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Abstract-The activities of dopamine-sensitive adcnylate cyclase and [‘Hfd o ,tmine binding show-ed a p’ 
similar suhceliular distribution in the canine caudate nucleus. and were present primarily in the synaptic 
membrane fractions. Binding of [~H]d~pamine to the crude synaptic mcn~branes was rapid, saturable 
and revcrsihle in the presence of 7 mM ATP with :I rate constant of 2.5 x 10FMm’ min --’ and 0.63 
min’ for the forward and reverse reactions respectively. The equilibrium dissociation constant (K,,) 
for the binding was about 1.5 @I, almost identical to the K,, of adenvlate cvclase for dopamine to 
stimulate half-maximally. Binding of [Hjdopamine in the absence of A?P exhibited a negative coop- 
era&ity. with two K,/ values (0.11 PM and 8. I /.A). which was abolished by addition of 2 mbl ATP. 
The major role of ATP appears to enhance the association of [‘H]dopaminc to the membranes. 
~~H]D~pa~llinc binding in the presence of 2 m.ht ATP and do~~mine_~cIl~itivc adenylatc cyclase in the 
membranes were affected in a similar manner by e~~tccl~~larnines, some ~Intidepressants and a variety 
of ncuroleptics. with the exception of some phenothiarine derivatives such as chlorpromazine ancl 
Huphenazinc. Propranolol and coc;Line. an uptake rnhibitor at neuronnl membranes. did not inhibit 
either activity. Dopamine sensitivity of the particulate adenylate cyclase tended to hc increased hy the 
addition of (I.001 (i Luhrol PX in the incubation hut was greatly impaired by more than 0.005’i Luhrol 
PX. The synaptic membranes were solubilized with 2”i Luhrol PX in the prcscncc of NaF from the 
particulate fractions. [‘his solubilization procedure preserved well not only tluoride sensitivity hut also 
[i~~p~~n~inc rc\ponGvcness of atienplatr cylax in the s~lpern~lt~int Ruid. 

Multiple classes of dopamine receptors have recently 
been demonstrated in the mammalian central ner- 
vous system [l-6]. Kebabian [3] has proposed two 
classes of dopamine mechanisms according to their 
association with. or independence of. dopamine-sen- 
sitive adenylate cpclase (EC 4.6.1.1). Meanwhile, 
attempts to label dopamine receptors with 
[“Hldopamine have been made by several investi- 
gators [ 1. 2, 7-l 11. and the affinity of [“Hldopamine 
to the receptor sites in their preparations has been 
found to be far greater than the ability of dopamine 
to stimulate dopamine-sensitive adcnylate cyclase 
[ 12, 131. This suggests that the [ ~~i]dop~~illine-binding 
component is distinct from the dopamine receptor 
unit of dopamine-sensitive adenylate cyclase. On the 
other hand, our previous brief report [14] demon- 
strated that binding of [‘Hldopamine to the synaptic 
membranes in car& caudate nucleus is increased 
all~stericaily at least several-fold by a c~)ncentrati(~n 
of ATT’ such as 2 mM, and that under our experi- 
mental conditions the dissociation constant (K,t) for 
dopamine in binding is almost identical to the k’,,. 
the concentration of dopamine resulting in half-max- 
imal stimulation of dopamine-sensitive adenylate 
cyclase. The present paper provides further evidence 
for a close correlation of ~~~ild~~parnitle binding with 
dopamine stirnui~~t~l)ll of adcnylate cyclase in canine 
caudate nucleus. 

