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Frog erythrocyte adenylate cyclase possesses characteristics of a beta-2 adrenergic receptor;

this enzyme was used to test various adrenergic compounds for their effects on cyclic 3’ , 5’-

AMP formation. Agonists demonstrate different EC50 values and intrinisic activities. A large

amino substituent and a hydroxyl group mi the levo configuration at the �3-carbon increase
the potency of agonists and antagonists, but neither modification is essential for activity.

Compounds containing a methyl group at the a-position with the erytlmro configuration

retain their agonist or antagonist activities. Agonists must have two functional groups on

the phenyl ring; a functional group other than hydroxyl can be substituted only at positiomi
3. The effect of ring substitution omi the activity of an antagonist depends on the nature of

the adjacent functional group. Studies with trinuethoquimiol suggest correlatiomi of the

observed EC50 with affinity. There is an excellent correlation between activation of frog

erythrocyte adenylate cyclase by the agonists studied amid the physiological responses in
mammalian preparations.

INTRODUCTION

Structure-activity relationships among

adrenergic agents have been used to identify
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different classes of beta rec(’ptors (1-3) and

to explain the’ actioni of catecholanuines at

their receptor sites (4). The pharmacological

responses to catecholamines in whuole animal

or intact organ preparations are cornple’x,

amid the effects of any givemi drug may depend

on routes cif adminiistration, transport to the

site of action, oxidative anid comijugative

nuetabeilism, amid interaction with mion-

adrenuergic receptors mediating similar physi-

ological responses. Adrenergic comuupounds

may also release endogenous stores of mieuro-

transmit ter, t hc’reby producinug indirect

sympathominietic effects (5). Chromuically

demiervated, cocaimie-treated, or reserpimie’-

treate’d preparatiomis havc’ be’emi dc’velcmpe’d
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to obviate’ this prc)b)lc’ni (5, 6) , hut van-

ai)ility iii responsiv(’mie’ss (5) limnits the use-

fulmiess of thiese mode’ls for (lefininig a direct

beta adrt’miergic re’spomise’.

Ademit isimie cyclic 3 ‘ , ��‘-muionophosphate

nuediates the’ beta adrenergic response to

cat(’chi(ilaminies in maniy tissues (7). Previous

Strl(hic’s in our laboratory (5, 9) demonstrated

that stimulation of frog erythirocyte adenyl-

ate cvclase activity by catecholamines

l)osSesSt’5 th(’ fc�illowing characteristics of beta
adremiergic stimulation : (a) foniuiation of

cyclic Ai\IP is stimulated by catecholanuines
iflit liI)t l)y other hiorniomies, (b) the’ relative

tirde’r iif pote’ncy anuomig cate’cholarnines is

isoprtit e‘re’miol > epiniel)h.rine > norepimieph-

rine, ali(l (c) stiniulation 1�’ catecholanuines

is imiliihitt’cl l)V the beta adrc’nergic blockers

l)�()l)1�ilit ilt il amid dichil iroisoprote’rc’miol , but
not l)V tlit’ alp/ia adrenergic blockers phe’ntol-

anuimie am id Plie’mioxYb)(’mizamuuimi(’.

\v(’ luave’ Ut ilized frog erythrocyt e adenyl-

ate� cyclase’ as a niode’l system to study the

(lirect inte’raction of drugs with a beta adre-
nergic rt ‘(‘C pt or c’ven t hioughi the’ fumictiomi

of cyclic AMP in the ee’ll is muot known

(5). Earlier structure-activity studies have

hee’mi puhlishie’d (10, ii); we itow report more

detaile(l studies of hiow substitutions oii the

ring and e’thylamuuine moieties of various

adrenemgic agents affect activation and inuhi-

bitioti of activation of ademuylate cyclase.
Clia.raetenizaticiiu of purified beta adrenergic

receptors niust ultimately include correla-

(ion (if hindiiug hy the receptor complex with

the complete structure-activity relationships

documented for adenylat e cyclase.

