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1ll0I1(S of high sjM(iflc act ivity has led to

numerous recent stU(lies of th( first step in

horiiioiial response: the interaction of the

hormone with its receptor. Our studies on

lie expression ol liornional responses in

soiiiatie cells and their hybrids would be

greatly facilitated l)y iiiethods for the meas-

urem(�it (quantitatively or qualitatively;

�ee r(f. 1) of specific membrane r(’C(�l)t0rs. We

have been pl’oIfll)ted to re-examine several

asj)Pcts of reported (‘atecliohu1�iI1(, binding to

)utatiVe beta adr(nergic receptors because

1)liblished (hita (2-9) llaV( raised several

(lUestiolis (1, 10). For eXnnlI)le, studies of
he binding of (‘atecholanhines have failed to

(l( monstrate the st(re( )sp(Ciflcitv ol)served

\\l1(Ii the (fl((tS of ( Itecholamines are stud-

nd, and beta adreinrgic antagonists (10 not

J)l( vent such horm( )Iie binding. In addition,

surprisingly large quantities of (atechola-

mine oaii 1� l)OuIi(l to mnemul)rane prepara-

tions with a tiIhi( (OUI’s( that is, iii some Cas(5,

nmeh slower than that of the response. As a

result of these and other questions, our SUI)-

sequemit investigations have led us to hy-

pothiesize that much published (lata on the
binding of (9te(hlol1lIlliIi(s to putative re-

ceptors actually involves the oxidation of

(‘at(cho)lamin( and the sul)sequent covalent

bonding of the oxidized products to macro-

l’iiol((Ul(s.

\IATEItIALS ANI) METIR)1)5

Materials. l-[7-�H]N )rel)inephrine was pur-

chas( (1 from cit her New England Nuclear

(5.2 Ci mm()le) or Amersham/Searle (7.9

(1i/ninn )l(). (-3FIj��demu )sine cyclic 3’ , 5’-

mnoiiophiosphatt was 0l)tailie(l from New

Enghumid \uelear (22.1 Ci: mmole). [3Hj-

�\orcpinephrimie was assessed for isotopic

purity 1�Y I )lI � I 0!’ (( lun in (hirOnhat ography

(see below), amid it was stored frozen in 1 m�r

HCI. \lore than 95 � of the �H fractionated

with authentic IlOr(J)ili(j)hil’iIie, amiol there

\V�i5 no difl( fl 1ic( iii t h( I’( acti( 1i of part icu-

late fractions with purified [3Hliiorepimieph-

rifle or with st )ck VH Jnor(j)in(phrine. Un-

labeled catech )lamin(s, other biochemicals,

amid som� drugs \\(re oh)tained from standard

sources. i\lamiy drugs were the g(mi(rous gifts

of i)rs. T. (‘. Westfall, \l. .J. Peach, and 1).

H. H. ( �nirley. The structural formulae of

I)(m’tili(tit (( )ni�)( )Umi(ls are shown in Table 1

Cell culture. The m(thods for culture and

experimental incubation, as well as the

origin of most of the cell hues used, have

been described previously (11). VA2 is an

SV40-t ransformed hiuman fibroblast obtained

from 1)r. ,J. Minna. Cells used for prepara-

tion of the 30,000 X g pellet for binding stud-

i(s were grown in 150-mm culture dishes un-

til confluent.

Preparation of particulate fiact ions. Cul-

tured cells were rinsed free of me(hum and

serum with ice-cold S m� X-2-hiydroxvethyl-

PiPerazine-�\’-2-ethanesulfonic acid, pH 7.4,
scraped off thie plates, and allowed to swell

for 60 miii at 00 in the same 1)uffer. The cells

were then homogenized by 10 strokes of a

I )ounce homogeniz( r b( fore being cent ri-

fuged for 2 mimi at 700 X �i. This sup(rnatant

fraction show(d HO evid(nce of nuclei or in-

tact ((hIs by phase contract microscopy. The

supernatant fraction was then centrifuged at

30,000 X g for GO mni, and the pellet was

r(susp(nde(l in the above buffer and frozen

in aliquots at - 20#{176}until use.

Canine ventricular micr( )som(s were pre-

Pared and stored as described by Lefkowitz
and Haber (2). lor some exp(riments, as

noted, this particulate fraction was washed

twice by suspension in 5 m�i X -2-hydroxy-

ethvlpiperazine-�\ ‘-2-ethaiiesul f )I1IC a(id, pH

7.4, and centrifugatiomi at 78,000 X �,i for 60

mm.

Assay of n orep utep/Irine binding. Experi-

ments were normally performed in a total

Voluflle of 200 j.d in 20 m� potassium phos-

pIi�ito buffer, pH 7.4, at 37#{176}.About 50,000
cpm of [3H]norepi m� ihrine were added (final
concentration, 50 n�r). The reaction was

initiated by addition of protein or [3Hjnor-

epinephrine. In sonic experiments the con-

c(ntration of norepinephirine was S tIM, as

Us((l by Lefkowitz and Haber (2). After in-

(Ub)tltl()1i for the appropriate tiflu (2 hr un-

less othierwise indicated), samples were di-

luted with 1 ml of cold 20 nr�i potassium

1)hiosphate, I)H 7.4, and immediately filtered
thirough a Millipore filter (HAWP, 0.45 �m)

that had been rinsed with 4 nil of th( same

buffer. The filter was themi washed with an

additional 4 ml of buffer. Iii some experi-

ments larger imicubation volumes were used,

and 20O-�il aliquots were withidrawn from the

reaction mixture at appropriate times and
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filtered without dilution. A sample could be

filtered and washed imi less than 10 sec. Fil-

t(l’s w(re dissolv(d in 1.5 ml of methyl Cello-

solve hiefort addition of 4.S nil of toluene coui-

taimuimig 4 g liter of diphenyhoxazole. In th(

alistnct of added particulate fraction a rela-

tiV(ly small number of counts (300-500 cpni)

Was trapp(d by the filter. This 1)lamlk was

stil )t racted from exptrimntntal data. Aqueous

sat ii ples \V(r( (( )unt ((1 Ui A( fua5( )l or Irit on

X-lOO--toluene (3:1).