Our interests have also been directed to an elu- 
cidation of the mechanism for functional association 
of adenylate cyclase with dopamine receptors. One 
means of study is to solubilize dopamine-sensitive 
adenylate cyclase in order to dissociate it into unit 
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components, and to reconstitute a dopamine-scnsi- 
tive form from its unit components. Considerable 
effort has been made by a number of workers to 
solubilize the enzyme complex in a hormone-sensi- 
tive form from a variety of tissues, using non-ionic 
detergents; only a few groups have reported SUC- 
cessful solubilization [ 15-181. Some of these reports 
[lS-171 appear to be ambiguous in their conclusions 
or in the reproducibility of the experimental results. 
In some papers an effort has been made to determine 
the enzyme activity in the absence of carried-in 
detergents [F-17] in order to obtain the hormone 
sensitivity of solubiiized preparations. On the other 
hand, the Lubrol PX-solubiiized adenvlate cyclase 
of porcine kidney displays greater calcitonin sensi- 
tivity, in the presence of the carried-in detergent in 
the incubation, than does the membrane preparation 
1151. Levey [lh. 171 hasdemonstrated the importance 
of certain phospholipids for epinephrine and glu- 
cagon sensitivity of Lubroi PX-solubihzed heart 
preparations, while Neer 1181 has reported vaso- 
pressin sensitivity of Lubrol PX-solubilized prep- 
arations from the rat kidney in the absence of added 
phospholipids. Very recently, Drummond and Dun- 
ham [19] reported the inability of phospholipids to 
cause hormone sensitivity of Lubrol PX-solubilired 
heart preparations. in contrast to the reports by 
Levey [16, 171. Thus, all the results so far reported 
by these workers are different and confusing. per- 
haps due to differences in tissues. animals and incu- 
bation conditions. The present paper also describes 
solubilization of dopamine-sensitive adenylate 
cyclase with Lubrol PX in a dopamine-sensitize form. 
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MATERIALS AND METHODS 

Mrtterids. Dopamine hydrochloride. pargyline 
hydrochloride. (-)isoproterenol hydrochloride. 
Lubrol PX and theophylline were purchased from 
Sigma, St. Louis. MO, U.S.A. ATP, GTP, 
Gpp(NH)p.* cyclic AMP and cyclic AMP phospho- 
diesterase were obtained from Boehringer-Man- 
heim/Yamanouchi. Tokyo. Japan. Imipramine. des- 
methylimipramine and sulpirirde were from 
Fujisawa, Osaka. Japan. [Ethyl-‘H(N)]dopamine 
(X.Y(1 to 21.4 Ci/mmole) and [X-‘Hjcyclic AMP (27.6 
Ci!mmole) wcrc from New England Nuclear. Bos- 
ton, MA. U.S.A. and the Radiochemical Ccntre. 
Amersham. LJ.K. respectively. The following 
materials were also commercially obtained: per- 
phenaLine (Schcring, Bloomfield. IL. U.S.A.). halo- 
peridol (Dainihon, Osaka, Japan), methylperidol 
(Cilag-Chemie, Schaffhausen. Switzerland). (-)nor- 
epinephrine (Nakarai. Kyoto. Japan). (-)epineph- 
rine (Tokyo Kasei. Tokyo. Japan). Huphenazine 
(Yoshitoml. Osaka. Japan), promethazine (Shion- 
ogi. Osaka. Japan). cocaine (Tanabe. Osaka. 
Japan), reserpine (Yamanouchi. Tokyo. Japan). and 
Whatman GFiB filter (Whatman. Kent. U.K.). 
Chlorpromazine. (+)propranolol hydrochloride. 
and cloLapine were prepared in our laboratories. 

Membrane preparations. Subcellular fractionation 
of the canine caudate nucleus was performed at 4” 
according to DeRobertis Tut al. [20]. Freshly isolated 
canine caudate nucleus was minced with scissors and 
homogenized in a Teflon homogenizer at 900 revimin 
for 2 min in 25 vol. of 2 mM Tris-maleate buffer. 
pH 7.4. containing _ ? mM EGTA and 0.32 M sucrose. 
The homogenate was centritugrd at YOOR ior 10 min 
to obtain the nuclear fraction and the supernatant 
fluid was further centrifuged at 11 SO0 g for 20 min 
to obtain the mitochondrial fraction. The post-mito- 
chondrial fraction was then centrifuged at 105.000 g 
for h0 min to obtain the microsomes and cytosol. 
After washing once with the Tris-sucrose buffer, the 
crude mitochondrial pellet was subjected to hypo- 
tonic exposure by homogenizing in 0.032 M sucrose 
containing 2 mM Tris-maleate buffer. pii 7.4. The 
suspension was centrifuged at 20,000 g for 30 min 
and MI (precipitable by this centrifugation). M: (the 
post-Ml precipitable at 105.000 K for 60 min) and Mj 
(the soluble fraction) were obtained by differential 
centrifugation. The MI fraction was further subdi- 
vided by centrifugation in a discontinuous sucrose 
gradient consisting of successive layers of I .1. I .2. 
1 .I). 0.4, and 0.8 M sucrose. 