\IATERIALS AND METHODS

A(l(’mlvlatt’ cvclas’ was partially purified

from the ervthrocvtes of J?ana piplenS and
assavt’(I as previously (Ie’senihe’d (5, 9). The’

reaction mixture (0.2 ml) contaimied 0.05 �i

Tnis-HC1 buffe’r (pH 5.1), 3 m�i MgSO,, 0.02

M (lit liiothimtitt 1, 1.0 fliM cyclic AMP, 1.0

iii�m [‘4CIATP (2500 cpm/mimtile’), and tli(’

ap�1)rt tl)Viatt’ atlrt’tic’rgic conipoumi(ls at the’

fimual t’t tmiet’ntratit )ns imidicated below. The

reaetiomi was initiate(l by the addition of

10 �g of enzyme amid indllhat(’d for 15 mimi

at 3.5#{176}.Enzyme preparations eatalyZc’(i (hue’

fornuation of 6-7 nmolc’s tif cyclic A\IP per

mnilligmamu of prttteimi in 15 mimi whe’n maxi-

mallv stimulated by isoproterenol. Despite

SOIi1(’ variability in the activity of different

emizvni(’ 1)re’parations, the rehativ’ I)0t(’mucY

of activatcirs and blockers remained comi-
stant . Most experiments were perfornied

using a single enzynue preparation. Ademiyl-

ate cyclase’ formed essentially no cyclic

AMP in the’ absence of added catecholamimies

or sodium fluoride and was not contami-

nated with cyclic miucleotide phosphodiester-

ase (5, 9). Proteins were determined by the

nuc’thod of Lowry et a!. (12), using bovine

seruni albunuini as a standard.

EC50 values of agonists were calculated
from the drug concentration required for

50 % maximal stinuuulation of enzyme activ-

ity for that drug; intrinsic activity for a

given drug was determined by calculating

thie ratio of the maximum stimulatory effect

for a givemi drug to that of ise)protereniol

(13). Imihibition of activation was nueasured

by determining the effect of blockimig agents
on (hue’ stimulation of enzymatic activity

induced l)y 30 MM l-isoproter(’nol ; IC50 is de-
fined as the concentration of drug required

to reduce that activity by 50 � . Variations
in the abse)lut(’ level of blockade we’re

standardized by coniparing each inihibite in

with c/l-sotalol amid (//-dichloroisoprote’rc’nol,

which were equipotent. Relative’ inhibition

is expressed as the ratio of IC50 for dl-sotalol

to that determined simultaneously for a

givemi inhibitor. Complete dose-response

curvc’s were determined for each agonist

and antagomiist, and the values presented
represent (hue ave’rages of two separate’ ex-

perimemits. The’ EC50 for isoproterenol av(’r-

ag(’(l 3.7 ± 0.2 MM (mean ± SE) for 32

determinations.

Dit hi(it hreit oh was purchased from Cal-

bioeheni; cyclic A\ EP, from Signia; [‘4C]ATP

amid ()mmuifluor, from New England Nuclear;

and 1-iso prt )t erenol, (hchloroisoproterenol,
dopamine, phc’nisonone, and S-40045-9, from

Aldrich. The’ followimug drugs were gifts:

sot erenol, sot alol, met ahol, amidephrine,

�3-deoxysotere’iiol, a-mt’thylsotalol, 1\LJ-9910,

i\IJ-9643, i\I.J-(�9S7, tnimethoquimiol, isoxsu-
prine, and thc’ir r(’spe’ctiv(’ iSOn1(’rs, courtesy

of i)r. W. T. Ccimc’r of Mea(i Johnson;

salbutaiuiol, from Ahlemi amid Hansbury, Ltd.;

pr(ipramlcilol, fromn A.ye’rst Laboratcinie’s;

quimitt’re’micil, fronu Charles Pfize’r & Corn-
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pany ; nietaprotero’nol, from Geigy Phariuua -

ceuticals ; (1- and l-alprenolol and H64/52,
from A. B. Hassle ; f3-deoxyisoproteremiol,
from Sterling-Winthrop Research Institute;

butoxanuine, from Burroughs Wellcome ; and

practolol, from Ayerst Laboratories. All

drugs were racenuic mixtures unless otherwise

specified. Compounds were shown to l)e

homogeneous by thin-layer chromatography

(14) on silica gel and cellulose (Eastmami),

using water-saturated 1-butanol and 1-

butanol acetic acid w-ater (66 : 17 : 17) as

developing solvents.