A nalytical techniques. Cyclic AMP was

d(termined as described pr(viousl (12), as

was adenvlate cvclase (EC 4.6.1.1) activity

(13). Protein was measured by the method

of Lowry et al. (14).

I )escendimig paper thit )mat ( igraphic sys-

t (1fl5 (miiplov(d were 1 -1 )utan( )l-glacial a(etic

acid--water (12:3:5 or 4: 1 :;�, itpp(r phase)

on What man No. 1 paper. Alumina columns

(I g) were washed thoroughly with water

before use. Each samnphe received 0.4 mg/ml

of E I)TA, pH 7, and 1 .2 tug1 ml of sodium

mii(tal)isulfite before a(ljustment ()f the pH to

S.3 an(l application to the colummi. Th( (01-

unimi was subsequently washed with 75 ml of

water, 15 ml of 0.25 N acetic acid, amid 25 ml

of I N IET(’l. Ilie a((t it a(i(1 fract 1011 IC-

((iVid EI)TA as above amid I mg/nil of

ascorbic acid before th( pH adjustment to

6.5 and application to a 0.6 X 5 cmii column

Of Bio-Had A( 50W-X�4 resin imi the H� form

that had b((tI \Vasli(d (xt(nsiv(ly with

water. The columuimi was theui washed with 15

uuil (if water, 10 miii of 0.2 N HC1, 20 ml of 1

N HCI, 10 nil of 2 x HCI, and 10 ml of 4 N

fl(’l. Norepinephrine was eluted iii the 0.25

N acetic acid fract 11)11 from alumina columns

amid in the 1 N H( ‘1 fract H itt fromii resin col-

unimus. flight-voltage (l((t rtiphoresis was

carried out omi W hatniamu N . 3M i\I paper in

l)yri(hitu(-glacial a((t 1( a(i(l--Wat(r (S: 4S: 945,
pH 3.S) at 3000 V f� 30 fill.

I;x1�i’imiiuuts \V(r( p(mf01mii((l in duplicate

or t riphicate. Replicates usually agreed withm

iii uuiost (Xp(rini(muts (Out tol bimiditug to

pail ictllat( fractions was S,000 10,000 cpm,

\Vitli a l)1�Ltil�iof 300-5(X) cpuii.

HESI �LTS

1)einons fiat i()t� 0/ beta WlIC1i(’I(/iC i’(CC/)tOiS

in /)(LIticu fate fractions. F\V() (lifl(l(mit I)ar-

ticulate fractions were utilized in this study.

The rat glioina cultur(d cell line CGTG1A

(11) was examined in detail, since these cells

respond dramatically to catecholamines

with increased production of cyclic AMP and

since many hybrid cell clones imivolving this

line have been characterized (11, 15). Cyclic

A\IP accumulation in intact cells (11) and

adenihate cyclase activity in the 30,000 X g

particulate fraction can be stimulated by iso-

proterenol, and these stimulatory r(spons(s
are imihu.ibitedby til( beta adrenergic antago-

inst propranolol. ‘ihe 30,000 X g particulate

fraction contains, in additiomi, the vast ma-

jority of the basal and isoproterenol-stimu-

hated ademivlate cvclase of these cells (data-

mo)t shown) amid thus is assumed to contain

mnost of th( beta- adrenergic receptors present

iii the homogemiate. The magnitude of the

catecholanune st mi ulation in the particulate

preparation from C6Th 1A is (omisiderably
less thali that s(en withi intact cells (11).

Similarly reduced levels of stimulation in

particulate preparat ions from glial cells have
been reported previously (16, 17).

Adenvlate cyclase specific activities and

(fleets of catecholamnines hiave been re-

port�d by Lefko�vitz et al. (3) for the canine
cardiac particulat( Prel)aration. [he sub-

c(l 1ular distributi( in of adenvlat e evclase

from such canine ventricular preParations

has been studied by Wolfe et al. (10).

Kinetic studies. As shown in Fig. 1, the

reaction 0! [3H]norepimiephriiie with the par-

ticulate fraction from CGTGIA cells is mark-

edl� temperature-dependeiit and requires at

least 2 hr for completion at 37#{176}.At this time

a large amount of tritiated material is ap-

parently bound: about 2 pmoles 17 �g of

protein. This tune course is very similar to
data Ob)taili(d by L(fkO’sVitZ (‘t al. (2-4) and

by us (Fig. 9) with tIl( cardiac particulate

fraction.

In contrast to thu relatively slow reaction

of [3Hjnorepimn phrine wit ii tlie !iart ic ulate

fractions, stimulation of cyclic AMP accumu-

lation in intact CGT( I A cells is virtually

imistantaneous (Fig. 2). Most importantly, a

maximal rate of accumnulatiomi of the iiucleo-

tide is seen within seconds with 50 mi�i or

with �t niaxiiiially effective comicentration

(11) /L\1) of norepimuephirine or isoproteienol.
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Fiu. 1. Time course and temperature dependence of 13]norepinephrine
particnlate fraction (17 �g,�OO Ml)

(3H-NE) reaction ui/h C67’GJA

Maximal accumulation of cyclic AMP is ob-

served by 15 miii (11).

Correlat ion of [3H}uorep inepli rine-part icu-

late reaction wit/i effects on- cyclic AMP. The

ability of [3H]norepinephrine to react with

particulate fractions from a variety of cell

lines that differ markedly imi their ability to

respond to catecholamine with enhanced

accumulation of cyclic AMP is shown iii Fig.

3. Fractions with high ability to react with

[3H]norepinephrine were d(riv(d fromn an un-

responsive and from two highly responsive

lines, while relatively poor abilities to react

with [3H]norepinephrine wen exhibited by

both a responsiv( and an umiresponsive limit-.

In addition, the observed reaction of [3H}-

norepinephrme was never a linear function

of protein concentration. Plots deviate from

linearity at the lowest protein concemitration

examined (less than 1 �g/ml).