Soluhilizutior~. Solubilization of MI was performed 
at 4” with Lubrol PX. MI of about IO mg protein was 
suspended in 1 ml of 100 mM glycylglycine buffer, 
pH 7.4. containing 0.25 M sucrose, 5 mM MgSO4. 
I mM EDTA, 3 mM dithiothreitol, 5 mM NaF and 
2% (v/v) Lubrol PX. homogenized with a Teflon 
homogenizer for 2 min at YCIO revimin, and then cen- 
trifuged in a Hitachi 80 P at 105.000 g for h0 min. 
The clear supernatant fluid thus obtained was diluted 

* Abbreviations used are: Gpp(NH)p, guanylyl imido- 
diphosphate: cyclic AMP, adenosine .i’:S’-monophosphate: 
and EGTA, ethylene glycol his-(@aminoethyl ether)-N. 
Wtetraacetic acid 

100 times with 2 mM Tris-maleate buffer. pt I 7.4 
containing 2 mM EGTA and then used for furthcl- 
experiments. 

Drterrnitution of’ crdcrl~lrrie c~~.c.lmc. ;itlcn! Iat<, 
cyclase was determined in the prescncc and abhencc 
of dopamine by the method of Clement-Cormlet (‘i 
al. [12] except for the presence of 2 mM ATP in\tc;ltl 
of 0.5 mM ATP. The standard assav mixture COIN- 
rained, in a final volume of 0.5 ml: X0 mM Tri> 
maleate, pH 7.3, 2 mM ATP. H mM MgSO,. IO mhl 
theophylline, 0.6 mM EGTA. ICI PM GTP. (1.07(; 
ascorbic acid and an appropriate amount of cn~\ mc. 
The reaction was initiated by addition of ;\TP: car- 
ried out for 4 min at 30” with the particulate en~>mc 
or for 6 min at 25’ with the solubilized enrymc \\ith 
constant shaking. and terminated by placing the 
assay tubes in a boiling water bath for 3 min. The 
mixture was centrifuged and the amount ol c\cIic 
AMP in the supernatant fraction was directI\ dc‘tcr- 
mined by the protein binding assay ;I$ descrlhed II\ 
Brown et al. [21. 221. Under the incubation C‘OIV 
ditions, the activity. of adenylate cyclase \\;I\ pro- 
portional to either incubation time or protein C‘OI~- 
centration within the tested range. 

Validity for a direct application to the supcrnatant 
fluid of the protein binding method of Brov,n (V rrl. 
[21. 221 for cyclic AMP determination wa\ jpccili- 
tally verified ir: those experiments which studied the 
dopamine sensitivity of mcmhranou\ :rdcn\ Iat~ 
cyclase. First, treatment of the supernatant fuicl~with 
cyclic AMP phosphodiesterase resulted in ;I complctc 
disappearance of cyclic ,ZMP. as detsrmincrl II!, the 
protein binding method. Second. ;I 0.5-ml aliquc~t ot 
the supernatant fluid with added [ ‘lI]c!clic AMP 
(11,000 dis./min) was applied to ;I neutral alumina 
column (0.4 X 2.5 cm) which had been cquilihriated 
previously with 0.05 M ammonium formate buffer. 
pH 7.4. After the column wa\ washed with 0.5 ml 
of the same equilibriation buffer. I .5 ml of the buffer 
was applied and the resulting eluate wax collcctctl. 
The amount of cyclic AMP in the cluate was deter- 
mined by the protein binding method. (‘orrcction 
for the loss of cvclic AMP during the pr”ccs3 \\<I\ 
made by measuiing the recovery (X(&Y0 per cent) 
of [3H]cyclic AMP. The amounts of c\clic .AhlI’ 
obtained by a direct application to the \;pernatant 
fluid of the binding method wcrc essentially the ~1111~‘ 
as those after isolation of cyclic AMP bv the ct~lumn 
chromatography prior tU the binding a\sav. 

