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SUMMARY

\%OLFE, BAR1t�- B., ZIRROLLI, JOSEPH A., AND i�s1OLINOFF, PERRY B. : Binding of dl-[3H]

epinephrine to proteins of rat ventricular muscle : iionidentity with beta adrenergic

receptors. Mo!. Pliarniacol. 10, 582-596 (1974).

The binding of dI-[3Hjepinephrine to proteins in a supernatant fraction obtained from rat

ventricular muscle has been studied and compared with the propertie’s which would be cx-

pecteci of beta adrenergic receptors studied in vilro. The binding to heart proteins took place
over a time scale cif hours and was correlated with the time course of destruction of epi-

nephrine as determimied by alumina chromatography. The bindimig of tll-[3H]epimiephrine was

markedly temperature-dependent. The rate of binding was enhaliced if tissues were stored

at - 22#{176},homogenates were stored at 4#{176}or - 22#{176},or homogenates were heated to 95#{176}.Bind-

ing was not reversed by excess propranolol, nonradioactive epihiel)hrine, or strong acid.

Bin(hing activity was distributed uniformly with the distribution of protein on differential

centrifugation, w-hule adenylate cyclase activity was associated with rapidly sedimenting

membrane fragments. The stimulation of adenylate cyclase activity by l-epinephrine was

prevented l)y d/-propranolol but was not affected l)y el-epinephrine or catechol. The binding

reactiomi was blocked, on the other hand, by both the d and 1 stereoisomers of norepinephrine

and epinephrine, by ascorbic acid, and by catechol. It was not affected by propranolol and

was e)mil slightly reduced by non-catechol inhibitors cf catechol O-niethyltransferase. Bind-

ing that appeared to l)e quantitatively similar to that seen with heart supernatant proteins

was ol)served when bovine serum albumin was incubated with [3H]epinephrine. The results

suggest that the’ binding of catecholamines to protciiis is a nonspecific interaction which is

depemident upomi the oxidative destruction of the amines. The binding does not appear to

reflect interaction with beta adrenergic receptors or with any other specifiable constituent

of cardiac tissue.

I NTROI)UCTION

Specific receptors for hormones, neuro-

traiismitters, and drugs exist on the surface

of many types of cells. The interaction of
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these receptors with appropriate agonists

elicits specific cellular responses. In the case

of the cholinergic neurotransniitter acetyl-

choline the interaction leads to changes in

the membrane conductance to one or more

ions. In the case of beta adrenergic receptors

the interaction wit hi catechcilammes induces

changes in the activity of the enzyme adeiiyl-

ate cyclase (1-3).

Numerous attempts to study and isolate

rec(ptors for neure )t ransmitters and hor-
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inones have l)een made, amid thie successful

isolation of at least some receptors has

recently been achieved (1). The greatest

successes have been with the cholinergic re-

ceptor (1) and with those for the peptide

hormones glucagon (4, 5) and insulin (6).

Attempts to isolate adrenergic receptors

have been complicated by the lack of an ir-

reversible ligand of the requisite specificity.

Several reports have appeared, however,

which describe interactions of catechol-

amines with putative bela receptors in

cardiac tissue (7-9), turkey erythrocyte

nurnbranes (10-12), and hepatic cell meul-

branes (13).

There are quantitative differences in the

properties of catecholamine binding in the
several systems thus far examined. The bind-

ing to cardiac tissue (7, 9) and to hepatic

cell membranes (13) is extremely slow and is

essentially irreversible. The binding to tur-

key erythrocyte membranes (10, 12) is more

rapid and is reversible. It is still slow, how-

ever, imi comparison with the rapidity of the

adenylate cyclase response to injected cate-

cholamines (14). In other respects the bind-

big properties seemi in th( various systems

are similar to one another. Binding is in-

hibited by catechols (7-13, 15, 16), is rela-

tively insensitive to beta adrenergic blockers

such as propranolol (7-10, 12, 13, 15, 16),

and does not show stereospecificity (9, 10, 13,

15-18), which is seen with most beta-medi-

ated responses (15-20). In niany cases the

i)inding capacity is considerably higher than

appears reasonable. Iii a study utilizing

turkey eryt hrocyt e membratu s the amount

(picomoles) of [3Hjisoproterenol l)oumid at

saturation actually exceeded cAM P2 formed

during a 10-mm incul)ation (10). This ap-

par(nt ly negative amplification fact( ir would

imply either that the turnover of adenylate

cyclase is unreasonably small or that the

number of spare receptors is unreasomiablv

large.

In this report the properties of binding of

dl-[3H]epinephrine to protcimis derived from

rat ventricular muscle have been compared

2 Abbreviations used are: cAMP, adenosine

cyclic 3’ ,5’-rnonophiosphate; Tris-NaCI, 5 aiM
Tris and 152 mM NaC1, pFI 7.5; phosphate-

NaCl, 5 niM sodium l)hospliate amid 152 mM NaCI,

pIT 7.5.

with those l)r(chi(ted from stu(hies (if beta

adrenergic receptors carried out w’ithi intact

preparations. Th( results suggest that the

binding ol)s(rve’d has no r(latiollship to beta

adrenergic r(ceptors but rather represents a

nonspecific mt eraction l)etween oxidized

cateeholamimie derivat iVes and prot ems l)res-

ent in the hioniogenates.