RESULTS

A ctivation of adeny!ate cyc!ase . Activation

of adenylate cyclase by a catecholarnine

( isoproterenol) , a sulfonanilide (soterenol),

and the �3-deox�’ cong(’ner of soterenol is

showni in Fig. 1 . Intrinsic activities and
EC50 values for the other agomuists were
determined by similar experinuemits. Data
for compounds possessing various substit -

uents (iii the $-ca.rbon arc’ presented in

Table 1. Two compounds lackimig hydroxyl
groups on the �3-carhon, hut containing
N-isopropyl substituents, have a limited

ability to stimulate adenylate cyclase’ ac-
tivity. �-Deoxyisoproterenol has 25 % of the’

intrinsic activity hut only 1 % of the appar-

ent affinity of !-isoproterenol. fi-Deoxyso-
terenol has 60% of th(’ intrinsic activity and

4 % of the apparc’mit affinity of l-soterenol.

The (1 isomer of sote’re’nol has a lower activ-

ity and a highe’r EC50 than the’ 1 isomer.

Dopamuuine, hacking both a f3-huydroxvl amid

an N-isopropyl group, and phenisonone, a

f3-ketone, are niot agonists at comicentrations

up to 1 mM.

Effect of various substituents on p/ienyl

ring. Compoumids �ossessiIig a single ring

hydroxyl mu positiomi 4 (nylidrimu and isoxsu-

primue) or in position 3 (S-40045-9) do miot

stinuulate’ adenvlate cvclase activity (Table

2). Comuipounds containiing only a metluanue-

sulfomiamide at position 3 or 4 (amidephirimue

and sotalol) are also inactive.

Phenvlc’thanolamiuimue’ derivativc’s i)oss(’ss-

ing a nuethanesulfonamide or a hiv(lre)Xv-

methyl group mi positioni 3 a’ud a huydroxyl

in positiomi 4 (sotere’nol anti salbutamoh)

are potent agonists. When the positiomis of

7

io� io � io�

DRUG CONCENTRATION (M)

FIG. 1. Actiratioo of adeitylate cyclase by beta

adremmergic agomiists

Assays were performed as described in MA-

TERIALS AND METHODS. �, i-Isoproterenol; �, i-so-

terenol; A, d-deoxysoteremuol.

t hi(’ fl1(’t hiaiie’sulfonamide’ and hivdrc�xyl
groups are revc’rsed (I\IJ-6957, ami isoniuer of

soterenuol), th� resultimug congemn’r is imiac-

tive. Both soto’renol amid salbutamol, with

large’r substituents imi position 3, have lower

intrimusic activities thian isoproterenol, but

the’ EC50 of soterenol is slightly higher thani

that of isoproteremuol. Mc’thuylation of the

sulfomianiide nitrogen of sot e’renol (MJ-9643)

abolishes agonist activity. M etaprot eremiol,

ami isomiser of isoproterenol comitaining hy-

droxyls imi positions �3 and 5, is also a weak

agomiist with a very high EC�.

Effect oj tariat ions in ring struct u me. Imi

addit ion to (lie sinuple phenylethylaniines,

three other compoumids listed iii Table 2

possess agomiist activity. Quinterenol, a

5-substituted S-huydroxyquimiohine, exhibits a

weaker EC50 and intrinsic activity than

isoprotere’ncl)l. The �thenoxyjropylamuiimie \ IJ-
9910, a cate’chuol congener of propramiolol,

is ami even weake’r agonist. Tnimethioquinol,

a tetrahydroisoquinohine, is also a weak

agomiist �lmi(l huas a low EC50.

liii, ibit ion of isoprotere mmol-induced shut cmla-
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TABLE 1

Activation of adenylate cyclase by compoummds with differemit substitutions at the ,�-carbon

Assays were perfor med as described in MATERIALS AND METHODS.