Detertnirmtiofl o$ [‘If ]floput~i,rc, hiurii,y T‘llc 
ability of MI to bind [‘Hldopnminc \\a\ determined 
by the filtration method as described prcviou\ly 1 l-11. 
The incubation mixture contained. in ;I total \~olume 
of 2.5 ml. 1OmM theophvllinc. X mM MgSO;. 
0.6 mM EGTA, 0.5 PM [‘H]dopamlnc (0. I to 
0.45 PCi), IO PM GTP. 0.02“; ascorbic acid. SO mM 
Tris-maleate. pH 7.4. and an appropriate protein 
amount of MI. After 20 min of preincuhatlon :it 0 . 
the binding reaction was initiated by raisins the 
temperature rapidly to 30” with concomitant addition 
of 2 min ATP. maintained for 4 min. and terminated 
by filtering through a Whatman GF;H filter di\k 
under vacuum. After quickly washing twice within 
10 set with 15 ml each of cold 50 mM Tris+maleate 
buffer, pH 7.4. the filter disk was dried at 70 for I 
hr and the radioactivity was determined in IO ml ot 
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Bray’s solution [23] in a Packard liquid scintillation 
counter (model 3390). [“H]Dopamine binding to MI 
in the absence and presence of 500 PM nonradioac- 
tive dopamine was referred to as total binding and 
nonspecific binding of [‘Hldopamine respectively. 
Thus, specitically membrane-bound radioactivity of 
[“Hldopamine defined in the present experiments 
was the excess over nonspecifically bound radio- 
activity, that is the difference between total binding 
and nonspecific binding. Under these conditions. 
specifically bound radioactivity which was verified 
to be dopamine as described before [ 131 ranged from 
65 to 75 per cent of total binding. The word “binding” 
simply described in the present paper means specific 
binding unless otherwise stated. 

Succinic dehydrogenuse (EC’ 1.3.99.1). Succinic 
dehydrogenase activity was assayed by following the 
decrease in optical density at 600 nm of ?.h-dichlo- 
roindophenol at room temperature under aerobic 
conditions as described before [24]. The reaction 
mixture, with a total volume of I .O ml. contained 
100 mM sodium phosphate buffer, pH 7.2. 10 mM 
sodium cyanide, 0. I4 mM 2.6dichloroindophenol. 
26 mM sodium succinate and the proper amount of 
enzyme fractions (17-530 pg protein). 

Acetylcholine esteruse (EC 3.1. I .7). Acetylcholine 
esterase was assayed by following the increase in 
optical density of the reaction product of thiocholine 
and dithiobisnitrobenzoate at 412 nm at room tem- 
perature using the method of Ellman et al. [ 251. The 
reaction mixture (total volume 3.12 ml) contained 
95 mM sodium phosphate buffer. pH X.0. 0.32 mM 
dithiobisnitrobenzoate, 0.48 mM acetylthiocholine 
and the proper amounts of enzyme fractions (J- 
120 pg protein). 

Protein. Protein determinations were carried out 
by the method of Lowry et al. 1261, using bovine 
serum albumin as a standard. 