METHODS

Rat ten li#{149}icu/ar t issue . ?� I ale Spragu(- I)aw-

Icy rats, 1 10-150 g, were killed by cervical

fracture. The hearts were removed and

w’ashied with cold 0.9 � NaC’l. The atria timid

large vessels were r(nnived, ami(l the \‘(fl-

tricles were hc)Iliog(nize(l in (itlier 5 v(ilunieS

(for binding studies) or 10 volumes (for

adenylat e (V(ltlS( (let erni mat i(imis) ( if �fris or

phosphate-XaC12, using a Polytron PT. 10-ST

apparatus (Brinkrnann) at a s(tting of Ii for

15-20 SCc. A h(imog(Iiate to be us ‘c (1 for

binding assays was routimiely centrifuged at

10,000 X �j for 10 Thili. The resultimig super-

natant fraction was diluted 10-fold with

Tris-XaC1 or phosphiate-NaCl amid was desig-

nated t he heart supernatant.

Canine lissue.s. A 15-kg (log was killed

with pefltoi)arhital, and the heart, liver, and

adrenal glands were quickly removed and

placed on ice. The atria, large vessels, and

adipose tissue were removed from the heart,

and the ventricles were sliced amid homoge-

nized (Polytron, at setting 6 for 1 nun) in 10

volumes of ice-ct ild Tris-NaCl. Honiogenates

of liver amid of the adrenal cortex, separated

from the niedulla under a dissecting nuicro-

scope, were prepared similarly and were used

to measure binding and adenylate cyclase

activity. A i)ortiOfl of each homogenate was

centrifuged at 10,000 X � for 10 miii, amid

the supernatant fractions were diluted 13-

fold with rfris_Na(�l for use in binding assays.

Binding assay. dl-[3H](pimu(pllrin( (5-40

nM) was incubated with the heart super-

natant fractions at 37#{176}. At appropriate

times aliquots (usually 1 ml) were with-

drawn amid filtered with suction tlir(iugh

Mihipore filters (HAWP 0025, 0.45 4. After

washiing with 5 muil (if 0.9 � NaCl. the ma-

terial remaimng on the filters was this�� lved

in 5 ml of a dioxane-based seimitillation fluor

c imitaining 60 g of miaphthalene, 4 g �f 2 , 5-

diphenyloxazole, and 0.2 g of p-bis[2-(4-

met hiyl-5-pheriyloxazolvl)]benzene per liter



584 WOLFE ET AL.

of 1 ,4-dioxamie (I’isher). 1(adioactivitv was

(1(11 mmllimie(l in a Nuclear-Chicago scimitilla-

thin spectromnet(r at ami efficiency for �H of

25-35 � . �fh data plotted in the figures are

thu 1ll(tLIIS of (luplicate determinations except

where (ithe�r\Vi5e rioted. Proteili determiiia-

tiomis \V(re performed l)’V the method of

Lowry et al. (21), and the amount of �H

bin(himig is expressed as l)icoI�oles of �H

bound i�er nii1ligran� of protein.

(‘alec/u olamine assay meith alum ma. Alu-

inina ivas treated with HC1, washed thor-

oughily, and ovell-(lrled (22). A sample of the
ineubatiomi niixture (1 ml) containing (Ii-

E3HIel)imiephrine was niixeI with 0.3 i�h of

1.1 �m HC1O1. Precipitated protein was re-

moved by centrifugation at 12,000 X 1/ for

2 mm (Eppendorf 3200 cemitrifuge). The

supernatant flui(l was decanted into 10 miil of

w-ater ct intaimiimug 1 ml of 2 % (lisodium

EDTA and 60 mg (if NaHSO3. The solution

was ad�rmsted to pH 3, using XaOH, arid 400

mg of alumina were added with stirring.

The suspension was adjusted to pH 8.6,

stirred for S mm, and poured onto a column

(6-mum inside diameter) containing an addi-

tional 400 mug of alumuuimia which had been

washed with 10 ml (if 0.2 M sodium acetate,

pH 5.6. The colummi was washed with 10 nil

of 0.2 M sodiumuu acetate, j)II 8.6, amid themu

with 10 ml of H�O. Epinephrine was eluted

with 4 ml of I x HCI. Recovery from this

procedure was routinely 86-96 �.

;lileli/JIale cyckLSe assay. The method of

Krishna et a!. (23) � used. The standard

reaction nuixture imicluded Tris-HC1, 1)11 7.5,

20 ,.imuuoles; theophvlliuie, 5 �moles; cAM P,

0.35 �mole; phosphoemuolpyruvate, S 1unioles;

pyruvate kinase, 100 j�g [includimug 20 �moles
of (XH1)2804]; MgSOm, 2.5 j.imoles; [S-3H]-

ATP, 1.56 1Ci, 0.2 jzmole; and a tissue sam-

ple containing approximately 1 mg of pro-

tein. The final reaction volumuue of 500 Ml \5.��5

imieubated at 37#{176}for 10 mimi and was then

placed iii a boiling water bath for 5 mimi.

The samples were centrifuged to remove

heat-demiatured proteimis, amid the super-

miat ant fluid was quantitatively transferred

to I)owex 50W-XS H� colummus (0.4 X 4.0

cmii) prepared in Pasteur pipettes. Elution of

eA\ IP fromii the colunins was performed as

(lis(ribed by Erishmia ci a!. (23). Carrier

A.TP was added to the 3.5-ml cAM P frac-

tion to give a final etincemitratiomi of 0.62 mui�i.

)slgSO4 (5 #{182}�) amid Ba(OH)2 (0.3 N) (0.3 nil

ea(h) were then added to precipitate the re-

muiaini tig [3H }ATI �. After cent rifugation a

portion of the supernatant fraction was

analyzed for radioactivity, and another was

used to determine the absorbance at 260

mini, which niade it possible to correct for

losses of cAM P throughout the assay.