Compound / \
/ � (‘--CH, NH

�

EC50 Intrin-
sic

activity

4- :�- H-

4 3 R �r

l-Isoproterenol

i3-J3eoxyisoproterenol
Soterenol

$-Deoxysoterenol

d-Soterenol
Dopamine

Phenisonone

-OH -OH -OH, -H -CH(CH3)2
-OH -OH -H, -H -CH(CHm)2

-OH -NHSO2CH3 -OH, -H -CH(C112)2

-OH -NHSO2CH3 -H, -H -CH(CH3)2

-OH -NHSO2CH3 -OH(d), -H -CH(CH3)2

-OH -OH -H, -H -H

-OH -OH =0 -CH(CH3)2

3.7
260

1.6

71

20

1
0.25

0.49

0.31

0.16
0

0

TABLE 2

Effect of ring substituents on activation of adenylate cyclase

Compound
/ \ C’H(OH)CH2---NH

�

EC�0 Intrin-

SiC
activity

4- 3- II

4 3 R

l-Isoproterenol -OH -OH -CH(CH3)2 3.7 1.0

Nylidrin -Oil -H -CH(CH3)CH2CH2� 0

Isoxsuprine -OH -H -CH(CH3)CH2O� 0

S40045-9 -H -OH -CH(C113)2 0

Sotalol -NHSO,CH3 -H -CH(CH3)2 0

Anuidephrine -H -NHSO2CH3 -C113 0

l-Soterenol -OH -NHSO2CH3 -CH(CH3)2 1.6 0.49

Salbutamol -OH -CH2OH -C(CH,)3 10 0.81

MJ-6987 -NHSO2CH3 -OH -CH(CH,)2 0

MJ-9643 -OH -N(CH3)SO2CH3 -CH(CH3)2 0

Dichioroisoproterenol -Cl -Cl -CH(CH,)2 0

Metaproterenol -H 3-011,5-OH -CH(CH3)2 150 0.25

Quinterenol#{176} 16 0.37

MJ�9910b 0.54 0.13
Trimethoquinol” 0.33 0.17

a HO-08- �HCHZNHCH(CH2)2

b HO_0CHaz1Ch1(0�13)2

C �



The reaction was carried out in the presence of 5OMM isoproterenol. Relative inhibition was calculated

as described in MATERIALS AND METHODS.

Compound / \
[___���_CH(OH)CH_Ij�H

Relative
inhibition

Dichioroisopro- -CI -Cl -II -CH(CH3)2 1

terenol
Sotalol -NHSO2CH3 -H -H -CH(CH3)2 1

a-Methylsotalol -NHSO2CH3 -H -CH, -CH(CH3)2 1

Metalol -NHSO2CH3 -H -CH3 -CH3 0.35

threo-Metalol -NHSO2CH, -H -CH3 -CH3 0.011

Amnidephrine -H -NHSO2CH, -H -CH3 0.058
MJ-9643 -OH -N (CH3)SO2CH3 -H -CH(CH3)2 0.92

MJ-6987 -NHSO2CH, -OH -H -CH(CH3), 0.02

l-Sotalol -NHSO2CH3 -H -H -CH(CH,)2 2.6

d-Sotalol -NHSO2CH3 -H -H -CH(CH3)2 0.056

S-40045’ -H -OH -H -CH(CH4)2 0.27

Nylidrin -OH -H -H -CH(CH3)CH,CH2� 2.7

l-Alprenolol� 745

d-Alprenolol#{176}
Trimethoquinol”� 20

Propranololc 36

H64/52d 0.75

Butoxamine 1

Practololt 0.1

9HCH2NHCH(CH3)2

CH2CH=CH2

b

OCH3

C ���-OCH2 CHCH2NHCH(CH3)2

d H2C=CHCH2-��--OCH2�H-CH2NHCHCH32

H3CO

e t���m�CHCH-NHC(CH3)3

OHCH3
3

C Inhibition of isoproterenol-stimulated cyclic AMP formation by trimethoquinol never exceeded

