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SUMMARY

The structure-nuctivity relatiommships were determined for adrenergic compounds which
eitimer activated or blocked time activatiot-i of a partially purified adenyl cyclase isolated from

frog erythrocytes. The results suggested that the preset-ice of a f3-hydroxyl group was essct-i-

tial for activity nut-md that the potemicy of agonists as well as antagot-iists increased with the
size of the substituet-mt group of the amino mmitroget-m. In addition to the requirements for re-

ceptor afflumity, compout-ids with it-itnimusic activity (agonists) had to have either OH or
CH2OH substituemits it-i both the in- at-id p-positions of the benzene ring. Sit-ice these struc-
tural requiremet-its agreed well with those reported for intact tissue preparations, utihiza-
tint-i of this relatively sinuple, cell-free preparation of ademiyl cyclase may be a useful method
for studyiumg conmpnunds w-ith beta-adrenengic activity at-id for further definiuig the chenuical
nature of a beta-adnemiengic receptor.

t-NTRODUCTION

Cyclic 3’ ,3’-AMP is at-i intrnucellular
mediator of the actions of a variety of

hormones, including the catecholamines
(1). It has beet-i demonstrated that cate-

cholamimmes, particularly those with beta-
adrenergic activity, increase the imitra-

cellular content of cAMPt- prior to evoking
physiological responses it-i target tissues.
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The abhreviatiomi used is: cAMP, adenosine

cyclic 3’,5’-phosphate.

This is due to the ability of bela-adrenergic
amines to stimulate adenyl cyclase activity

(ATP -+ cAMP + PP1) (2). Provision of
exogenous cAMP or its acyl derivative,
N6 ,02’-dibutyryl-cAMP, it-iduces maumy of

the same physiological respommses in semmsitive

tissues as the addition of catecholamines.

It has been suggested, therefore, that the

beta-receptor site may be a regulatory
subunit of the adenyl cyclase molecule,
the beta-adrenergic anmines fumictioning as

allosteric modifiers of adet-myl cyclase ac-
tivity (3).

One of the difficulties encountered in
studying the structural requiremet-its for

beta-adrenergic activity has been the com-

plexity of the physiological preparatiot-m

used to measure the biological activity of

catecholamines. Thus, it-i some tissues,

both beta- and alpha-adnemiengic receptor
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sites appear to be preset-it. The nucleated

frog erythrocyte cot-itains an adenyl cyclase
which can be activated by beta-adrenergic
amines (4) . Sensitivity to such stimulatiomi
was maintained it-i cell-free particulate
fractiomis derived from the erythrocvte
cell membrane (5) . Activation occurred
rapidly (maximal activation could be de-
tected less than 2 mm after addition of

catecholamine) , and was easily measured
and specific. With the exception of fluoride,

no other activators of this adenyl cyclase

have been described. Glucagon, 3 , 3’ , 5-

triiodothyronine, thyroxine, insulin , vaso-
pressium, adrenocorticotropin, at-id serotommimi
were without effect. Since activation of

adenyl cyclase appears to be the earliest
measurable biochemical effect of beta-

adret-iergic compounds, a study of the

structure-activity reiatiot-iships of some of
these compout-uds was undertaken using nut-i

ademmyl cyclase preparations from the frog
erythrocyte. The at-malysis has provided
some general information about the stnuc-

tural requirements for beta-adreriergic ac-

tivators (agot-mists) at-id blockers (antag-

ot-mists) , utilizing stimulation of a relatively

simple, cell-free preparation of ademiyl

cyclase nus the index of catecholamit-me nuc-

tivity. F’or the most part, the results cot-i-
form to the structure-activity relatiomiships
established for beta-adrenergic compout-ids

in a variety of immtact tissues, suggestimig

that the emmzyme preparation used in this
study may it-ideed have get-meral appli-

cability as nu rapid, direct assay of beta-

adret-mergic activity.