]Iaterials. (!l-[7-3HJ-Epmephrine (New

England Nuclear; specific activity, 9-13

Ci/mmole) was purified by chromatography

e�n alumina (22) and used within 6 weeks of

purification. [s_3H]ATP (tetrahithiuni salt,

Schwartz/1’slamm; specific activity, 21 Ci/

ninuole) was purified on I)owex 50W-XS

(200-400 mesh, H� form) (Bio-Rad) on the

day of each adenylate cyclase assay. /-Epi-

miel)hrine, l-norepinephrimie, ATP, amid py-

ruvate kinase (type 11, crystalline) were oh-

tauied from Sigma Chemical Company;

i�-ascorbic acid, Tris buffer, and BSA, from

J. T. Baker Chemical Company; cAMP,

from Schw-arz/Mann; thieophylline, from

Nutritional Biocheniicals; and phosphoenol-

pyruvat e tricyclohexylanimonium salt, from
Boehringer/’?slannheim. The d stereoisomers

of epimiephrine and norepinephrine were

gifts from Dr. F. C. Nachod, Sterling-

Wint hre ip Research Institute. (/1-Propranolol

(Inderal) w-as kindly provided by Mr. Henry

L. Lemien, .Jr., of Ayerst Laboratories, amid

we are indebted to Dr. C. II. Crevehing for

the gift of two non-catechol imihibitors of

catechol O-nuethyltransferase.

RESULTS

Binding assay. After incubating a radio-

active ligand with a tissue preparatiomi it is

useful to attempt to decrease the degree of

contamination due to occluded radioactivity.

Since the rate of dissociation of epinephrine

from the beta adrenergic receptor is not

known (16, 17), it was considered possible

that washing the filter would remuiove amine

from the receptor. However, the net amount

of epinephrimie bound (bimiding in the pres-

ence of tissue minus a blank without tissue)

was unchanged by washing with up to 20

ml of 0.9 % XaCl. Even in the absence of

tissue, however, concentration-depemudent

binding of [3H]epinephrine to the filters was

observed. Some of this radioactivity could
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[‘H]epinephrioe and amount of ‘H retained on filter

dl-[3H]Epinephrine was incubated in Tris-NaCl

(0), or in Tris-NaC1 with 0.2 mxm di-propramiolol

(0) or 0.2 m�m l-epinephrine (S) Incubations were

conducted for 2 mm at 37#{176},and 1-nil ahiquots were

then filtered and washed with 10 nil of 0.9% NaCl.
Results are expressed as disintegrations per nun-
ute per filter.
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he displaced by propranolol (0.2 m�m), and

most could be displaced by 0.2 imr epineph-

rine (Fig. 1). The existence of epinephrine-

displaceable bindmg sites on the Millipore

filters implies that duplicate assays contain-

ing an excess of nonradioactive epinephrine

do not provide an acceptable blank (10). On

the other hand, buffer (no tissue) blanks were

not useful, since oxidative destruction of the

epmephrine occurred during the prolonged

incubations employed. The rate of this oxi-

dation was markedly affected by the pres-

ence of tissue.

Properties of binding. The bindmg of epi-

nephrine was proportional to the comicentra-

tiomi of protein between 0.2 and 1 .S mg/nil

and was markedly dependent on tempera-

ture (Fig. 2). Imi most experimnents binding

to fresh tissue was relatively slow- for as long

as 2 hr at 37#{176}.Higher rates of binding w’ere

observed over longer periods. The delay in

binding was (it her absemit or much shorter at

higher temperatures or if the assays were

carried out on pooled heart supernatant

fractions which hiad been aged by storage at

- 22#{176}(Fig. 2). When individual heart super-

miatamit fractiomis were stored at 4#{176}there i�as a

progressive increas( ill the ItiflOllilt of l)imid-

imug observed (Fig. 3). \Vhemi hiindiiig :issays

were carried t nit using supermuat a mit fract iomus

stored at - 22#{176},there ivas a niarked imicrease

in the anuoumit of hindimug after only 1 (lay of

storage (F’ig. 3). There w(re no further in-

(reases if the frozen supernatamit fractions

had beemi st()red as long as 9 (lays. The iii-

creases 5((Il with 1)0th the refrigerated and

frozen sul)ermiata mit fract iomis refle(t (1 1�ri-

niarilv an increase in the rat( of bimidimig.

Thus, for exanuple, thie bimiding obs(rved

with the 2-day refrigerated sUl)ermuatalut frac-

-4------- tiomis imucreased markedly between :� amal 5

$ hr, bitt that seemi with the frozemu supernatamut

fractions w�as coniplete ni less than 3 hr.

The increase in l)imiding observe(l ivhen

heart supernatant fract iomis were stored may

have reflected denaturation (if proteins. An

attempt to accelerate the rate of protein

demiaturation was made by heating a heart

supernatant fraction in a water bath at 95#{176}.

At various times aliquots were removed and

their ability to bind [3H]epinephrine was

deteriuuined. After 5 miii at 95#{176}there was a

6-fold increase imi the bimuding seen on imicuba-

tion for 1 hr (Fig. 3, inset).

Binding and adenylale eyclase. Simuce the

effects of beta adrenergic agonists appear to

he metliated through activatiomi eif adenylate

cyclase (2, 3), it is likely that the receptor
amid the enzyme will l)( found on the same

membrane fragnients. Sequemit ial cent ri in-

gation of a fresh homogenate of rat vemitricu-

Jar tissue was carried out at 1000, 10,000,

and 48,000 X g for 10 nun in each case.