RESlU,TS 

Subcellular distribution qf‘ dopmrrline-sensiti~~e 
adenylate qclase and [3H ]dopamine hirldinX protein. 
Of the four primary fractions, the mitochondrial 
fraction, as marked by succinic dehydrogenase 
activity, exhibited the highest total activity as well 
as the highest specific activity of both dopamine- 
sensitive adenylate cyclase and (ZH]dopamine bind- 
ing (Table 1). Most ot both activities were also found 
in osmotically shocked crude mitochondria (MI). Of 
six subfractions prepared from MI by a discontinuous 
sucrose gradient centrifugation, synaptic membrane- 
enriched fractions MI (0.9) and MI (1.0). as marked 
by acetylcholine esterase. showed the highest total 
amounts of both activities and the highest specific 
activity as well. The enzyme and binding activities 
were lowest in the mitochondrial pellet. It is of 
interest to note that MI fractions of canine cerebel- 
lum exhibited neither activity of dopamine-sensitive 
adenylate cyclase nor binding of [ ‘Hldopamine. 

Stimulation of particulate adetzylate c~clase t>y 
dopamine. Adenylate cyclase activity of MI pro- 
ceeded almost linearly for at least 10 min in a dose- 
dependent manner with respect to the protein 
amount up to 200 pg under the standard conditions 
in the presence and absence of 100 PM dopamine. 
Maximal stimulation of adenylate cyclase by dopa- 

mine usually varied from I .6- to 2.7-fold, depending 
upon the preparations. though the reason for such 
a preparation-dependent variation was unclear. The 
relative potencies of catecholamines in stimulating 
the particulate adenylate cyclase were compared. At 
low concentrations dopamine was more effective 
than either (-morepinephrine or (-)epinephrine, 
as shown in Fig. I. (-)Isoproterenol. a P-adrenergic 
agonist, was completely inactive even at a concen- 
tration as high as I mM. The maximal response of 
adenylate cvclase to dopamine was about 
300 pmolesim~nimg of protein, almost identical to 
the response to either (-)norepinephrine or (-)epi- 
nephrine. and a half-maximal increase in cyclic AMP 
formation occurred in the presence of 2.X PM dopa- 
mine (Table 2). On the contrary. the apparent K,, 
values for (-)norepinephrine and (-)epinephrine 
were 21 and I7 PM respectively. As already shown 
in the preliminary report [I4]. the dopamine 
response of adenylate cyclase was strongly inhibited 
by neuroleptics such as fluphenazine (K,, 3.0 x IK” 
M), haloperidol (K,. 3.3 x 10m" M). chlorpromazine 
(K,. 6.5 x lo-’ M) and reserpine (K,, 2.0 x 10 -' M), 
but not by cocaine, an inhibitor of reuptake at neu- 
ronal membranes 1271. or by (+)propranolol. a /3- 
adrenergic antagonist (Table 2). NaF at 10 mM was 
also able to stimulate adenylate cyclase to a some- 
what greater extent than that attained maximally by 
dopamine. 

The effects of various concentrations of GTP on 
stimulation by 100 PM dopamine of adenylate 
cyclase in the MI fraction were studied. Though GTP 
alone exhibited no effect on the adenylate cyclase 
activity, Fig. 2 obviously indicates that GTP together 
with dopamine resulted m a dose-dependent increase 
in the activity with the apparent K, of about 4.5 PM, 
the concentration to cause half-maximal stimulation. 

Binding of [3H]dopumi~w to MI membranes. Bind- 
ing of [‘Hldopamine to MI increased linearly as a 
function of the protein amount up to 1 mg under the 
standard conditions. Heat treatment at 80” for 5 min 
completely inactivated the ability of MI to bind 
[3H]dopamine. In agreement with our preliminary 
report [ 141. the amount of [‘Hldopamine specifically 
bound to MI membranes was saturable in the pres- 
ence or the absence of 2 mM ATP. as shown in Fig. 
3. Scatchard analysis showed the apparent dissocia- 
tion constant (K,,) of 0.11 FM (B,,,,, = maximal bind- 
ing, 1.0 pmoleimg of protein) and 8.1 PM (B,,,,. 
10.5 pmolesimg of protein) in the absence of 2 mM 
ATP and 1.5 PM (B,,,,,, 15.0 pmolesimg of protein) 
in its presence. Hill analysis also gave a similar K,r 
value of 1.4 PM in the presence of 2 mM ATP. The 
Hill coefficient was computed to be 1.04 in the pres- 
ence of 2 mM ATP and (I.70 in its absence, indicating 
that ATP was apparently an allosteric effector. It 
was noteworthy that the affinity of dopamine to the 
synaptic vesicle fraction M: (K,/ = 0.11 pM) was 
more than ten times greater than the affinity to the 
synaptic membrane fraction MI (K,, = I.5 PM), sug- 
gesting that the binding to both fractions was distinct. 