MATERIALS AND METHODS

Ademmyl cyclase was prepared from time
erythnocytes of Rana pipiens by a pre-
viously published procedure which included

hypotot-mic lysis in the presence of DNase
at-id CM-Sephadex chromatography (5).
Enzyme preparations were stored in liquid

Nt- and thaw-ed immediately prior to use.
The ademmyl cyclase used in these studies
catalyzed the formation of 20 m�moles of

cAMP per mit-mute per milligram of proteimm.
The preparatiot-i commtained ATPase activity
(SO mjsmoles of P� released from ATP Ier
minute ier nuillignani of proteit-i) but did t-iot
exhibit any cyclic 3’ , 5’-t-iucleotide phospho-

diesterase activity . There was some van-
ability in the sensitivity of different enzyme
prepanatioums to activation by hormones.
The order of potency for activators at-id

blockers was constat-it, however, at-id each
of the studies described was performed at
one time with a single cmizyme preparation.
The accuracy nit-id validity of the assay
have been described it-i detail (4, 5). The
reactiot-i was carried out in a volume of

0.2 ml contait-mimig 0.05 M Tris-HCI buffer
(pH 8.1), 0.003 M MgSO4, 0.02 M dithio-
threitol, and 0.001 M t-4C-ATP (900-1100

cpm/mj�mole) . Imicubation was conducted at
37#{176}for 20 mm and, ut-iless otherwise it-mdi-

cated, adrenergic compounds were preset-it

at a fit-ia! commcemitration of 5 X 10’ M.

The rcactiot-m was initiated by the addition
of 10 ;�g of emizyme protein and terminated

by boiling for 3 mit-i. Each tube thet-i re-
ceived 50 �l of at-m S � solutiot-m of ZmiSO4,

followed by 50 �.zl of a 7.2 % suspemmsiot-i of
Ba(OH)t-. The ne.sultat-it precipitate aa-as

removed by cct-itrifugatiomm. Aliquots of the

supemnatant solutiot-m were then co-chroma-

tographed on paper with carrier cAMP
in a solvent system which cot-msistcd of 1 M

ammot-uium acetate-ethanol, 30 : 70. After

developmemut, spots cot-itait-ming cAMP were

cut out amid their radioactivity was measured
it-u t-u liquid scimitiilatiot-i couumten after im-
mersiomi in a solution cot-itait-iimig 4 g of

Omt-iifluor [98 % 2 , 5-diphenyloxazole nut-id

2 � p-bis(O-methylstyryl)bet-izemie] per liter
of tolumeime. Protcit-is were dctermit-med by

the nmethod of Lowry et at. (6). m4C-ATP
aimd Omnifluor were purchnuscd from New

Et-iglamid Nuclenur Corporation. All other

chemicals were of the imighest grade corn-
mercinullv available.

The nudrenergic compounds used were
d/-racemic mixtures ut-ilcss otherwise speci-
fied. The compounds 5 3S537-9, S 35179-2,

5 40032-7, 5 40045-9 (see Tables 2 nut-id 3),
and dichlonoisoproteret-mol were purchased
from Aldrich Chemical Company; dopa-

mit-ic, l-ephednine, l-epit-mephrme, methoxy-

phemmylethylamimme, octopamine, �-phenyl-
ethylanuimie, oxednine (syncphnine), tyra-
mit-me, nut-id methoxvtyranmit-ic were obtained
fnonm Sigma Chemical Compammy. The
following compounds were obtait-icd as
gifts: AH 3365 and AH 3923 (see Table 1),
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Allemi and Hnunbury, Ltd. ; propranolol,
Ayerst Laboratories ; nuethoxyphenamine,

Upjohn Compat-my; napiuazolimue, xylometa-
zoline, and pimemutolamine, Ciba Pharma-
ceutical Conmpammy ; protokylol, Lakeside
Laboratories ; cyclopentamimme , Lilly Re-
search Laboratories ; isoxsupnine and sotalol,

Mead Joht-isot-m; nuetnuranmit-mol, \Icnck, Sharp

& IDolunme; anmphetnuniimme, Penwnult Corpora-
tion; tetrahydrozolimie, Chits. Pfizer &
Company ; hydroxynumphietamimme, Snuith
Klit-ie & i”nemiciu; bupimenit-me (t-ivlidnin),

US Vitanuin at-id Pharnuaccutical Corpora-
tint-i; mepimentermit-ic, Wyeth Laboratories;
1- and (ll-isoproterenni, l-nonepinepiunimie,

pluemmylt’ph nt-ic, etimylt-morepimiepiunine, at-ic! en -

befri mm (t-mordefrimi), Stenlit-ig-\Vit-ithrop Be-

search lt-mstitute.