Portions of the initial homogenates and of

each (if the supermiatants were saved and used

for the determination (if preit(imu, the ability

to bind 3H]epinephrimie, and the assay of

adenvlate cyclase activity (Table IA). There

was a �)r(igressive but parallel derreas( in

protein ((intent (milligrams per milliliter)
and binding (pieonuoles per milliliter). Thus

thie specifi( activity of bimiding (picouuioles

per milligram) remained relatively c(imlst amut.

On the other hand, adenylate cyclase activity

amid specific activity decreased with imucr(as-

ing force of cent rifugatiomi more raj)idly than

did proteiii comwentration or the ability to
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1#{176}’

Fmc;. 2. Time courses of binding of [‘Hlepimiephrine at various temperatures

dl-[’ll]Epinephrine (17 n�i) � incubated at0#{176}(h), 37#{176}(0), or 54#{176}(0) in Tris-NaC1 with fresh heart

supernatant fraction (from six rats, 1.53 mng of protein per milliliter). The same concentration of epi-

nephrine was imicubated at 37#{176}(U) in Tris-NaCI with a homogenate of tissue stored for 7 days at -22#{176}

(from four rats, 2.14 nug of protein per milliliter). Binding data for tissue (picomoles per filter) has been
divided by the milligrams of protein in the aliquots to give picomoles per milligram of proteimi. In the

bindimig assays, the values for the blanks (no tissue) must also be divided by 1.53 and 2.14 to make it
possible to compare them directly with the values obtained with tissue. The buffer blamuks thus calcu-

lated were 0.009 and 0.006 pmole of ‘H, respectively, for the two tissue preparatiomus used for this figure.

bind [‘H]epinephirimie. The adenylate cyclase

results were the same withi regard to basal,

epimiephrine-stimulated, and fluoride-stimu-

lated activity, and were also the same

whet her hearts were homogenized in hypo-

tonic Tris (Table 1A) or in isotonic sucrose

(Table 113).

Reversibility. The binding of catechol-

amines to beta adrenergic receptors appar-

entlv is rapidly reversible (24-26). When a

high comicentratiomi of nonradioactive epi-

n(phrimie was added to au incubation mix-

ture, the time-dependemut increase in �H

binding did not occur (Fig 4). Epinephrine

added after a bindmg reaction had been

initiated (Fig. 5) caused a 60 % decrease in

the bindimig observed at 6 mm, but omily a

25 % decrease by 62 miii. This could imply

that specific bindimig occurred quickly while

binding after the first few minutes was not

related to beta receptors. However, high

comi( nt rat ions of epimiephrimue decreased the

buffer blank (Fig. 1) by an aniount sufficient

to explain the constamit absolute decrease in

luinding observed with epinephrine. The

binding of [‘H}epinephrine was neither re-

versed (Fig. 5) nor prevented (Fig. 4) by the

addition of the beta antagonist propranolol.

When the Millipore filters were washed with

5 nil of 0.4 N perchloric aci(l there was a de-

crease of less than 20 #{182}�imi the amount of

[3H]epinephrine retained on the filters. In

other experiments ahiquots of an incubation

mixture were filtered and the filters were

soaked in 0.4 N perchloric acid for 2 hr be-

fore the radioactivity remaining on the fil-

ters was determined (Fig. 6). A relatively

small percentage of the radioactivity was re-

moved from the filters by the acid, and less

than half of that removed could be adsorbed

to alunrimia. The small amount of ‘H which

could l)e adsorbed to alumina probably re-

flected reversible binding of [‘H}epinephrine

to Milhipore filters, since all the radioactivity
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FIG. 3. Effect of storage of tissue on binding of dl-[’H]cpinephrine

Tissue homogenates were prepared as described in METHODS and stored at either -22#{176} (frozen) or

4#{176}(refrigerated) for up to 9 days. At the indicated times binding studies were perfornied by incubating

the heart supernatant fractions (0.6 mg of protein per milliliter) with dl-[’Illepinephrine (15 nM) at 37#{176}
for 3 hr. Results show the means ± standard errors of determinations carried otmt on four heart super-
natant fractions. The buffer blanks, corrected as in Fig. 2, were approximately 0.07 pmmiole of ‘II.

Inset: Binding of [‘Hlepinephrine to heat-denatured protein. A heart supernat ant fraction was pre-

pared as described in METHODS, and aliquots (3.5 ml, 0.7 nig of protein per mnihlihiter) were exposed to a

temperature of 95#{176}in a boiling water bath in polypropylene tubes from 30 sec to 30 miii. Binding assays
were then carried out by incubation (if the aliquots with dl-[’Hjepinephrine (5 n.�t) in Tris-NaC1 for 1
hr. Results are the means ± standard errors eif assays performed in triplicate. The buffer blanks, cor-

rected as in Fig. 2, were approximately 0.01 pmole of ‘H.

bound after filtration of buffer blamiks (Fig.

1) was removed by washing the filters with 5

ml of 0.4 N perchloric acid. These results

meant that we could not verify the claim

(9) that the 3H which bound to the tissue

proteins represented unchanged catechol-

amine.

Thu phenomena observed with super-

natant fractions of rat ventricular muscle

were also evident with supernatants of dog

heart, liver, and adrenal cortex. Binding was

mininual or nonexistent in fresh supermiatants

but was present in all three cases after the

fractions had been stored for 5 days (Fig. 7).

The adremial cortex was studied since it con-

tains ademuylate cyclase sensitive to ACTH

but not to epinephrine (2). The lack of

epmephrine-sensitive adenylate cyclase in

adrenal cortex was confirmed (Fig. 8), as

was the presence of epinephrine-sensitive

enzyme in the dog heart and liver homog-

enates. Identical results were obtained whemi

l)indimig studies were (arri(d out with the

homogenates (miot shown) amid with the

10,000 X g supernatant fractions (Fig. 7).

