximal 
inhibition being attained at 1 PM. In addition, the 
inhibition curve was not modified by the presence of 
10 PM GTP in the incubation medium. Therefore this 
inhibition was specific for isoproterenol-stimulated 
adenylate cyclase since basal, sodium fluoride-, 
Gpp(NH)p-, and glucagon-stimulated adenylate cy- 
clase activities were not affected by FM,, concentra- 
tions up to 10pM. 

Non-competitive inhibition of FM,,. The inhibitory 
effect of FM,, was studied next as a function of increas- 
ing concentrations of isoproterenol. This was done after 
a 30 min preincubation of the liver membranes with 
50 nM FMZ4. The effect of propranolol was assayed in a 
similar manner and the data are depicted in Fig. 3. The 
addition of 50 nM FMZ4 resulted in a decrease (65 per 
cent) of the isoproterenol maximal activation, with no 
change in the apparent affinity of (-)isoproterenol for 
the enzyme (0.8 PM). This apparently non-competitive 
inhibition contrasted with the inhibition brought about 
by 50 nM propranolol, which was of the competitive 
type. The apparent affinity of (-)propranolol for the 
system was calculated from this curve according to 
Furchgott [ 131, and found to be 7.7 nM. 
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Fig. 3. Comparative inhibition of isoproterenol-stimulated 
adenylate cyclase by propranolol and FM*,. Rat liver plasma 
membranes (1.5 mg protein/ml) were preincubated for 
30 min at 20”. in the absence (0) or in the presence of SO nM 
(-)propranolol ( o ) or FM,, (A.), as described under Meth- 
ods. Membranes were then used directly, without washing, in 
the (-)isoproterenol-sensitive adenylate cyclase assay. Re- 
sults are expressed as per cent of maximal activation. Basal 
and maximal activations of adenylate cyclase by (-)isopro- 
terenol from control membranes were 0.29 and 0.42 nmoles 
cyclic AMP formed in 10 min/mg protein. Each point repre- 
sents the mean of triplicate determinations made on two 
separate experiments with different membrane preparations. 
It should be noted that, due to a non-specific inactivation of 
the enzyme during the prolonged time of preincubation of the 
membranes, isopreterenol-stimulated activities were lower in 
this experiment than these reported in Fig. 2. in which no 

Fig. 1. Structure of FM,,. preincubation was carried out. 
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Fig. 2. Specificity of adenylate cyclase inhibition by FM,,. 
Rat liver plasma membranes (0.5 mg protein/ml) were incu- 
bated in the presence of the indicated concentrations of FM,, 
For 10 min at 30”. Adenylate cyclase activity was assayed as 
described under Methods. Results are expressed as nmoles 
cyclic AMP formed in 10 min per mg protein. Basal activity 
(a) and 0.1 PM glucagon ( +), 10 mM NaF m), 10 PM 
Gpp(NH)p (A), 5 pM (-)isoproterenol (0) and 10 PM GTP 
plus 5 PM (-)isoproterenol ( 0 ) stimulated adenylate cy- 
clase activities are represented. Each point represents the 
mean of triplicate determinations, agreeing within +5 per 

1 
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Fig. 4. Scatchard pIot of (-)[ 3H]dihy~oalprenolol binding in 
the presence of j.-adrenergic antagonists. Rat liver plasma 
membranes (1.3 mg protein/ml) were preincubated for 
15 min at 20”, with no addition ( 0 ), 5 nM (-)propranolof 
(0) or 10 nM FM,., (A). Membranes were then useddirectly, 
without washing -in the (-)~3H~dibydro~prenoio~ binding 
assay designed for Scatchard analysis, over a range (from 1 to 
20 nM) of (-)I ‘H ]dihydroalprenolol concentrations. Each 
value is the mean of triplicate determinations and data re- 
ported are representative of three such experiments, made 

with different membrane preparations. 