RESULTS

Those nudret- uergic cot-impounds wimicim were

able to activate the nudenvl cvclnuse isolated

fronm frog erythmrocytes are listed it-i Table
1. It cat-i be sect-i that they null possessed

OH or (1H2OH grout-ps in botlu time in- and
p-positiot-is of the bet-izet-me ring, nut-i OH

subst ituct- it ot-i the �-canbomi, nut-id a prinmany�

n, secondary aniimie. The a-carbnmi could

have a methyl substituent, sit-ice cobefnin
w�as nis effective nus norepit-iepimrine it-i ac-

tivatimmg niclet-mylcyclnuse. It-u general, the

potency of at-i activator, nus judged by the
concentration required for half-maximal
stimulatiomi by that drug, was correlated

with the size of the substituent on the
amino nitrogemi (Fig. 1) . Thus prntokylol
and isoproteremmol were nmone potent than

ethylnorepinephnimie mind epinephrine , and
the latter two compoummds were, it-i turmm, more

effective that-i t-iore�)it-uephmnimie . This was
also true whet-i the substituent on the

ni-position of the pheimyl group was CHt-OH
instead of OH, sit-ice AH 3923 was more

potent that-i All 3365 even though the
nuaximal activation achieved was greater

with the latter. In sonic enzyme prep-

anatiot-is, the nmaximal activation attained
w-ithi protokylol was greater that-i that
attained with isopnotenet-mol (Fig. 1), whereas

in other preparations the nmaxinmal activa-

tion was similar for both drugs (see Table

4). Most of the compout-ids studied a�-ere

available ot-ily as racemic nmixtures. It is

probable, however, that time principal

active cot-mmpommemmt was the i-isomer.

i-Isopnotcret-moi was appnoxinmately twice as

effective as at-i equinuoinmn cnmmcentration of
its racenuic mumixture (Fig. 2). The maximal
nuctivity it-iduced by time (ii nmixture was

ectuivalemmt to that induced by tIme 1-isomer.

In time expermuet-it depicted in Fig. 2, the
cnmmccntnnutioiis of 1- at-mcI (li-isOprnteret-iOl

TABLE 1

Structures of compounds that activated adenyl cyclase

Structure

Norepineplirine 3-011, 4-OH
Cobefrimi 3-011, 4-011

Lpit-mephriiie 3-OIl, 4-()II

Em hylnorepinephrine 3-011, 4-011

Isopromerenol 3-011, 4-011

Protokylol 3-011, 4-011
Al-I 3365 3-Cfl2011, 4-OH

All 3923 3-C112011, 4-OH

- CH-CH3
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FIG. 1. Activation of adenyt cyclase

Assays were perfornied as described under MATERIALS AND METHODS. There was no mneasurnuble activ-
ity in the absence of added activator. X, protokylol; �, ethylmiorepinephrine (ethyl norepi); 0, epi-

nephrine (epi); �, l-isoproteremmol (l-isu); #{149},miorepinephnine (norepi); #{149},dl-isoproterenol (dl-isu);

C), AH 3365; 0, AH 3923.
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FIG. 2. Activation of adenyl cyclase by dl-, 1-,

and dl- + 1-isoproterenol (iso)

Assays were performed as described imi MATE-

RIALS AND METHODS. Ins the case of the mixture of

dl- amid l-isoproteremiol, the imidicated cot-icemitra-

tions of each form were added together, yieldimig
a final comicentratiomi of isoproterenol twice that

used it-i the separate dl- and l-isoproteremiol ex-
periments.

required for t-mmnuximal activation were nip-
proximately 1 at-id 2 X io� i’�i, respectively

(not shown). There was no evidence that

the d-isomer blocked the activity induced

by the i-isomer. The stimulation induced by
mixtures of the 1 and dl fornms of isopro-

terenol was equal to that which could be
calculated by adding the activities induced

by the l at-id di forms alone. The addition of
aipha-adrenergic blockers such as phentol-
amiiie at-id phenoxybenzamine did not
influence the effectiveness of the adrenengic

nuctivators even tiunughi sonme of timese ac-
tivatnrs, like cpine�)imrit-me, arc kt-iowt-i to

l)055e55 alp/ia-adrcimengic nuctivity in other
tissues. Thus the additiomi of 10t- �u phentol-
niniit-ie did mint imihibit the nictivnutint-i it-iduced
by 5 X 1O-t--5 X 1O-� M epit-iel)hnine.