Stemeospee�ficity and p/i aria acology. The d

and I stereoisomners of catecholanuines have

markedly different potencies in eliciting

responses in most systems examined (Fig.

9A) (15, 16, 18-20). There was no difference,

however, in the abilities of d- and l-miorepi-

nephrine or epinephrimie to block the bind-

ing of [‘H]epinephrine (Fig. 1OA) (se also

refs. 9, 10, 13, 15, 16, 18). Catechol was (lilly

slightly less potent than epinephrmne in lire-

venting the binding of [‘Hlepinephrine, while

propranolol was essentially without effect

(Fig. bA). The effects of cateehiol and

d-epinephrimie were of particular imuterest,

since these comuipounds had little or no effect

on adenylate cyclase activity (Fig. OA) or on

the activation of adenvlate cvclase by

l-epinephrine (Fig. 9B).

Median ism of catedi olaimi inc binding. The
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FIG. 4. Blockade of bimtdimig of [‘Hjepinephrine

by pro pra nob! or l-epinephrimi e

Heart supernatamit fractions (0.7 mg of protein

per nuilliliter) were incubated with di-[3Hlepineph-

rine (5 flM) in Tris-NaCl. The time course of bind-

ing was determined in controls (0) and in the pres-

ence of 0.1 nmm propranolol (5) or 0.1 m�i !-epimieph-

rine (U). The buffer blanks, corrected as in Fig. 2,
were approximately 0.02 pmole of ‘H for the con-

trols and in the presence of propranolol, and 0.007

pmole of ‘H in the presence of 0.1 m�m /-epinephrine
The results are expressed as the means of triplicate

determinations.

ability of catechols (Fig. 1OA) (see also refs.

15 and 16) to inhiibit binding led to the idea

that membrane-bound catechol 0-methyl-

transferase may he involved in the binding

phenomenon (15) .� To examine this possibil-

ity binding studies were carried out in the

presence (if two inhibitors of catechol

O-muuethiyltransferase. Both 3 , 5-diniethoxy-

4-hydroxybenzoic acid and 3 , 4-diniethoxy-5-

hydroxybenzoic acid are noncompetitive in-

hibitors of this enzyme which appear to act

at the site for substrate binding (27).’ These

compounds, as well as the momioanuine oxi-

dase inhibitor pargyline, had only a slight

effect on the binding of [3H]epinephrine to

the heart supernatant fraction (Fig. lOB).

In view of the presence of binding in sub-

cellular fractiomis which are virtually devoid

I if hormn(ine-seIisit ive adelivlate cyclase, and

the relatively constamut specific activity of

binding after differemitial (entrifUgation

(piconuoles per nuilligran� of protein, Table
1A), the binding of [‘Hlepimuephrine to BSA

was examimied . \Vhiemi albuiuu imu (0.6 nug/muul)

was imicubated with [3Hjepimiephrine (40 miu)

a time-dependent in(rease in l)indimig �vas oh-

served. Both thu timiue e(iurse amid aniount of

I)inchimig were (onil)arahle to those seen with

rat heart supermiatamit fractious under sinuilar

comiditieimis. l”urthernuore, the l)indimug of

[‘H}epinephrimue to BSA � inhibited by

catechol at (e)micentratiomis sinuilar to thiose
which inhibited bili(hilig to heart super-

muatant fractiomis (1’ig. 1 1).

Chronuatography on alumuuina ((ilunins (22)

was Use(l to quamititate destruction of epi-

miephurilie during the prolonged imicubations

emuiploved in these studies. The increase ill

binding at 37#{176}to a fresh heart supernatant

fraction was usually relatively slow fe ir

60-120 nuimi (Figs. 2, 12A amid 1)). The time

at which there was a rapid imicrease in thue

rate of bindimig correlated with thie time at

whichi relatively rapid destruction of the

anuine occurred, as measured by alumina

column chronuatographuy (Fig. 12A and D).

Since the oxidative destruction eif cat(chol-

amimies is a pH-depemidemit process, a series

of assays were carried out to (omnpare the

effects of pH em binding an(l omi the stability

of epinephrimie. The rate of binding was found

to correlate with thu pH. B(ithi l)imldimug amid

lability of epinephrimie imicreased as the pH

was raised fromuu 6.9 to 7.8. In other experi-

ments heart supernatant fractions w�ere first

incubated for 90 miii at 4#{176},20#{176},or 37#{176}.These

preliminary incubat ions result (d in a pro-

gressive imicrease imi the imuitial rate of bimid-

hug amid in a seenuinglv idemitical increase in

the rate of destruct ion of [‘H]epimuephrine

(Fig. l2A-C). blot Ii the tissue-mediated

destruction of [‘H]epinephrine and its bind-

imig to the heart supermiatant fractiomu were

inhibited by catecluol (Fig. 121)).

1)15(’USSION

Th( first goal and nuajor problem in an

attempt to isolate an adrenergic receptor is

finding some means of recognizing the ii’-
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C. H. Creveling, personal conuniunication.
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Fmc. 5. J?eversibthIi� of bindinq of [‘Hlepincphrine with excess nonradjoactive epinephrinc and

propra mtO!(il

A timne course of binding of [‘Hlepinephrine (8 n\u) was determined using a heart supernatant fraction

(hearts were stored for 12 days at -22#{176};0.71 mug of protein per milliliter). After 6 miii of incubation
epinephrine (E, 0) or propranolol (P 5) was added to aliquots of the incubation muixture to a final

concentration in ea(h case of 0.1 m�. The binding was followed for the next 40 mm. The additions of
epincphrine and of propranolol to further aliquots of the incubation mixture were repeated after 62 mm

and 128 mm of incubation. The buffer blanks, corrected as in Fig. 2, were approximately 0.05 pmole of
‘H for the control, 0.02 pnuole of ‘H in the presemice of 0.1 muM epimiel)hrine, and 003 pmnok’s �f ‘H in

th( presemice of 0.1 m�m propranolol.