80%, owing to the intrinsic activity of this drug.
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TABLE 3

Inhibition of activation of adenylate cyclase by isoproterenol

tion of adeny!ate cyclase. The capacity of

certain adrenergic compounds to) inhibit the

stinuulation of adenylate cyclase by 1-

isoproterenol (50 MM) is shown in Table 3.

Inhibition is expressed relative to that of

racemic sotalol. At a concentration of 0.1
m�r, d!-sotalol, d!-a-methylsotalol, and dl-

dichloroisoproterenol block the response to

0

f H3C-C-NH--��-0CH2 c�H.-CH2NHCH(CH3)2

OH

!-isoproterenol by 50 %. a-Methylsotalol, an

erythro diastereomer, has the same inhibitory
effect as sotalol. The threo dia.stereonier of

nietalcjl, however, is a weaker inhibitor than

nietalol itself.

The 4-substituted methanesulfonamide,

metalol, is a more potent inhibitor than the

3-substituted methanesulfonamide, amide-
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C. Grunfeld, unpublished observations.

phnine . TIm reverse’ is true for the comupounds

with two ring substitutions. MJ-9643, an
N-methyl-substituted congener of soterenol,

is a potent inhibitor, whereas MJ-96S7,

with a methanesulfonamide in position 4
amid a hydroxyl in position 3, is one of the

weakest inhibitors. Xylidrin, a compound

with a single ring hydroxyl in position 4,

is a potent inhibitor. In general, the d

isonuers tested are sul)stantially less in-

hibitory than the comparable 1 isomers.

rrrimethoquinol amid propranolol are also

potent inhibitors. Alprenolol, the most

pe)temut inhibitor, is 1000 times strongem than

its congener, H64/52. Butoxanuine is more

pote’nt than practolol.

DISCUSSION

�5tructure-activity relationships. Substitu-

tiomus at the ethylarnirue moiety of pheiiyl-

ethylamines appear to be important hut not

essential for stimulation of enzymatic

activity. Bulky substitutiomis on the aniimie

enhance the activity of these drugs on

ade’nylate’ eyclase, as they do in intact

organisms or whole orgami preparations
(15, 16). Primitary amines also stinuulate

emizymne activity (10). Dopamimue amid other
�-deoxy compounds without large �V-alkyl

substituents were shown iii our previous

paper to be inactive in thus preparation

(10). From the’ present study it appears that

compounds which eithue’rlack a f3-hydroxyl or

possess the d configuration at the �-carboiu
but have isopropylamine substitutionis can

act as agonists. However, their EC50 values
art’ higher and imutrimisic activities lowc’r than

those’ of the 1 anialogues. This is in contrast

to the mixed alp/ma amid beta receptor linked

to rat erythrocyte adenylate cyclase (17),

which is stimulated by dopamine and shows
the same imitrinsic activity for isoproterenol

arid $-deoxyisoproterenol (is). Ademuylate

cyclase of the frog erythrocyte, unlike that

of the rat erythrocyte (17), shows no inhibi-
tion of cateche�Aamimie stimulation by the

alp/ca adrenergic antagonists dibenzyline

(8) amid phentolamine.3

Trimethoquinol, a t et rahydroisoquinolirie

with pharmacological activity as a broncho-

dilator, has been viewed as a j3-deox’v ana-

logue of the catecholamines (19, 20). Unlike

�3-deoxyisoproterenol and �3-deoxysoterenol,

trinuethoquinol has a high potency in terms

of its EC50, despite low inutrinsic activity.