Struct inc-act u’itij relations/i if). I �revious

studies have indicated a lack of correlatiomi

betwe( mi the ability of compounds to com -

pete for [3H]catecliolamimie reaction sites

and their knowmi pharmacological activity

(2-9). Specifically, any compound with a

catechol moiety appears to be an (xtra-

ordinarily good competitor for th(s( reac-

ti()n sites. We examnined this question in con-

siderable detail in the CGT( 1A system, since

its large magmiit tide of r(spomuse to catechola-

mine facilitates functional comparisons. All

cate(hiolanlines tested (Fig. 4) were excellent

competitors regardless of additional sub-

stitut ions. We failed to (1(1 tct significamut

(hifferences in this act ivitv l)etw(emi such

compoun(ls as (ll-is I)r( )teren( d, l-norepineph-

rine, (/-riorel)imiephrin(, and 5-hi droxy(lopa,

amomig othiers. Ilowever, a large miumnl)er of

compounds were without activity. These

include beta adremiergic ant agomiists that

effectively ab( dish catechiolamiuue-st imiiulat ((1
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Fin. 3. Reaction of l3Hlnorepinephrine (3H-VE) with particulate fractions derzre(l from various cell

lines (left) and effect of isoprolerenol (100 Mv, 10 mm) on cyclic AMP concent ration in- intact cultured cell

lines (right)
All responsive cell lines are stimulated by isoproterenol at about 1 nM, while maximal stimulation is

about 1 MM.

accumulatiomi of cyclic AMP imi C6TG1A

(11), monoamnine OXidas( imihibitors, iii-

hiibitors of cat(cholamin( uptake, amid others

(Fig. 4).

Essentially i(l(mitical patterns of inhibition

of the [3H]miorepimuephrine reaction were ob-

served with this series of compounds when

canin( ventricular mien )souii(s were utilized

(miot showmi).

Compounds that effect iv ly prevented

[3H]norepinephirine reactiomi with the par-

ticulate fractiomi were test((l for th(ir ability

to stimulate (Fig. 5) or amitagonize the stimu-

lation (Fig. 6) of cyclic AMP accumulation

by intact (16T( 1 A cells. This beta adrenergic

receptor appears abl( to discriminate be-

tweemi d- amid l-norepimiephrine by at least

two orders of magnitude (assuming optical

purity). 1)opa amid 5-hydn ixydopa were corn-

�)1(te1y without stiniulatory (ifects. In addi-
tioli, Ii(ith(r thiev nor dopaniimi( antagomzed

the st imulat ory effects of isoproterenol (Fig.

6). rFhiis \y�5 the (ase ev(n wh(n these corn-

pounds were presemit at a molar ratio to iso-

prot(r(Iiol of 10�: 1. Ephedrimi( stimulated
cyclic AM P accumulation but hiad no effect

on the 13H Jn )repinephnilie reactiomi with

particulate fractions.

This pattermi of activity promnpted us to

examine t lie effe(ts of simpler polyhiydnic

phtmit )ls. The (filets of (at echol, pyrogallol,
r(sorcin()l, hydroquinone, and polyhydric de-

rivatives of henzoic acid and naphthalene

are shown in Fig. 7. It is striking that with

both the C6T( 1A amid cardiac particulate

preparatioiis all compounds comitainimig hy-
droxyl groups in oct/to or para juxtaposition

ar( inhibitors of the reaction. However, m-di-

hiydroxv compounds (resorcinol and 2,4- and

3 5-dihydroxybenzoic acid) fail to inhibit.

(The fact that resorcinol stimulated the re-

a(tiOli with cardiac microsomes is uneX-

plain(d.) It is well known that ort/io and j�ara

polyhydnic phenols oxidize spontaneously to
thu corresponding quimiones and are thus cx-

cellent reducing agents. This type of oxida-



100

Niolamid. �

90 Ph.noxyb.nzamin.

80 -

70�\

60 -

0
z
a
z

O�

U

z
U

0.

50 -

/
Phenoxybenzamine

#{149} U 4�-DOPA

#{149}Dopamine

#{163}i-Nor.pin.phrin.

o I-Epin.phrin.

o �-Norepinephrine

� dI-Isoprot.r.nol

‘a

40 -

30

20

10

0---
0 7

Niolamid. X

I I

6 S 4

[3H]NOREPINEPHRINE REACTION WITh l’ARTICU LATE FRA(TIONS 569

Dichloroisoprot.renol

Propranolol, Practolol

Pargyline, Phen.Izine

Tranylcypromine, Cocaine
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Tyrosirse, Octopamine
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Methyl Ester

Ephedrine, Amphetamine

Normetonephrine

Phenylephrine

p.Hydroeymondelic Acid

2-Hydroxyphenylacetic Acid

-LOG CONCENTRATION (molar)

FIG. 4. Effects of various drugs on reaction- of [3Hlnorepinephrinc with CGTGJA particulale fractio7 (17

Mg/200 Ml)
Results obtained wit Ii the can inc ventricular preparat ion were cssen (tally ulent iral. At ((indent rat ions

above 3 MM not all points arc shown, for clarity.

tion dO(s not occur with the ineta isomer

(e.g., resorcinol), since a stable r(sonance

structure does not exist for an in-quinone.

These consideratiomis suggested a necessity

for oxidation at some pomt in the react ion

SeqUeli(( (if [�iI ]norepi mlephrimi( with the

particulate fract itnis. Accordingly, the effects

of other reducing agents were examimied

(Fig. S). Ascorbic acid and sodium metahi-

sulfite caused marked inhibition of the

[3H]miorepinephrine reaction at concentra-

tions of 0.1-1.0 j�i. The [3Hlnorepinephnine

reaction with washed cardiac microsonies

was more sensitive to inhibition by ascorbate

than was the unwashied particulate fraction,

perhaps because of renuoval of iron (see be-

low) comitain((l iii IliV( )glol)imi t limit \VmIS lost

during thu washumig stej).

Imihiibitiomi of the [3H]norepimiephrimie reac-

tion h)V re(lucing agemits was promiouuiced at

all time intervals (Fig. 9) and at both low (5

n\I) and high (50 n�r) [3Hjmiorepimiephrimie

c0n(entrat it )1i5 (Table 2). X it ably, [3H]nor-

epimiephinimie-particulat( coniplexes were es-

sentially undetectable at relatively short iii-

cubation times in thi( presence of 100 MM

ascorbat (, Ifl( t ah)isUl fit e, or hiydro �i ij,i �n(.