Table 2 lists the compoumids that were

without effect nt-i ademmyl cycinise nuctivity

whet-i added it-i cot-icemitratiot-ms of 106_

1O-� u. The preset-ice of a f3-hyclroxyl group
appeared necessary for a cot-mmpouit-md either

to activate (Table 1) or to block activation
(Table 3). It could riot be replaced by a
hydrogen atonu, as in cinpaimmine, or by a

carbnt-myl group, as in S 35179-2 (Table 2).

It is possible, however, that cnmi)ounds
lnuckimmg only a f3-imydroxyl group might hnmve
exhibited activity had they been tested in

cnncentnatiomis grenutly cxceedimug 1O� r�i.

Time inhibitors on blockers of adnenergic
stinmulation had either in- or p-hydroxvl
substituet-mts nt-u the phelmyl group on in-

at-id/or p-substitucnts other that-i hydroxyl

groups (Table 3). The phet-myl group could
be unsubstitutcd, as in ephednimme. Like the

activators, blockers could have a methyl

substituent nt-i the a-carbnt-i. The potency

of blockers, like that of activators, was

correlated with the size of the substituent

group on the amino t-mitrogen. This was

denmonstrated by testing the ability of these

inhibitors to block equimolar commcentra-

tions of different activators. The poorest
blockers (group III, Table 3) were those

which contained a primary amine, such as



S 35179-2

Cyclopentamine

Naphazoline

Tetrahydrozoline

Xylometazoline

HOO� - CH2 - NH-CH (CH3)2

HO 0

D-_CH2_CH - NH-CH3
CH3
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N-CH2

�NH �
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TABLE 2

Structures of compounds that showed no effect on adenyl cyclase

Compound

Structure

O
CH CH NH

Phenylethylamine

Tyramine
Hydroxyamphet amine

Methoxyphenamine

Amphetamine
Methoxytyramine

Dopamine
p�Methoxyphenylethylamifle

4-OH
4-OH
2-OCH3

3-OCH3, 4-OH
3-OH, 4-OH
4-OCH3

H H
H H
H CH3
H CH3
H CH3
H H
H H
H H

H
H
H
CH3
H
H
H
H

Mephemitermine NH-CH3
CH3

octopamimme nut-id oxednimie. They were able
to block the activation by norepinephrine
slightly but were it-ieffective against the

more pntet-mt activators such as epineph-
nit-me. Group II blockers were effective

agait-ist the activation induced by nor-

epiimephnimme, but were weak inhibitors of

epit-iephnine activity. They w-ene ineffective

(in equimolan conmcentrnution) against acti-

vators with larger N-substituent groups,

such as isoprotenemiol itt-md prntokyinl (Table

4). Group I compout-mds had large N-sub-

stituct-it groups nit-id were the most potent

blockers (Fig. 3). Like the other blockers,

they w-ere more effective against activators

w-ith smaller N-substituent groups, such as

epinephrine, than against compounds with

larger N-substituent groups, such as All

3923 and protokylol (Table 4).

When the most potent blockers w-ere

tested for their ability to inhibit activation

by isoproterenol, propranolol appeared to
be most potemut, follow-ed by buphet-iine

(nyhidnin) and dichionoisoproterenol or sota-

lol (Fig. 3). Although buphenine had a

larger N-substituent group than dichioro-



-CH-CH3

CH�-CH2-0
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TABLE 3

Structures of compounds that blocked activation of adenyl cyclase

The blockers are grouped according to their potencies (see the text).