The potent blockade by trimethoquimiol of
enzymatic stimulation by isoproterenol

shows that the EC50 is a good indicator of

affinity. Studies performed on organ prepa-

rations have shown that a bulky substituent

at position 1 enhances the agonist activity

of tetrahydroisoquinohine (19, 20) . This

substitution may be comparable to N�

substitution of catecholamines, in which

case the ethylamine moiety of trimetho-

quinol is part of a rigid ring system that may
contribute to its low intrinsic activity.

The most critical structural requirements

for stimulatiomu app(’ar to involve the sub-

stitutions O)Ii the phemuyl ring. Nylidrin,
isoxsuprine, and 5-40045-9, conupounds that

possess sinugle ring hydroxyls, are often

classified as beta sympathomimetic agents

(16, 21-23) ; however, they do not stimulate

this adenylate cyclase preparation. These

compounds probably bind to the adremiergic

receptor in frog erythrocyte membranes,

since they are potent inhibitors of cate-

cholarnine-stimulated adenvlate cvclase (t his

paper and ref. 10). Our studies suggest that

agonists require more than omie functional

group on the phenyl rimig amid that the nature
of those’ two groups is also critical.

The bulky mnethanesulfonanuide group

cammot be substituted for the hydroxyl group

in position 4 without destroying the ability

of the compound to stimulate adenylate

cvclase. Similar conclusiomis have been

derived fronu studies of adrenergic agents in

intact organ preparations (24, 25, 26). A

hydroxyl group at position 4 is not an

absolute’ requirement for activity; meta-

proterenol possesses two m-hydroxyls amid

is a weak agonist.

Although a functional group in position 3

is required for agonist activity, the data do

not allow a precise definition of its chc’mical

role imi stimulating adenylate cyclase activ-

ity. Substitution of a hydroxyl (cate’chol-

arnines), a hydroxyniethyl (salbutamol), or

a rnethanesulfonamide (soterenol) in posi-

tion 3 suffices for agonist activity. Each of
these’ three functioiial groups is a pote’ntial

protomi domuor. The inactivity (if MJ-9643
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(in which the amide is substituted by a

methyl group) in the enzyme assay amid the

inactivity of 3-methoxy metabolites of

catecholamines in vivo (27) are consistent
with a role for the 3-substituent as a hydro-

gen donor. The function of quinterenol, as

an agonist, is difficult to define because of

the unusual nature of the quinoline ring

system and its severely restricted rotation

about the ethylamine moiety.

Structure-activity data for imihibition of

isoproterenol-induced activation of adenyl-

ate cyclase suggest the following relation-

ships. Whereas an a-methyl substitution in

the eryt/iro configuration does not reduce

potency of an inhibitor, an a-methyl sub-

stitution resulting in a threo configuration

drastically reduces potency. Sulfonanilides

with a single ring substituent are more

potent when the methanesulfonanuide is in

position 4 (metalol compared to amide-

phrine) . Finally, the d isomers of inhibitors

are weaker than the 1 isomers.

Comparison of axlenylate cyclase data with

adrenergic response. Correlation between

potency of drugs in this system and the

adrenergic response in whole aniiuials and
tissue preparations is not simple, since the

amount of cyclic AMP fornued in a tissue

following stimulation of adenylate cyclase
may have a variable relationship to the level
necessary to initiate and nuaintaimi a beta

adrenergic response (28). Drugs that stimu-
late adenylate cyclase display different

apparent affinities and intrimisic activities.

While both parameters must be used to

characterize the response of adenylate

cyclase, the apparent affinity of drugs for

the enzyme niay be more relevant to (hue

physiological adrenergic response. Thus the

ability of drugs like soterenol, quinteremiol,

and trimethoquinol to stimulate maximally

a beta adrenergic respomise in whole tissue

studies (19, 20, 26, 29) is miot imiconsistent
with their having low-er intrinsic activities

than isoproterenol. The level of cyclic AMP
required for a maxinual physiological re-

sponse and the concentration of a drug

needed to achieve that level miiust be deter-
mined for each tissue.