I’urt hierniome, inhibit i �mi of the [3H]norepi-

nephruie r(aetion by othur effective coin-

pounds was quantitatively and qualitatively

similar at 1)0th 5 mnm and 50 mrsr [3H]norepi-

nephrine (( )mi((mit rations (Table 2).
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Fin. 5. Effects of catecholamnines on cyclic AMP accumulation by intact C6TGJA cells

Cells were exposed to the indicated concentrations for 10 mm.

Since the r(ducing agents and the oxidiza-

ble polyhydric phemiols effectively prevented

r(action of {3H]norepinephnine with meni-

bramies, their ability to affect catecholarnine-

stimulated accumulation of cyclic AMP was

evaluated (Fig. 10). In the presence of 100

pu ascorbate, metabisulfite, catcchol, hy-

droquinone, or pyrogallol, full responsive-

ness to 1 n�i-1 �z�i isoproterenol was ()l)-

served. In fact, although none of these re-

ducing agents was an agonist (at- 0.1 m�I),

they all app(ar(d to potentiate responses to

subniaximal concentrations of isoproterenol

slightly, perhaps via protecion of the agomiist

from oxidation.

The mechanism of inhibition of the [3H}-

norepmephrine reaction �vas investigated

further by in(ub)ation of th( C6TG1A par-

ticulate fraction with reducing agents, fol-

low’ed by cemitnifugation to remove the solu-

ble compounds (Table 3). Membranes so

tr(at(d were fully reactive with [3H]norepi-

nephrine, indicating the absence of any ir-

reversible (ffect- on this particulate fraction.

All compounds inhibiting the reaction still

did so after the initial treatments indicated

(Table 3).

Additional experiments were performed to

alter the concentrations of potential oxi-

dants present in the standard reaction mix-

ture. Incubation under an atmosphere of

N2 significantly inhibited the [3H]norepineph-

rimie reaction (Fig. 11). Furthermore, cer-

tam heavy metals are well known to pro-

mote oxidation of catecholamines. Previous

studies have indicated severe inhibition of

the [3Hjnorepimiephrine reaction with particu-

late fractions by EI)TA, amid full restoration



C6TG1A

C

.2

0

S000

1000

- / 0 tsoprot.r.not

0 +AscorbateI #{149}+M�tobisuIfit.
100 - j � +Cotechol

I #{163}+Hydroquinon.
#{149}+Pyrogallol

(All 0,1mM)

10 /,�..Ascorbat.M&abauthM.Cat.choI.

7 6

acid.

[3H]NOREPINEPHRINE REACTION WITH PARTICULATE FRACTIONS 571

-LOG ISOPROTERENOL (molar)

FIG. 6. Response of C6TGIA cells to isoproterenol

in the presence of catecholamines

At concentrations of 0.1 and 1 MM isoproterenol,

the solid bars indicate the range of absolute re-

sponses, which were essentially identical.

was not obtained with 1 imi Mg� or Ca��

(3). With either C6TG1A or ventricular

particulate preparations, striking inhibition

of the [3H}norepinephrine reaction w-as seen
when the concentration of EDTA exceeded
0.1 /LM, suggesting an important role of trace

concentrations of metals (Fig. 12). In the
presence of 10 �zM EDTA neither 15 �m

Mg�, Ca�, nor Ba� could reverse the

inhibition. However, Cu�, Fe++, Zn++,
Co�+, and Mn++ were able to restore full re-
activity or to stimulate the reaction in ex-

cess of the original (minus EDTA) level. The
metals that were effective either are oxidants
or have extraordinarily high affinity con-

stants for EDTA and could thus displace an
effective metallic oxidant. Inactive metals

are poor oxidants and/or have affinities for
EDTA that are orders of magnitude less
than are those for Zn�, Cu�, Fe++, Mn)-+,

and Co�� (lx). The inhibitory effects of

EDTA and a lack of oxygen were additive,

resulting in nearly complete inhibition of the
[3Hjnorepinephrine reaction with the particu-
late fraction (data not shown).

Characterization of reaction prot-luct. Fea-

tures of the data presented to this point sug-
gest a reaction scheme more comiiplex than
simple equilibrium between macromolecule
amid ligand. Most disturbing are the time re-
quired to reach l)resunied equilibrium, the

specificity of inhibition by polyhydric phe-
nols, the inhibitory effects of reducing

agents, and the stimulation by low concen-

trations of certain heavy metals. Since
quinomies formed by oxidation of a- and 71-

dihydric phenols art highly susceptible to
ring addition (e.g., the cyclizatiomi of oxi-

dized catecholamines to the corresponding
adrenochrorne derivatives), we considered
that covalent bonding between oxidation
products of norepinephrine and reactive
groups of the particulate fractions was possi-

ble. This seems even more likely in view of
the description by Saner arid Thoenen (19,
20) of covalent reactiomi between the p-qui-

none of 6-hydroxydopaniimie amid bovine

serum albumin. Significamit reaction was also
observed by these w’orkers between albumin

amid miorepiflel)hirine or dopamine.
Accordimigly, the stability of the reaction

product was investigated. Addition of large
quantities of unlabeled norepinephnimie at
various time imitervals after initiation of the
reaction �t’it h [3Hjnorepimiephrine resulted in

only a small loss of radioactivity adhering to
the filter (Fig. 13). The amount of apparent
reversal decreased steadily with increasing
incubation time. Withi both C6TG1A and

cardiac part iculate pr(parat ions th(re was

no significamit reversal of reaction evemi after

hours of imicubation with unlabeled norepi-
nephrine (not shown).

The effects of acids (HCI, 1 x; TCA,’ 5%)
were more complex (Fig. 13 and Table 4).