((1)t(iF after the tissue has beemi disrupted

(see ref. 17). In addition to the mionspecific

bimiding sites which may complicate an assay

in vitro there are a \vi(le variety of specifiable

but non-recepteir bimudimig sit(s which are (er-

taimuly present in ami\� a(lremlergicall inner-

vated orgali (24).

Ami early qu(sti(iuI faced imi the desigmi of

thiese st tidies c(incermied the seh ct ion of a

blamik. The following possibilities were con-

sidered amid reject((l : (a) buffer (mb tissue)

blanks, (b) boiled tissue blanks, (c) eXceSs

n(inradie ia(tiv( epimuephrine blamuks, amid (ci)

zero-timuue blamuks. (a) and (c) were discarded

li((OUS( of the exist emice cif pineplirimie bind-

hug sites on the Milhipore filters (Fig. 1).

B iiled tissue I ilanks were unsuitable, simice

heat denaturatnimu resulted in aim imucreased

capacity to l)ind [‘Hjepmephirimie (Fig. 3,

imuset). The lability of epimiephrine--a func-

ticimi of time, pH, and the presence of tissue-

meauut that sigmuifleamut changes imi amuuount of

this amine would occur durimug the course of

an incubation. Thus mueither buffer blamiks nor

zero-timuie blanks \\�(F( entirely satisfactory.

In view of the difficulties inherent in auuv of

the usual types of blank, we elected to pre-

sent the absolute aiuuounts of [‘H ]epinephrine

retained by the filters (per milligram of pro-

teimi). The values for appropriate buffer

blanks are presemited in the figure legemids,

and zero-time blanks can ofteii be (leduced

from the figures t iiemnselves.

Consideration (if the respomises seeli with

iuitoet preparatiomis makes it possible to list

a set of criteria which should be satisfied if

thu binding is to physieilogicallv functional

beta receptors. Thus the bindimug c)f an agomuist

to a beta receptor shoul(1 be extremely rapid.

it huas been shown that aden�late (yelase

activity ui mat heart imuereases to nuaximiual

levels witliimi 1 sec following an inJe(ti(imi of

epinephurine (14). The time course of bind-

hug (Fig. 2) (7, 9, 10, 15, 16) is far slower

thumun the responses in iiio. It is possible to

explaiiu this discrepamucy by assunuimig a large
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FIG. 6. Reversibility of binding of [‘H]epineph-

rine with perchboric acid
A heart supernatant fraction (0.85 nug of protein

per nuilliliter) was incubated with dl-[’H]epineph-
rine (30 nM). The hearts had been stored for 16 days

at -22#{176}.Radioactivity was deternuined with some

of the filters (0), while others were soaked in 6 ml

of 0.4 M HC1O4 for 2 hr and washed with 10 ml of

0.9% NaCl before the amount of ‘II was deter-

mined (5). The buffer blanks, corrected as in Fig.
2, were approximately 0.15 pnuole of ‘H for non-

acid-soaked filters and 0.01 pmole of ‘H for acid-

soaked filters.

number of spare receptors. A modest numuiher

of spare receptors is possible and perluaps

likely, but the vast excess which would be

required to explain the discrepancy hetweemi

wrork in vito and binding rates is rather umu-

likely.

Binding would be predicted to be com-

pletely amid rapidly reversible. For exauuuple,

the epinephrine-stimnulated ilicrease ill ache-

nylate cyclase activity ui fat cells (25) and

the beta receptor-mediated imicrease in pimi(al
A-acetylserotonni t ransferase (26) are bot Ii

rapidly reversed by beta antagomiists. Imi our

experiments rio reversal of binding was seemi

with high concentrat ions of propramiolol,

and only relatively slight reversil)ility could

be induced with nonradioactive epinephrine

(Fig. 5) or with perchuloric acid (Fig. 6) (9,

13, 16). The effects of epinephrine amid per-

chloric acid were probably due to displace-

ment from binding sites on the filters.

Binding would be predicted to I)e stereo-

U 50 100 150

time (mm)

FIG. 7. Time course of bimiding of [3H}epineph-

rine to supernatant fractions of (log heart, liver, (111(1

adrenal cortex
A. A heart supernatamit fraction (().4 mug of pro-

tein per milliliter) was incubated with d/-[311]-

epinephrine (3() mmi) in Tris-NaCl at 37#{176}.The t inie

course of bindimig was determined for the fresh

supernatant (5) amid for the same fraction after
storage at 4#{176}for 5 days (0). The buffer blank, cor-
rected as in Fig. 2, was 0.25 pmi�ole of ‘H.

B. The samiic experinuents were performiued as in

A, usimig a liver supernatant fraction (0.9 nig of

protein per nuilliliter). The buffer blamik, corrected
as in Fig. 2, was approximately 0.12 pmole �f II.

C. The adrenal cortex was separated fruni the

medulla under a dissecting microscope. The same

experiments were performed as in A, imsing ui
adrenal ((ilteX smipemmiatamit fract lOu (0.54 mug ((f

protein per milliliter). The buffer blamik, C’ Irmected
as in Fig. 2, was approximately (1.2 pinok’ ()t �l I.

sPecific. l-\orepiliephrimle is 10-100 t hues

more potent than (/-muorepinephrine when

tested on most preparatiomis (15, 18-20).