Evidence has previously been presented
that frog erythrocyte adenylate cyclase has

charact’ristics of a beta adrene’rgic receptor

(8, 9). Recently several authors have re-

ported that the adenylate cyclase prepara-
tions from heart and lung show hormone

responsiveness compatible with beta- 1 and

beta-2 adrenergic receptors, respectively

(30-32). Frog erythrocyte adenylate cyclase

appears to possess the structure-activity

relationships similar to the beta-2 receptor

responsible for bronchodilatiomu amid vaso-
depression (1-3, 30, 32) , because a-niethyl

substitutions do not decrease activity in

agonists, such as cobefrine (a-nuethvlnor-

epinephrine) (10), or in antagonists, such
as a-methylsotalol ; epinephrine is a more

potent activator than is norepinephunine

(8, 10) ; three predominantly bronchodilating

drugs, salbutamol (24), quinteremiol (29),

and trinuethoquinol (19, 20), stimuiulate

enzynuatic activity ; amid the beta-2 selective
antagomiists butoxamimie (32, :3:3) amid al-
prenolol (34) are more potemit than the

beta-i antagonists practolol (30, :3:3) and

H64/52 (34).

In Table 4 the apparent affinities of

many of the adrenergic drugs we have

tested are compared w-ith their pharnuaco-

logical effects in tissue preparations. There

is e’xcellent correlation, with two exceptions.

(a) Dopamine, which is ineffective’ in this

adenylate cyclase preparation , is active
in vito, although more often in tissue’s con-

taming beta-i (35) rather than beta-2 (36)

adrenergic receptors. Sheppard amid Burg-
hardt (17, 18) have shown dopamuuine to

stimulate the mixed alpha and beta rece’ptor

of rat erythirocyte adenylate cyclase. The
degree of direct adremie’rgic response to

dopamine, however, has been quest iomied

(5, 6, 35). (b) Nylidrin and isoxsuprine,

which also do not stimulate this adenylate

cyclase, are traditionally classified as beta

adrenergic agents (21, 22). Beta blockers,
however, cannot inhibit the vasodilation

induced by these drugs (37) or the uterine
relaxation observed in vitro (38). Uterine

relaxation in vivo (39) and the weaker
cardiac stinuulamut and bromichodilationi effects

of isoxsuprine (40, 41) are partially susce’pti-

ble to beta blockade. Simuce isoxsupnine can

imuduce relaxatiomi of smooth muscle which
is not relaxed by other beta stimulants and
has the ability to inhibit alpha adre’miergically

induced snioothi muscle comitractions, its



TABLE 4

(‘ommmpari.soim of activity of adrenergic agents as shown with ademmylate cyciase a mid beta adrenergic tissue
preparations

The synibtils +++, ++, +, and ± are used to denote decreasing affinity. Agonists are expressed
relative to isoproterenol, and antagonists, relative to propranolol. 0 refers to drugs that were tested
but found to be inactive. Wherever possible, tissue preparations cited were bela-2 receptors. Results

from adenylate cyclase are taken from this paper and the preceding one (10).

Compound

+++

Agonism Blockade References for tissue
-- -. --��- -------------- -�-- -----��- �--- preparations

Adenylate Tissue Adeny!ate Tissue
cyc!ase preparations cyclase preparations

+++
++ ++
++ +

0 +,0

0

+
+
0 +,0 ++

0 +,0 +

0 + +
+++

0

0

++
+++

+
++

+++
0

0

0

0

0

0

+++
±

++

++
+++ +++

+
++
++

++
++

±

± ±

++
+++

++ 47, 48

0

0

±

++
+++

48

49, 50

34
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Is( proterenol

l�pinephrine

Norepinephrine

I )opamine
Pheri isoflotie

/1- l)eoxyisoproteren ol

�3-I)eoxysoterenol

Nylidrin

Isoxstmprine

5-40045-9

Soterenol

MJ-6987

MJ-9643
Salbutamol

Triinet hoq iii no!
Metaproterenol

Quin terenol

MJ-991()
Sot alol

a-Methylsotalol

Met alol
threo-Metalol

Amnidephrine

i)ic luloroisoprot erenol

Alprcmiolol 0

Propran olol
H64 /52

Butoxainine 0

Pra(tolol 0

effe’cts are probably mediated by several
nuechanisms (39). Thus specific functional
groups are’ required in positions 3 and 4 on
the ring; a �3-hydroxyl and one ring hydroxyl
are not sufficient, as has been previously

proposed (4, 52).