HC1 and TCA treatment at 37#{176}for (xtended
periods r(sulted in loss of 30-50 % of the
tritium adhering to the filter, although rela-
tively large quantities of reaction product
were still detectable by filtration even after
prolonged exposure to 1 N HC1 or 5 % TCA

1 The abbreviation used is: TCA, triehloroacetic
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-LOG CONCENTRATION (molar)

Fin. 8. In I)Zbiliofl of [3HJnorepincphrine reaction with C6TGIA (17 Mg200 Ml) and ventricular (30 �g 200

,�l) particulate fractions by ascorbate and mnetab is)! Ifite

The effect �f ascorbate wa.s tested on 1)0th the original and washed ventricular fractions.

at 100#{176}(Table 4). When, however, carrier

albuniin was added amid radioactive reaction

products were recovered by addition of TCA
and ccntrifugatiomi, product was obtaimied imi

a quantity similar to that seen by filtration

prior to the addition of HCI (Fig. 13). Pre-
sumably, reaction products or fragm nts

thereof are more soluble and/or are not a(l-
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FIG. 9. Time course of [3Hjnorepinephrine (RH-NE) reaction with canine ventricular fraction (30 �g/�OO

Ml) in the presence and absence of indicated agents

TABLE 2

Effect of [‘H}norepi-nephrine concentration on

[3H]mi ore pin ephrine-particula(e reaction

Samples of canine heart microsomes (30 �g/200

Mi) were incubated with either 5 flM or 50 flM [3H]-
norepmnephrine in 20 mae potassium phosphate, pH

7.4, for 120 mm at 37#{176}.Blank values of 317 cpm
(50 nM) or 52 cpm (5 nM) were subtracted. Control

reaction values were 4154 cprn (50 nM) amid 687

cpm (5 nM).

Sample Concen-
tration

5 nae [‘HI- 50 flM
norepi- [tmHl-

nephrine norepi-
nephrine

MM % control reaction

Control 100 100

Ascorbate 1 38 35

100 9 8

Sodium metabi- 1 63 97

sulfite 100 23 28

Catechol 1

100
6() 54

18 8
Hydroquinone 1 57 45

100 12 7

l-Norepinephrine 1 44 44

100 11 4

sorbed to filters after addition of HC1 (see be-

low for discussiomi of product solubiity).

In contrast to the inhibitory effects of

micromolar concentrations of ascorbate arid

metabisulfite when present during the reac-

Fin. 10. Effect of 10-main exposure to isoproterenol

on- cyclic AMP levels in intact C6TGJA in the

presence and absence of reducing agents an(i poly-

hydric phenols

At concentrations of 0.1 and 1 MM isoproterenol,

solid bars indicate the range of absolute responses,

which were essentially identical.
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None 100’ 2 15 15 9 -1
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Metabisulfite, it) M�1 85 12 14

Hvdroquinone, 100 55 2 28 15 0

MM

Dopamiiimie, 100 �iM 76 10 43 11 (�)

5-Hvdroxvdopa, 100 75 7 41 13 -1

MM

(‘iii i’ol.
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TABLE 3

Effect of prior treatment u’ th iariou-s coin pa u nd.s on 3H] ii orepimmephrine reaction u’ith- (‘6TG1A

particulate preparation

Samples containing 20 IBM potassium phosphate, pH 7.4, and CGT(I1A particulate fractions (10

Mg/200 MI) were incubated for 2 hr at 37#{176}with and without the indicated compounds (prior treatment)
before (‘elitrifuigatiofl at 78,00() X g for GO miii. Pellets were resuspended in the original volume and in-
cubated in the presence (if 50 nM l’H]miorepinephrine for 2 hr at 37#{176}with amid without inhibitory com-

pounds (secondary treatment) before flIt rat-iomi. Protein incubated in both treatments without agents is
thecoiitrol,set at l00� (‘none” inthetable). All other values are relative to the control. No corrections
were made for differential l(iss ))f protein in the samples. Control binding of 100� corresponds to 1900

cpm bound per resuspended pellet derived from 200 M1 of the initial incubation medium, or 0.4 pmole/10

�g of C(iTG1A protein (before centrifugation). The same amount of protein without prior incubation or
centrifugat ion bound approximately 0.8 pmole.’ 10 �g of protein.

Prior treatment Second arv treatment

None Ascorbate, Metahisulfite, Hydroquinone, Dopamine,
100MM 1OMM 100MM 100MM

tiomi, these reducing agents at 1 m� concemi-

tratiomis were iiieflective in reversing the re-

act ion (Table 4). Additional experiments

showed similar failure of reversal after a 22-

hr incubation with reducing agents.

Iii e� rt aim) experimnents we attempted to

assess iroduct formation by centrifugation,

imi athlit ion to filtration. Under these circum-

Stallc(’s We mi(ited that- large amounts of

product (detectable by filtration) failed to
S(dilil(mlt at 7S,000 X �,‘ for 60 iiiin (Table 5).
rfhis ceiitrifugation was the same as that

used originall�- for the istilation of the (alillie

veiit micular prepar�-it ion and was almost 3
times the force used to prepare the C6TG1 A

particulate fractioii. Such spontaneous (or
trvpsii i-stiniulated) apparent solubi lization

of bindimig activity was also mioted by Bilezi-
kian 011(1 Aurbach (8). That these observa-

tiomis (1 i indeed represent solubilization of

react ivt jiluteili is intlicated by the following

(Olisi(l(IiLtiOIiS.

I . l”ollowing reaction \Vithi [3H]ilorel)i-

neplirimo, most tf the filterable radioactivity

could be sedimented at 250,000 X g for 20

hr but not at 78,000 X g for 60 mimi, the

original isolation condition.

2. Both th( extent of the [mHjnorepineph-
rine reaction and the amount of radioac-
tivity not sedimentable at 78,000 X g for 60

mm were increased by an elevated potassium

phosphate (on(ent ration (Table 5).
3. If particulate fractions were incubated

for 2 hr in 20 mM potassium phosphate with-

out [3Hjnorepinephrine and then centrifuged

at 78,000 X q for 60 mini, large amounts of

reactive material were presemit in the super-

natant fraction as determined by subsequent

incubation with [311]norepimiephrme. lur-

t hermore, the react ion of [‘H}norepinephrine

with the pellet so obtained was somewhat re-

duced (see legend to Table 3).