In further ~x~riments, rat liver ptasma membranes 
were exposed to either 10 nM FM,, or 5 nM proprano- 
101 and then assayed directly (without washing) for 
binding activity over a range (from 1 to 20 nM) of 
(--)[ 3Hldihy~oalprenoiol concentrations (Fig. 4). The 
total number of P-receptors in control membranes was 
about 145 fmoles/mg protein and the Kn value for 
(-)[ 3Hldihydroalprenolol was 4.8 nM. Exposure to 
5 nM propranolol resulted in a reduction of the appar- 
ent afEnity (from 4.8 to 7.7 nM) for the vitiated ligand, 
with no significant reduction in the total number of 
binding sites. By contrast,exposureto 1OnM FM,, led to 
a 40 per cent reduction in the number of @-adrenergic 
sites (from 145 to 90 fmoles mg protein), while the affin- 
ity of the unreacted sites for the tritiated ligand remained 
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Fig. 5. Effects of isoproterenol. propr~olol and FM,, on 
adenyiate cyclase activity. Rat liver plasma membr~es 
(1.4 mg protei~ml) were preincubated for 1.5 min at 20°, 
with no addition (C), 0.5 PM (-hsoproterenol (I), 50 nM 
(-)propranolol (P), 5 nM FM,, (F), or 5 nM FM,, plus 
either 50 nM (-)propranolol (F + P) or 0.5 PM (-)isopro- 
terenol (F + I). Membranes were then washed 3 times in 
10 vol. 50 mM Tris-HCI (pH 7.6) as described under Meth- 
ods. Basal activities (hatched bars) and 5 PM (-)isoproter- 
enol-stimulated adenylate cyclase activities (open bars) were 
assayed before and after washing. Each value, expressed as 
nmoles cyclic AMP formed in 5 min per mg protein, repre- 
sents the mean of triplicate determinations, agreeing within 
L5 per cent. The experiment has been done twice with two 

In another series of experiments, we tested the 
(--)[ 3Hldihydroalprenolol binding capacity of rat liver 
plasma membranes which had been preincubated for . * . 
30 mm with erther 0. I PM FM,,, 1 PM propranolol or 
IO,uM isoproterenol and washed 5 times afterwards 
(Fig. 6). Again, FM,, appeared to be an apparently 
irreversible blocker of the j-adrenergic receptors, while 
isoproterenol and propranolol were completely reversi- 
ble by washing. In this typical experiment, the 
(--)I 3H ldihy~oalprenolol binding capacity of the 
membranes was signi~c~tly enhanced after preincuba- 
tion of the membr~es with either propr~olo~ or iso- 
proterenol, i.e. 150 and 260 per cent over basal capac- 
ity of control membranes, respectively. 

In these experiments, exposure of the membranes to 
FM,, in the presence of a IO- or IOO-fold excess of 
propranolol (F + P) or isoproterenol (F + I), respec- 
tively, resulted in the full protection of adenylate cy- 
clase sensitivity (Fig. 5) and (-)[ 3H Jdihydroalprenolol 
binding capacity (Fig. 6), as compared to control mem- 
branes. Thus, the presence of a reversible ligand in the 
preincubation step prevented the apparently irreversi- 
ble inactivation of &receptors by FM,,, 

different membrane preparations. Time-course of the efict of FM,,. The ability of 
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Fig. 6. Effects of isoproterenol, propranolol and FM,, on 
specific binding of (-)[ ‘H]dihydroaiprenolol. Rat liver 
plasma membranes (1.5 mg protein/ml) were preincubated 
for 30 min at 20°, with no addition (C), 10 ,nM (-)isoproter- 
enol (I), I PM (-)propranoloI (P), 0. I pM FMZ4 (F) or 
0.1 yM FM2& plus either I pM (-)propranolol (F + P) or 
IOJIM (-hsoproterenol (F + I), Membranes were then 
washed 5 times in 10~01. 50mM Tris-HC1 (pH 7.6). as 
described under Methods. Specific binding of 
(-)[3Hldihydroalprenolol was assayed before and after wash- 
ing. Results are expressed as fmoles of 
(-)I rH ldihydro~prenoioi bound per mg of membrane pro- 
tein. Each value is the mean of triplicate determinations, 
agreeing within rt5 per cent. These results are representative 
of three such ex~riments, made with different membrane 

unchanged. From these data, the equilibrium dissocia- 
tion constant of (-)propranolol could be calculated 
using the equation detailed by Furchgott I 13 1. The value 
obtained by this method (8.3 nM) was in good agreement 
with the value (7.7 nM) determined above. 