Re-examination of hypotheses concerning

chemical nature of adrenergic receptor. Prepa-
rations of adenylate cyclase linked to beta

adrenergic receptors would appear to he a
more direct way of determining the func-
tional requirememuts for adrenergic stimula-

tion than studies usimug intact tissue or whole
animals. Since the latter studies were used

15, 16
15, 16

15, 16

5, 35, 36

23

16, 21, 22, 37
21, 22, 37-41

23
26, 42-44

± 26

24, 25, 43-45

19, 20

43-45

29

46

++ 47,48

+ + 47,48

+++ +++ 51

+ + 34
++ ++ 33

+ 33

to fornuulate various hypotheses concerning

the chemical nature of the beta adrenergic
receptor (4, 53-55), it may be valuable to
re-examine the proposals in light of our

present data.

Many authors have assumed that the

function of the catechol group is to chelate a
metal ion, such as Mg24 (53-55) or Fe24

(56, 57). However, we have showmu that

metaproterenol, which cannot chelate a
metal, is a weak activator, while MJ-6987,

which has the same chelating potential as

sotercniol, is inactive.
Larsen (4) has proposed a chemical



EFFECTS OF ADRENERGIC COMPOUNDS ON ADENYLATE CYCLASE 613

The authors thank Dr. W. T. Corner of Mead

Johnson for generously supplying many of the

mechanism based on the “common reactiv-

ity” of adrenergic agonists. Our results

indicate that two compounds that cannot

undergo the proposed quinone-methide

transition (metaproterenol and MJ-99i0)

are active. Aryloxypropanolamines (includ-

ing MJ-99i0) have been previously cited as

exceptions to the quinone-methide hypothe-

sis (55). We have also shown different
requirements for ring substitutions than

those assumed by Larsen, in that phenyl-

ethanolamines with a single hydroxyl on the
ring are not agonists.

A similar lack of specificity for the ring

substituents was assumed by those pro-
posing a direct catalytic role for catechol-

amines in the formation of cyclic AMP.

Experiments from this laboratory (8, 9)

and others (58-62) indicate that the cate-
cholamine receptor is probably distinct

from the active site of adenylate cyclase.

CONCLUSIONS

We draw the following conclusioiis from

our studies. Agonism requires two func-
tional groups on the ring. Most adrenergic

compounds have substituents meta and

para to the ethylamine; a compound with

two meta groups is a weak agonist. Certain

functional groups (hydroxymethyl and

methanesulfonamide) may be substituted
in position 3, but not in position 4, without

loss of activity. A hydroxyl group with the
1 configuration at the �3-carbon and a bulky
amine substituent are important but not
essential for agonism and antagonisnu.

a-Methyl substituents, in the erythro con-

figuration at the a- and fl-carbomis, do not
decrease the potency of either agonists or
antagonists. The effect of a bulky rimug

substituent on the potency of antagonists is

dependent upon its position amid the nature
of adjacent functional groups. Each of the

modifications of the basic catecholamine

structure tested produced differences mu
both components of agomiism: intrinsic

activity and EC50. Results with trimetho-

quinol suggest that the value for EC�0
correlates with affinity.

ACKNOWLEDGMENTS

compounds used in this study and for several help-

ful discussions. We are grateful to Drs. C’. F.
Brewer and M. H. Makman for critically reviewi rig

this manuscript.

ADDENDUM

Since this manuscript was completed,

Gardner et at. (63) have presented evidence
that catecholamine-stimulated cyclic AMP

formation increased sodium fluxes in turkey

erythrocytes, which, like those from frogs,

are nucleated. The relationship of this

finding to the physiological response in the

frog erythrocyte remains to be explored.
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