Even thi( relatively low- degree of potemicy of

d-epinephrine may of course be due t(i cciii-

taniination with smuuall amounts of the I

isomuuer. The st ereospecific nature of t lie

ability of catecholamimies to activate adenvi-
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The homogenates were the same as those used for experiments in Fig. 7, except that they had been

filtered through gauze and had not been subjected to centrifugation. Adenylate cyelase activity was

determiuined in the absence of epinephrine and in the presemice of epinephrine at concentrations ranging
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ate cyelase is iiot reflected in the binding of

anhimies to the various membrane prepara-

tioliS studied (Fig. 1OA) (9, 10, 15, 16, 18).

It has been suggested that beta adrenergic

recel)t or function involves the interaction of

catechiolamines with two types of sites. One

of these sites is reputed to be specific for and

to recogmuize the catechol nucleus, while the

second recognizes the ethanolamine (stereo-

specific) portion of the molecule (10, 13).

This hypothesis would predict that d stereo-

isonuers, �vhich are able to bind but not ac-

tivate adenylate cyclase, should inhibit the

ability of the 1 isomers to a(tivate the en-

zvnue. This inhibition has not been observed

(Fig. 9B) (15, 18, 19).

The pharmacological properties of binding

should reflect the ability of beta ligands to

activate or inhibit the activation of ade-

nylate cyciase. The properties of bmdmg

observed iii this amid other studies differ in

several ways from those which would be
predicted: (a) propramiolol blocked the

ability of /-epinephrine to activate adenylate

cyclase but had little effect on binding; (b)

catechueil was an excellent iiihibitor of bind-

ing, but it neither activated adenylate cy-

clase nor blocked the ability of /-epinephrine

to activate the emuzynue; (c) d-epmephrine

blocked binding but had mio effect on adenyl-

ate cyclase.

It has recently been suggested (15) that

the binding of [3H]norepinephrine is to a

membrane protein possibly related to the

enzyme catechol 0-methylt ransferase. It

seems unlikely, however, that any significant

percentage of the binding occurs to particu-

late catechol 0-methyltransferase or to any

other of the specifiable constituents of any

adrenergically innervated organ (17). Pyro-

gallol and quercetin, the catechol 0-methyl-

transferase inhibitors which showed the most

marked effects on binding (15), are them-

selves catechols, and all compounds of this

class have been shown to inhibit the binding

of catecholamines (Fig. 1OA) (15, 16). Re-

ducing agents, such as ascorhate, are potent

inhibitors of binding (Fig. lOB) (16) but

would not be expected to affect the enzyme.

Two non-catechol inhibitors of catechol

0-methyltransferase had only a slight effect

on the binding of I’H]epimiephrine (Fig. lOB).
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A. Activation of ademmyiate cyclase by l-epinephrine, d-epinephrine, and catechol

Adenylate cyclase activity was deternuimied on the same fresh hiomogenates used for the experinient iii

Fig. bA. Assays were carried out in the absence of added drug (5) (mean ± standard error of four

determinations) and in the presence of l-epinephrine (0), d-epinephrimie (s), or catechol (�) at con-

centrations ranging from 10’ to 10� M. The results are expressed as in Fig. 8.
B. Ability of catechol, (I -epi miephrime, and propranolol to mmmodify the stimmzuiation of ao’enylate c//close by

l-epinephrine

Adenylate cyclase activity was determined on a fresh homiiogenate from rat ventricular tissue in the

absence of epinephrine and in the presence of l-epinephrine at concentrations rangimig from 10� to 10� �e.

The following sets of assays were performuied: 0, control; 0, Pl�15 cateehol (10’ si); 5, plus (l-epineph-

rine (10� M); �, plus propranolol (10� M). The results are expressed as in Fig. 8.
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A. Inhibition of [‘Hjepinephrine binding by catechol, propranolol, norepinephrine, and epinephrine

dl-[’H]Fpinephrine (10 mIM) was incubated with heart homogenate (fresh, homogenized in 300 volumnes

c�f Tris-NaC1 amid filtered through gauze, 0.22 mg/ml) at 37#{176}for 80 mm in the presence of catechol (s),
propranolol (0), d-epinephrine (5), or l-epinephrine (0) at the indicated concentrations. In an(ither

experiment dl-[’Hlepinephrine (10 oM) was incubated with a heart supernatant fraction (stored for 7

days at -22#{176}, 0.51 mug muul) in Tris-NaCl at 37#{176}for 1 hr in the presence of d-norepincphrine (A) or 1-

norepinephrine (�) at the indicated concentrations. Buffer blanks, corrected as in Fig. 2, were approxi-

mately 0.075 pmole of ‘H in the absence of added drug, 0.035 pmole of ‘H with 10’ �m catechol, 0.05

l)uii(le of � with 10� M propramiolol, 0.02 pmole of ‘H with 10� M l-epinephrine, and 0.044 pmole of ‘H
with 10� M d- or l-norepinephrine. Binding in the absence of drug was 0.373 prnole of ‘Fl per milligram
of pm-oteimi in the experiment with norepinephrine, NE and 0.577 pmole of ‘H in the expemiment with

pmopranolol, catechol, and epinephrine.