Washing experiments. After exposure of rat liver 
plasma membranes to either 5 nM FM,,, 50 nM pro- 
pranolol, or 0.5 PM isoproterenol for 15 min, followed 
by three cycles of washing (cf: Methods), it appeared 
that the inhibitory effect of FM,, upon the isoproter- 
enol-stimulated adenylate cyclase activity was entirely 
preserved under conditions in which the effect of iso- 
proterenol and propranolol were completely reversed 
(Fig. 5). 
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Fig. 7. Time course of the inactivation by FM?, of adenylate 
cyclase. Rat liver plasma membr~es (1.6 mg protein~ml) 
were pr~incu~ted with 50 nM FM,, for 15 min at 20°. At the 
indicated times after the beginning of the preincubation, 
0.5 GM (-)propranolol was added. After the completion of 
the 15 min preincubation, membranes were washed 4 times in 
IO vol. 50 mM Tris-HCI (pH 7.6). Basal and 5 FM (-)iso- 
proterenol-stimulated adenyiate cyclase activities were then 
assayed as described under Methods. Results are expressed as 
per cent activation over basal level. which was unchanged in 
each assay; 0.30-0.33 nmoie cyclic AMP formed in 5 min per 
mg protein. The abcissa represents the time of exposure of the 
membranes to FM:, before the propranolol addition. The bars 
represent values obtained in samples in whichmembranes were 
pre~ncubated for 15 min with either the Tris buffer (hatched 
bar) or 50 nM FM,, only (open bar). In this typical experi- 
ment,eachvalueisthemeanoftriplicatedeterminations.agree- 

ing within :t5 per cent. 

TH y3 
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Fig. 8. Structure of the analogs of FM:,. 

Table 1. Comparative effects of FM,, analogs on adenylate 
cyclase activity 

-- .-.~._--~ 
Preincubation of Per cent change in adenylate cyclase 
plasma activity over basal level 
memb~ne 
with: Before wash After wash 
~___.____. . _~.~_._~ 
No addition 88.5 86.7 
IN, 8.1 27.8 
Compound I 3.1 11.0 
Compound II 16.8 6.3 
Compound III 16.8 2.9 
Com~und IV -3.5 24.0 
Componnd V 0.2 -0.2 
Compound VI 38.7 84.2 
l~__.~..L-~. .- 

Rat liver plasma membranes (2.3 mg protein/ml) were 
preincubated for 15 min at 20°. with no addition (C)or 1 {IM 
of either FM,, (F), FMzJ ‘Endo’ form (I). compound II. 
compound III, compound IV. compound V or compound VI. 
Membranes were then washed 5 times in 10 vol. 50 mM Tris- 
IICI (pH 7.6). as described under Methods. Basal and 5 PM 
(-)isoprotereno~-stimulated adenylate cyclase activities were 
assayed before and after washing. Each value, expressed as 
per cent activation over basal level (0.32 nmole cyclic AMP 
formed in 5 minimg protein), represents the mean oftriplicate 
determinations. agreeing within ? 5 per cent. This experiment 
was done twice with two different membrane preparations. 

propranolol to protect the binding sites against block- 
ade by FMZ, was used to estimate the time-course of 
inactivation of the isoproterenol-stimulated adenylate 
cyclase. Rat liver plasma membranes were exposed to 
50 nM FM,, for 15 min at 20”. At the indicated inter- 
vals after initiation of the incubation, a suhicient 
amount of propranolol (0.5 PM) was added to protect 
the sites not yet inhibited by FM,,, and incubation was 
allowed to continue until a total of I.5 min of exposure 
to FMZ4 was completed. Membranes were then washed 
and the remaining adenylate cyclase activity was as- 
sayed (Fig. 7). The kinetics of P-receptor inactivation 
by FM,, could then be assessed: the expected inactiva- 
tion was obtained rapidly with an apparent haff-time of 
72 sec. The maximal inactivating effect was reached by 
5 min of incubation, but could not be increased by 
further incubation. The extent of the maximal inactiva- 
tion by 50 nM FMzs of isoproterenol-dependent aden- 
ylate cyclase was about 55 per cent, as compared to the 
zero time value. 

S’tructural analogs of F&& We have tested the 
sensitivity of the adenylate cyclase to various analogs of 
FM,,, the structures of which are represented in Fig. 8. 
In these experiments, rat liver plasma membranes were 
preincubated for 15 min at 20” with each analog at 
1 PM concentration, then washed 5 times as described 
under Methods. Basal and isoproterenol stimulated 
adenylate cyclase activities were then tested. As shown 
in Table 1, compounds which are methylated either on 
the side arm or on the norbonyl group behaved as 
apparently irreversible inhibitors of adenylate cyclase 
(compounds II. III and V). In contrast, compounds 
which are substituted by a hydrophilic group behaved 
as reversible (compound VI) or partially reversible 
(compound IV) inhibitors, 
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DISCUSSION [ 141, using a labeled reversibte antagonist as ligand. 