4. Subsequent to the reaction of particu-

late fractions with [3H]norepinephrine, bound

�H which did not sedimelit- at 78,000 X q

for 60 mm was incubated with trypsimi or

Pronase. After centrifugation in 2-10 #{182}� con-

tinilous sucrose gradients, the mobility of the
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FIG. ii. Inhibition of [‘Hlnorepinephrine (‘H-

NE) reaction with C6TGJA particulate fraction

(17 Mg,’200 Ml) by N,

The oxygen concentration in the buffer was

minimized by bubbling with N, before addition of

protein. Test tubes were briefly gassed and filled
with N, before sealing with a rubber stopper and

incubation for the indicated time. After 60 mimi a

sample treated with N, was exposed to air for 60

mm before filtration as indicated by the dashed
line.

protease-t reated material was markedly im-
paired when compared to radioactive product

not treated with protease.

5. Radioactive product that was not sedi-

mented at 78,000 X q was not dialyzable

against 20 m�i pota.ssiumTi phosphate, pH 7.4,

or 1 x HCI f(ir 24 hr at 0#{176}.However, if this

material was dialyzed against water, the

radioactive product adhered almost emitirely

to th( (hialVsis mnembrane. Much of the

radioactive product was dialyzable after

treatment with trypsin or Pronase.

It seems possible that many of the anoma-

lous results in the literature are due to the

alterations in the rate of spontaneous solu-

bihization of macromolecules, which are then

more capable of reaction. There are (itlier

experimental .pitfalls. For example, if reac-

tiomi mixtures are treated with 1 x HC1, most

FIG. 12. Inhibition of [‘H�norepinephrine reac-

two by EDTA and stimulation by cations

CGTG1A particulate fraction (17 �g/2(X) Ml) was
incubated in the presence of the indicated concen-

trations of EDTA. For incubation with cations,
10 MM EDTA containing 15 MM metallic (hlorides

or sulfates was added. Canine ventricular micro-

somes gave similar results.

of the prot (in will sediment at low centrifugal

force (1000 X q). However, most of the

radioactive niacromolecular product sedi-

ments only at forces greater than those re-

quired to pellet the bulk of the protein pr�s-

ent.

(1, rommmatoqra-p/my of react ton iii ixtures. Since

we were not able to reverse the [‘H]norepi-

nephrine reaction and extract labeled ma-

terial from the particulate fractions, we can-

not confirm prewous reports (2-4) that

bound catecholammne cami be extracted in

umimodifled form (at least after 2 hr of incu-

bation at 37#{176}).However, we were able to

examine the chemical stat( of the unbound

tritiated material remainimig after 2 hir of

incubation. The reaction mixture was im-

mediately chroniatographed sequentially on

an alumnina and a eation-cxchiamige column

(Table 6). The column procedures utilized

are standard methods for purificatiomi (if

cat echolamnines prior to chemical analysis

(21, 22). After incubation with the C6TG1A

particulate fraction only 25 % of the [‘H]nor-

epimiephrimie remamed, while 65 �- of the

[3H]norepinephrine was present if 0.1 m�

ascorbat e amid! metabisulfit e were presemit.

Sin�ilar results were ol)taimled when the un-

boumid tritiate(l material was subjected to
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Fin. 13. Attempted reversal of [‘H]norepinephrine (‘H-NE) reaction

Washed canine ventricular niicrosomes (30 Mg/200 MI) were incubated for the indicated times, after

which an aliquot was filtered (s). Separate aliquots were added simultaneously to tubes containing 0.1

volume of either 10 mat l-norepinephrine (NE) (0) or 1 N HC1 (a), and were filtered 2,5, and 30 mm later.
The zero-time sample was filtered within 20 sec after addition of protein. After incubation for 120 mm,

certain samples were exposed to HC1 (90 mM) for 15 mm. Albumin (500 �g) and TCA (5�) were then
added, amid the protein was recovered by centrifugation. The pellet was dissolved in NaOH and counted
(X). Blanks were not subtracted from these values, since they presumably are represented by the zero-

time point-. Similar data were obtained for unwashed canine ventricular microsomes and the C6TG1A

particulate fraction (Table 4).

high-v( iltage elect n iphoresis (data hot

shown). The greater degradation of [‘Hjnor-

epinephrine imicubated at 37#{176}without pro-

tein (Table 6) could be due to protein binding

of metallic oxidants or perhaps to nonspe-

cific binding of [‘H]norepinephrine to protein,

thus rendering the catecholamine less ac-

cessible to potential oxidants. It is interest-

ing that while reducing agents eliminate the

covalent reaction of [‘H ]norepinephrine

(or its oxidized products) with the particu-

late fractions, they do not completely pre-

vent degradation of the norepinephrine.

Such degradation as occurs in the presence of

protein and reducing agents may be in part

enzymatic. Michaelsomi et al. (23) have ob-

served that [‘H]norepinephrine was de-

aminated to the aldehyde during imicubation

with a canine ventricular preparation identi-

cal with that utilized in this study.

DISCUSSION

These data demonstrate that the reaction

observed with both C6TG1A and ventricular

particulate preparations is riot an equilibrium

one, and strongly suggest the requirement

for oxidation as an intermediate step. A

plausible hypothesis involves a mechanism

(Fig. 14) similar to that proposed by Saner

and Thoenen (19, 20), wherein oxidation of

catecholamine to the corresponding quinone

is followed by nucleophihic attack on the

aromatic ring. i\Iechanistically similar reac-

ticins of catecholamiries with amino acids
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TABLE 4

Stability of [‘H] a orepi a ephrin e reaction pro(l oct as

measured by .�f illipore Ji ltr(1 t i(iO

Particulate fractions were incubated with 50

nM [‘Hlnorepinephrine in 20 man potassium phos-
phate, pH 7.4, for 120 mini before treatment as in-

dicated and filtration. Control samples were
filtered after 120 mm without further treatment.