Structure

Compound / \

�
�3 aT NH

Group I

Dichioroisoproterenol 3-Cl, 4-Cl 01-I H CII (Cu,)2
Buphenine (nylidrin) 4-OH OH CH, 1

Isoxsuprine 4-011 OH CII, 2

5 40032-7 3-OH OH ii CH2CH,

S 40045-9 3-OH OH H CH(C113),

Propranolol 3

Sotalol 4-NH3SO2NH- OH 11 CH(CH3)2

Group II
Phenylephrine 3-OH OH II CH3

Ephedrine Oil CII, CII,
5 38537-9 4-OH 011 11 Cl!3

Group III
Octopamine 4-OH OH II II

Oxedrine 4-OH OH CII, H

Metaraminol 3-011 OH CII, II

3

0-CH2- CH -CH2- NH

OH CH(CH3)2

isoproterenol or sotalol (both of which cot-i-

tait-i isopropyi substitucnts) , the efficacy
of proprat-inlol could not be explait-ied on
that basis. Increasing the distamice bctweet-i

the aromatic moiety and the rest of the
molecule by inserting carbon at-id oxygen
atoms may be another important factor it-i

determinit-ig potency.
Neither blockers nor activators had amiv

significant influence nt-i adenyl cyciase ac-

tivity measured it-i the preset-ice of 0.01 M

fluoride, and mm activity could be detected

in the abset-ice of either activator or finn-
ride. Blockade could be reversed by the

addition of larger amounts of activator;
for example, the 90 % inhibitiomi of iso-

protenenol activation by 1O� �i prnpnammolol

was completely overcome by immcneasing

the cot-icentration of isoprotcret-mnl fnnnm
10-s M to 1O� M. The compounds listed as
blockers (Table 3) had no intrinsic activity
at the concentrations used (1Ot--1O� �i).

Atrophic amid tnipelcnmmmanmimme were it-meffec-

tive as either blockers or activators.

DISCU5SION

Although the idenul wnuy to characterize

adnemmergic receptors would be to isolate
thenm in biologically imitaet forms, this has
mint vet beet-u accomplished. Efforts to

ut-mderstamid receptor fumictiomi have con-
centrated, therefore, on studies of the
structure-activity relationships of adnenergic

agonists and antagot-mists it-i a variety of

biological systems. Time inmportamicc of these
studies was highligimtccl by the alp/ia- at-ic!

beta-adret-motrnpic receptor concept developed

by Ahlquist in 1948 (7), by the extet-ision of
Ahlciuist’s classificatiomi to n�idrencngic block-

ens (S), at-md, nmnrc recemitly, by proposals

that the beta-receptor site nmay be divisible
it-ito fumictionally distit-mct types (9, 10).
With the discovery of cAMP at-md the

clevelopmet-mt of the ‘ � scent-md nuessenger



TABLE 4

Effect of blockers on activation of adenyl cyclase

Assays were perfort-iied as described it-i MATERIALS AND METHODS. The final concentration of activators

at-id blockers was 5 X 10� iii.

Activator Blocker Activity

/2/LfllOlCS cA lIP
formed �

Epinephrine

Ethylnorepinephri mie

Isoproterenol

AH 3923

Protokylol

18.7

15.9

3.9

3.4

23.5

21.3

6.7

3.8

24.6

23.2

11.3

7.9

11.3

13.1

9.4

5.1
25.2

24.6

21.2

100

85

21

18

100

91
28

16

100

98

46

32

100

116

83

45

100

98

84

11.9 47
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None

5 38537-9

1) ichloroisoprot eremmol

Buphenine

None

S 38537-9

I)ichloroisoprot eret-sol

B uphenine

None

S 38537-9

I) ichl oroisoproterenol

Buphenine

None

S 38537-9

I)ichloroisoproterenol

B uphenine

None

S 38537-9

Dichloroisoproteremiol

Buphenine

it-

>.
I-

>

I-
U
4

w
U)
4
-J
(5

(5

-J
5.

z
0

4

FIG. 3. Inhibition of isoproterenol-induced ac-

livation of adcnyl cyclase

Assays were perfort-iied as described imi MATE-

RIALS AND METHODS it-I the preseisce of 5 X 10� M

l-isoproteremiol. One humidred per cemit activity is

equivalent to the fonmnatiot-i of 26 �ipmmioles of

cAl\1P l)C� niimsute. 1)CI, dichloroisoproteremsol.