Our results demonstrate the non-equilibrium nature 
of &receptors’ inactivation by FM2? in rat liver plasma 
membranes, in contrast to the reversible, competitive 
blockade produced by propranolol (Figs. 3 and 4). 

We have previously shown [ 141 that in vivo adminis- 
tration of FM,, to rats led to a persistent non-competi- 
tive inhibition of isoproterenol-stimulated adenylate 
cyclase activity in the heart. In contrast. in vivo admin- 
istration of propranolo1 did not influence the maximal 
in vivo responsiveness of the heart cyclase to isoproter- 
enol. We also demonstrated [ 141 that the long lasting in 
viva effect of FM,, could not be due to its conversion to 
an active metabolite. 

(ii) The local concentration of FMzJ in the vicinity of 
@-adrenergic sites could be insufficient to inactivate all 
the sites, due to binding of the drug to other membrane 
components, or to the fact that the FM,, preparation 
contained four stereoisomers. Indeed, due to the hydro- 
phobic nature of the FM,, molecule, its long lasting 
effect might involve, in addition to its specific binding 
to P-receptors, binding to other membrane sites, possi- 
bly located in the Iipid phase of the membrane. 

FM,, behaved as a tightly bound blocker of both 
isoproterenol-dependent adenylate cyclase activity 
(Fig. 5) and P-adrenergic receptor sites (Fig. 6) in rat 
liver plasma membranes. Moreover, the presence of 
isoproterenol or propranolol during exposure of mem- 
branes to FMzJ prevented the inactivation of fi-recep- 
tors as well as of isoproterenol-stimulated adenylate 
cyclase. This, and also the fact that FM,, did not inhibit 
the other cyclase activities tested (Fig. 21, strongly 
suggest that the drug interacts with the same specific j& 
adrenergic receptor binding sites with which agonist 
and antagonist drugs act. 

The mech~ism of irreversible inactivation of b- and 
a-receptor binding sites by N-[ 2-hydroxy-3-j I-na- 
phtoxy)-propyl]-~-bromo-acetyl-ethyIenediamine [ 3, 
41 and phenoxybenzamine [ 151, respectively, probably 
involves covalent bond formation by alkylation of a 
sullhydryl group. Unlike these compounds, FMzJ is not 
halogenated and its binding to P-adrenergic sites proba- 
bly does not involve covalent binding. Thus, the mecha- 
nism of action of FM,, may be compared to that of 
other slowly dissociable, non-covalently bound ligands, 
i.e. the ~st-s~aptic receptor blocker a-toxin 1161, 
whose half-time of dissociation is 60 hr at room tem- 
perature. The structure of FM,, (Fig. 1) suggests that 
its long lasting inactivation of &receptors from rat 
liver plasma membranes (Figs. 5 and 6) and &-recep- 
tors from cardiac particulate fractions [ 141 is due to the 
rigid, bulky, hydrophobic norbonyl group of the mole- 
cule. This is in agreement with the results depicted in 
Table 1, in which more hydrophobic analogs of FM,,, 
i.e. compounds II, III and V, behaved as irreversibie 
blockers of isoproterenoi-dependent adenylate cyclase 
activity, whereas less hydrophobic compounds, i.e. 
compound VI, behaved as reversible inhibitors of this 
activity. 

In addition to results concerning the apparently 
irreversible action of FM2,, we present here data (Figs. 
5 and 6) that reveal a ‘supersensitivity’ of j?-adrenergic 
receptors when rat liver plasma membranes have been 
preincubated in the presence of either agonist or antago- 
nist reversible ligands, prior to washing. This ‘supersen- 
sitivity’ was not due to differences in protein concentra- 
tion of washed membranes (about 0.4 mg protein/ml in 
each sample), but seemed to be time- and figand con- 
centration-de~ndent; after 30 min of membranes 
preincubation with either 10 PM isoproterenol or 1 FM 
propranolol (Fig. 6), the (-)13H]dihydroalprenolol 
binding capacity was dramatically enhanced by 260 
and 150 per cent, respectively. These values were less 
when preincubation time was reduced to 15 min or 
when the concentration of ligands was decreased (data 
not shown). It has been already reported that in viva 
administration of propr~olol to rats I 171 or preincuba- 
tion of intact turkey reticulocytes in the presence of 
(+)propranoloI f 181 resulted in a 100 per cent increase 
in the number of &receptors in heart particulate frac- 
tion and on the cell surface. respectively. The fact that 
we observed such a supersensitivity phenomenon in 
vitro, using isolated plasma membranes, may lead to a 
better understanding of its mechanism. 
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