B. In/i ihitiomi of [‘Hjepinephrine binding by catechol O-mmielhyllransferase (COil T) inhibitors and ascor-

bic aemd

(/1[’H]I:l)imlel)hrimie (16 ibM) was imucimbated for SO mm with heart supermiat ant fraction (0.7 mg/nil,

tissue stored for 10 days at -22#{176})at 37#{176}in Tris-NaCl. The ineubations were performed in the presence

amid absence of the indicated concentrations of sodium ascorbate (5) and catechol O-methyltramisferase
inhibitors [COMT I-i, 3, 4-diniethoxy-5-hydroxybenzoic acid (0); COMT 1-2, 3 ,5-dinuethoxy-4-hy-
droxybienzoic acid (0)]. The buffer blank, corrected as in Fig. 2, was 0.15 pmole of ‘H.



4
I,,
a

U

0

I

0
I
0.

minutes

.\.
a

a
0

C.,
0

a

Cl.
4

4
I-
0
I..

EPINEPURINE IuIxI)mNG TO HEART PmtoTEmNs 595

FIG. 11. Timne course of binding of [3H]epineph-

rimie to BSA and its inhibiti(in by catechol

dl-[’H]Epinephrine (10 nit) was incubated with
BSA (0.6 nug/mI) in phosphate-NaCl in the ab-

sence (0) amid presence (5, 3() vii; A, 0.3 mimim) of

catechol. The buffer blanks, corrected as in Fig. 2,
were approximately 0.07 pnuole of �H.

The petencies of these inhibitors are eetual

to or greater thian that of pyrogallol (27),

and they appear to act at the substrate site

(27).’ [‘H]Epinephurine l)imids to BSA (28),

and this bimuding is quantitatively and quali-

tatively similar to that seen withi heart

supernatamit fractious (Fig. 11). Thus it is
not muecessary to imuuphcatc catechol 0-nueth-

vltramusferas( to explain the bimiding Phi(_

nomuienon.

The properties of l)inding eibserved in this

study are sinuilar to cir identical with those

reported from other laboratories (7-13, 15,

16). A number of results suggest a role for

oxidized degradat 1( in product s of cat echo!-

anuines in thie bimiding � Thiese include

(a) the al)ility of reducimug agemuts to block

binding (Fig. lOB) (16), (b) the correlation

betweemi bindimug, pH, amid rates of degrada-

tion of catecholamines (Fig. 12), (c) the

finding that divalemut cations increase bimud-

ing while chelating agemits inhibit it (16),

and (d) the observation that the bimiding is

decreased by replacenuemit cif air by nitrogen

(16).

The properties of the bindimug are such

that it does miot appear to be nucanimuglully

related to beta adrenergic receptors. The

seenuimigly specific ability (if catechiols to

inhibit bindimig (Fig. 1OA) (15, 16) amid the

TIME (mm)

FiG. 12. Effects of various preliminary treat-

ments (1/1(1 catcehol on bzn(ling (Imid .stabilit!/ of

epinephrine

A. dl[’H]l�pinephrimme (12.5 nit) was incubated
in 0.05 ii phosphate-NaC1 wit Ii a heart supernatant
fractiomi (1.04 mg/mI) which had been stored for 90

mimi at 4#{176}.Aliquots (0.5 nil) were filtered at the in-
dicated t imues (5). A (1uIi)ii(ate series of aliqumots

(1.0 miii) was a(Ided to t tubes runt aimiing 0.3 nil of

1.1 ii IICI( )�, and alumina rolunin rhroniatographv

was pcirformnecl (0). The bimiding blanks, (orre(ted

as in Fig. 2, were approximately 0.05 pniole of ‘hi.
B. �sctvs idemitical with those described imi A

were perfcirmiued �in I hue same heart supernal ant
fraction, which had been stored for 90 nun at 20#{176}.

C. Assays iclent ical wit Ii those described in A
were performed on t lie same heart suipernat ant

fra(t ion, Which ha(l been st c)rc(l for 90 uiiini at 37#{176}.

1). dl- Ill i�pi nephrinel (12.5 nit) was imieubated

with a heart supernal auit fract � U.32 nig/nul)

in I lie al)sen(e (0, 5) an(I presetue (0 , #{149})(If 30

�M eat (chol. The tissue 118(1 been st (ire(l at - 22#{176}

for 1 c1a� - Assays icherutira! wit Ii those described in

A were p(rfornued - The binding blanks, (orre(ted

as in Fig. 2, were approximately (1.05 pmuole of ‘II.

In these experiments binding (hat a are shown with

solid lines and symbols, and amine retained by

alumina is shown by dashed lines and open sym-

bols.

increases in binding which have been (ii)-

served as a fumict ion cif storage or other pre-

liminary trelatnuemits (Figs. 2, 3, 7, and 12)

(15) suggest, however, that some othier p0-
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temitially specifiable site may be imivolved in

the binding of catecholanuines (15). On the

(ither hand, a lack of specificity of the bind-

ing is indicated by the observation that

cat echolanuimies (a ii bind to cryst allimie BSA.

Furthernuere, thiel ability of catechcds to

imihibit bindimig can be explaimield by thicim.

ability to inhibit the tissue_catalyzed oxida-

tiomi of catecholamuumies (Fig. 121)), amid at

least soiuue of thue preliminary treatments of

tissue cause increased bindimig by increasing

the I rate of (lest ruct i in of [‘H ]epinephrine

(Fig. 12A-C). The imicreased rate of destruc-

flomi may be muediated by divalent cations

released eir exposed during storage or incuba-

tion of the tissue. All (if the findings cami thus

b( explaimled in terms eif the fornuation of

oxidatiomi prciduct s cif catechiolanui nes which

appear to bind nonspecifically to tissue con-

stituemnts. Recourse tei a specific macro-

molecular binding site(s) is mic)t required te

explain tile observed phemuc mena.
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