hmvpotiuesis” d)f imonnmommc actioim (11), it
bccanme eST1(lct-it that cAMP could serve as
time imitracellulan medinutor of the nmctions of

catecholamit-mes. This was nmost clearly
clefimied for beta-nudret-met-gic effects, nit-id the

suggestion was made that adenyl cyclase

itself might serve nis the beta-adrenergie
receptor (3, 12). The order of potency for a

few conmpnunds with beta-adrenergic ac-

tivity has been shown to be isoprotenenol >

epimiephnit-ie > norcpimuephnine in cell-free

particulate prepnuratiomis of adenyl cyclases

derived fronm tissues set-isitive to beta-

adnet-mergic stinmulatiomi (5, 13, 14). In

additiomu, the activation of nudenyl cyclase

by these conmpout-mds could be blocked by

beta-adnemmergic blockers such as propranolol

nit-mci dichlonoisopnoteremmol.

The physiological role of a catecholamine-

semisitive nudenyl cyclase it-u the nucleated

erythrocytes of birds (14) nit-md frogs is not

known. It has, however, provided a useful

tool for studyit-mg sonme of the properties of



EFFECTS OF ADRENERGt-C COMPOUNI)S ON ADENYL CY(’LASE ACTIVITY 531

enzyme-hornmnt-me it-iteractinns. As part of
these studies, a more detailed at-ialysis of
the structure-activity relatint-iship of
adrenergic conupounds which affect the
adet-iyl cyclase of the frog erythnocyte was

undertaket-m. Although the miunmber of conu-

pounds tested was limited at-mci their optical
forms undefined, certain get-iernulizatinns
emerged which corresponded to those sum-

marized by Ani#{235}mms(15) for a variety of

physiologically it-itact 1)reparatinmis. Ut-icier

the cot-iditions of these experiments, both
beta-adrenergic agonists amid beta-adrcnergic
blockers appeared to require a �-hydrnxy1

group for activity. With the exceptiomi of
propramiolol, potemicy increased nus time sub-
stituct-it Oh the amino miitnogemi it-mcreased in

size. Agnt-iists rectuined OH or CH�OH
substituemmts it-i both the in- nut-id p-positiomis

of the bet-izene nit-mg. It-i order to cot-ivert nun
agonist it-ito a blocker it was necessary to
remove either �t-ie or both of the p- on
rn-OH or -CH2OH substituemits fnnnm time

benzemme nit-mg or to substitute other groups

it-i these positiot-is. Thus, niffit-mity for the

receptor site, as judged by time potency of a
blocker or agonist, depet-ided nt-i time 1m’cset-ice

of nu �-hydroxyl group and imicreaseci with

the size of the substituent nt-i the amit-mo
nitrogeii. Activity as at-i agomuist imecessitnuted
the preset-ice of certnuin substituemits on

the bet-izemme rit-ig in addition to time require-

met-its for receptor affiuuity. It would nuppear

that the frog erythrocyte nuciemiyl cyciase
“recognized” a basic cimenuical structure

which was shnmred by some drugs possessimig

beta- nut-id aipha-adnet-iergic activities as well
as by some predomimmnuntly alp/i a-adremmergic

drugs (e.g., norepinephnit-me, phemiylephrit-ie).
It was unable to “recognize” structurally
dissimilar compounds (e.g., pimet-inxybemmza-
mine, phet-utolanmit-me), despite the nubility

of such compounds to interact with alp/ia-

adrenergic receptors it-i other tissues.

Sit-ice adet-myl cyclase appears to be a

direct target of beta-adret-mergic activity,

a relatively sinmple, cell-free i)t-eparatint-i of

this et-izyme retnuit-mimmg the sanme properties
sect-i it-i intnuct tissues may be useful in

defining time specificity of a beta-adret-iergic

receptor. The it-ufnrnmatiomi derived fronu
structure-activity relatint-iships it-i timis sys-

tem nmay imelp to nefit-ie current comiccpts
of time t-iature of time chenmical imiteractiot-is
between nudnet-mergic anmimies nit-md receptor

t-nolecules (12).
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