“Heated” particulate preparations were heated

at 100#{176}for the indicated time before incubation
with [‘H]norepinephrine. Samples treated with

TCA did not contain carrier BSA and were di-

luted 10-fold with buffer prior to filtration. Con-

trol binding (100%) was 13,200 cpm for C6TU1A

membranes (21 �g/2O() Ml) and 9700 cpm for the
canine ventricular preparation (30 Mg200 Ml).

Treatment Interval C6TGIA Canine
ventric-

ular
prepara-

tion

mm % control binding

1-ICl, 1 s, 37#{176} 15 68 59

60

120

65 57
66 46

HC1, 1 x, 100#{176} 5 70 49

30 52 36

TCA, 5(�, 37#{176} 0.5 74 62

5

15

30

67 55

63 52

65 52

TCA, 5�, 100#{176} 5 68 39
30 59 35

Ascorbate, 1 man 15 9(1 #{182}11

GO

120

93 92

84 93

Metabisulfite, 1 15 87 97

mM 60

120

82 91

74 83

Heated, 100#{176} 2 132 68

5

15

30

135 61

140 39

141 32

and peptides have also been reported (24,

25). All features of the data detailed above

seem consistent with such a mechanism. In

order to test this hypothesis further, it

would be desirable to oxidize the catechiola-

TAiiI�F: 5

Sedimmien tatiomi of reaelet’l [‘11] norepioeph nor

CGTC;IA (105 �g nil) and (anine ventricular

(300 Mg/nil) p�trt iculate preparations were incu-
bated for 120 mini at 37#{176}in 50 miM [‘Hinorepineph-
rine at the indicated concentrat I(iflS (If potassium

phosphate (total volume, 20 nil). After filtration
of aliquots for determinatiomi of total l’H}miorepi-

nephrine bound, the samples were centrifuged at

5 X 10� g X miii, amid aliquots of the supernatant

fraction were filtered for determination of un-

sedimentcd, bound ‘H. Pellets were dissolved in

NaOII before determination of sedimented, bound

�11. Data are based on total ‘11 bound by each

fraction obtained after cent rifugat ion.

Particulate
fraction added

Potas-
sium
I)h0S

Ihate,
iii 7.4

)‘iljNoreii-
nephrine

reacted

Sedimentation of
reacted material in

--- - -

Pellet Super-
natant

(-.;;‘:M przoles,-rs:g
pro/em

CGT(;1A 2

20

200

76

S-I

178

35 65

29 71

iS 82

Canine yen- 2 94 45 55

tricle 20

200

102
104

43 57

36 64

maine to thie quinone prior to addition cif the

particulate fracti �n. Howe v r, the oxidizcd
catecholamine rapidly (ychizes internally to

an adrenochromiie, niaki ng such an experi-

ment iITlp(issibl(’.

It is not entirely clear what factors limit

the extent and rate (if reactiomi. rn rate of

the proposed oxidation step appears to be

particularly important. rili extent of reac-
tion may also be markedly imifluenced by

the number of macrornolecular sit(s avail-

able for nucleophihic substitution. This may

be dependemit on the physical and ohcniical

state (if the part iculate fractions and the rate

of solubilizatiomi of protein from these frac-

tions. Such factors may eXplain the remark-

able stal)ility of the biiidiiig activity of such

particulate fractions to a variety of manipu-
lations, including urea, heat, sonication,

and degradat ive emizymc ‘s, since these pro-

cedures, by denaturing or solubilizing pro-

tein, would make more sites available for

react ion.

The question remains as to the relation-



Sample Norepi-
nephrine

on
alumina

TABLE 6 reaction sequence between the beta adrenergic

receptor and the adenylate cyclase is un-

known, and the unresponsive cells tested

could lack essential hypothetical components

of the system other than the receptor.

More significant are experiments in which

those compounds capable of markedly imi-

hibit-ing [‘H]norepinephrine reaction fail to

stimulate cyclic AMP production or to in-

hibit catecholamine-stimulated cyclic AMP

production iii an experimental system cx-

(�Uisitely capable of detecting such activities.

Thus brief exposure to isoproterenol (0.1

pin) results in accumulation of cyclic AMP

to concentrations 400-fold above control.

Dopa amid 5-hydroxydopa, when tested as

agonists, are clearly less potent by a factor

of more than 10�, since no stimulatory ac-

tivity was observed at the high concentration

tested (0.1 nut). When tested as antagonists,

these compounds are inactive when present

in excess of isoproterenol by a factor of 10�.

Yet isoproterenol, dopa, and 5-hydroxydopa

96 98 94 are essentially equipotent inhibitors’ of the

5 34 2 [‘H]norepinephrine reaction. These data

70 93 65 strongly strain the credulity of hypotheses

based on ring-specific and side chain-spe-

cific portions of the receptor (4, 8, 9). Sinii-

� lar arguments can be made for structurally

unrelated reducing agents and for poly-

hydric phenols. Since these ag(’mits have no

capacity to antagonize cyclic AMP accumu-

lation at time intervals when the [‘H]nor-

epinephrine reaction is markedly if not com-

pletely inhibited, the putative binding phe-

nomenon observed must be questie)n(d.

Since our data strongly iiidicate that the

obse’rved reaction of [‘H]norepinephrine with

particulate fractions that undoubtably coIl-

tam beta adrenergic receptors bears mio rela-

tionship to such receptors, we feel obligated

to examine the theoretical feasibility of de-

tectioii of beta adrenergic receptors in such

preparations by radioactive ligand binding.

There are two questions of primary mi-

portance: (a) the specific activity of recep-

tors in available sources of material amid (h)

the physicochemical nature of the catechola-

mimic-receptor interaction.

If one is willing to make two assump-

t iolis----the turnover number of adenylate

cyclase and the stoichiometry between the

enzyme amid related receptors-interestimig

46 54 25
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Cola man fractionation of norepinephrine

[‘HjNorepinephrine in 20 m� potassium phos-

phate, pH 7.4, was incubated with and without

(blank) the C6TG1A particulate fraction (100

Mg/mi) for 120 mimi at the temperatures indicated
before fractionation on alumina columns (see

MATERIALS AND METHODS). The fraction eluted as

norepinephrine was then chromatographed on
Dowex 50-X8. The last column (“ net norepineph-

rine”) is the per cent eluted from the alumina
column multiplied by the per cent eluted from the

Dowex column. Ascorbate amid nietabisulfite were

present at concentrations of 0.1 man. [‘HlNorepi-

nephrine bound to protein did riot bind to the

alumina columns and could be recovered by Milhi-

pore filtration of the material eluting with water.

Norepi- Net
nephrine norepi-

on nephrine
Dow cx

50

Stock [‘H]msorepineph-

rine

Blank, 37#{176}

Blank, 0#{176}

C6TG1A particulate, 37#{176}

+Ascorbate + meta-
bisulfite

- Ascorhate - met a-
bisulfite

ship between the final reaction product (ii)-

served and any initial binding to a func-

tionally important site. We can find no evi-

dence to suggest that any such nieaningful

relationship exists.

This conclusion is supported by the kinetic

experiments and those in which the reaction

(apacity of various cell lines was examined.

A maximal rate of production of cyclic AMP

begins essentially instantaneously, while the

[‘H]norepinephrine reaction is at a fraction

cif final levels. Although troublesome, this

argumemit can be countered if the number of

spare receptors is large, i.e., if only a frac-

tion of receptors need be occupied for maxi-

nial beta adrenergic response. The lack of

correlat ion between adrenergic responsive-

hess of cells and their reactivity with [‘H]-

norepineplirnie could also be taken as evi-

dence’ against the significance of the reaction.

However, it niust be kept in mind that the
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FIG. 14. Possible reaction pathway for interaction of [3H]norepinephrine with macromolecules

The asterisks denote the positions of 111 on the norepinephrine used in this study. This hypothetical

pathway is based on the proposal of Saner and Thoenen (19,20).

TABLE 7

Calculation of hypothetical adenylate cyclase-receptor relationships

The number of adenylate cyclase molecules per milligram of protein was calculated from the maximal
rate of net cyclic AMP accumulation in intact C6TG1A cells in response to isoproterenol (500 pmoles/
mm/mg) (see ref. 11, also Fig. 2) and the assumed range of turnover numbers. A wide range of possible

stoichiometry between the enzyme and the receptor is then additionally assumed. A counting efficiency
of 100% is assumed.

Turnover No. for
stimulated

adenylate cyclase
(assumed)

No. of adenylate
cyclase molecules

(calculated)

Molar ratio of
receptor to

adenylate cyclase
(assumed)

No. of receptor
molecules

(calculated)

[3HlCatecholamine
bound at 10

Ci/mMole
(calculated)

mol ecut es/sec molecules/mg protein molecules/mg protein cjnn /mg protein

100 5 X 1012 100

102
10�
106

5 X 1012

5X1014
5X10’6

5 X 10�

5 X 10�

5X106
5X108
5 X 10”’

102 5 X 1010 100

102
10�

106

5 X 1010

5x101’
5 x 10”

5X1016

5 X 10’

5X104
5 X 10�

5X1O’

10� 5 X 10� 100

102
1Q�

106

5 X 108

5 X 10’�
5X1012
5 X 1014

5 X 10#{176}

5 X 10�
5X10#{176}
5 X 10�

106 5 X 10� 10#{176}

10#{176}

10�

106

5 X 10�

5X108

5 X 10’�

5X1012

5 X 10’

5X10#{176}

5 X 10�

5X104
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OH

0�a/�,4!H * HO)c� j_OH
�CH, � (�)

I HO N

NH�

/�--,
101

\ � OH OHI INHa HO�%�..CH� �..NH2I I CH,

/
I R

R-SH
R-NH, V

generalizations can be made. Intact C6TG1A ing to 5 X 1012 molecules/sec/mg of protein

cells can generate at least 500 pniolcs of (see Fig. 2). If we assume a range of turnover

cyclic AMP per minute per milligram of pro- numbers for ademiylate cyclase in these cells

tein in response to isoproterenol, correspond- (maximally stimulated) and, in addition,



2 M. E. Maguire and A. U. Gilman, unpublished

observations.
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vari(ius hiiolar ratios 0)1 receptor to cyclase,

the caloulations showmi in Table 7 result. It

is al)IMII(’Ilt that if the stimulated cvelase

tlmrrle)v(r miuiiiber is relatively large ami(l if

there is a (onservative stoichioinetry (mi-
plying tight coupling) between the receptor

and the cyclase, siniphistic attenipts to ob-

serve hiimiding of [3Hlcatecholamines to true

recepteirs are (loomed, even with highly tic-

tive preparations such as CGTG1A amid with

sat urat imig concent rat ic �ns of catecholamine.

ilie problem is obviously more acute (ither

\vitli particulate preparations of lesser ac-

tivity or if minimal concentrations of [3H]-

(atecholamine are mieeded to reduce non-

specific binding to acceptable levels. The

initial approach seems clear: (a) to use the

most act ive and homogeneous preparat ie )ns

available, (b) to use high concentratiomis of

eate’ehieilamiune (preferably isoproterenol) of

high specific activity, (c) to search diligently

f(ir meat is to elini mate non-receptor binding,

(d) to hope f()r low turnover miumbers and a

less e(inservative stoichiometry between re-

(e’ptol amid e clase, and (e) to attempt to
obttiimi strict correlations between catechola-

mine’ bimidimig data amid adeiiylate cyclase

activation. If this fails, novel higands of

higher specific activity may be required.

Ili(’ final (luesticin concerns the reaction

rates for associatiein and dissociatieimi of the

catecholaniine-recept r complex. it is clear

that activation of ademivlato’ cycla.se is virtu-

ally instamitaneous, amid thus at least a frac-

tiomi of th( receptor population flflLst l)e

readily accessible. It is also (lear that

adeiivlate (vclas( act ivitv returns tiward

l)asal levels very (1ui(kl�’ following reiiioival

(if the (ateeholamliin(, implying rapid rates of

diss niatieimi (26) Ihese observat le ilis have

oh �vic us a mid mi port ant irnphicat ions ill

ch a sihig lioth ineul)ation tunes and iiiethods

for separation of free and l)oumid ligand.
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