In the presence of 2 mM ATP. binding of 
[‘Hldopamine was rapid and reached an equilibrium 
state within several minutes (Fig. 4). Removal of 
10 PM GTP from the standard incubation mixture 
did not alter significantly binding of [‘Hldopamine. 
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Fig. I. Effects of catecholamines on adenylate cyclase of canine caudate nucleus. Adenylate cyclase of 
MI with 150 ~g protcin was determined under standard conditions in the presence of various concen- 
trations of dopamine (0). (-morepinephrine (0). (-)epinephrine (A) or (-)isoproterenol (A). The 
results are the means of four determinations with the standard errors indicated by vertical bars. The 

hasal activity of adenylate cyclase was I33 i 21.6 pmoles of cyclic AMP formed/min/mg of protein. 

Table 2. Effects of catecholamines and catecholamine antagonists on adenylate cyclase 
and [‘Hldopamine binding activities of MI membranes* 

Compounds 

Adenylatr cyclase 

li, (M) K<(M) 

[‘H]Dopamine binding 

Kj (M) 

Dopamine 2.x x lo-” 1 .6 x 10’-6 
(-)Epinephrinc 1.7 x lo--5 2.7 x lo-.5 

(-)Norepinephrine 2.1 x 10Y5 3.2 x l@ 
(-)Isoproterenol > lo+ t 4.4 x 10-s 
Promethazin~ > 10-J 2.2 x 1u-h 7.7 x 10-s 
Clozapine > lo-: 4.3 x lo-’ 1.2 x 10-h 
Chlorpromazine > IO-’ 6.5 x 10-s 1.3 x lo-” 
Perphenazinc > lo-” 1.7 x 10-7 4.0 x 10-7 
Mcthylperidol > lo-’ 9.2 x 10-s 8.0 x 10-s 
Haloperidol > 10-c 3.3 x 10-s 6.7 x 10-s 
Fluphenazine > 10-s 3.0 x 10-y 4.9 x 10--s 
Sulpiride > IO? > 10-i > 10-j 
~~etoclopramide > 10-J f. 8.0 x In-’ 
(+)Propranolol > 106 > i(l-” > 10-s 
Pargyline > 10-i > 10-h I 
Cocaine >lWJ > 10-S > lo-J 
Imipramine > 10-J 1.1 x 10-h 3.5 x 1t+ 
Desmethylimipramine > lo- 1.5 x 10-h 4.2 x lO-* 
Keserpine > 10-5 2.0 x 10-s 9.3 x 10-s 
- 

* Binding of [~H]d~)pamine and the dopamine-stimulated activity of adenylate cyclase 
were determined under the standard conditions. The inhibition constant (I(i) was obtained 
according to the equation, K, = IC’ZCI/(~ + UK). where C is the concentration of 
[7H]dopamine in the uinding assay or of dopamine in the assay of adenylate cyclase. K 
represents the concentration (Kd) of [lH]dopamine (1.5 KM) required to give half-maximal 
binding to MI membranes or of dopamine (2.8 GM) to give half-maximal stimulation of 
the adenylatc cyclase. and ICO represents the concentration of the antagonists which 
reduced by 50 per cent the binding of [~~]dopamine or the 40 FM dopamine-stimulated 
activity of adenylate cyclase. The rC, &IF adenylate cyclase and the Kt for [~H]dopamine 
binding by catecholamines were calculated from Figs. I and 6 respectively. 

* Although (-)isoproterenol at If)? M inhibited by 40 per cent the dopamine-stimulated 
activity. the inhibitory effect of the compound at more than 10d4 was not carried out. 

f Although metoclopramide at 10-j M inhibited by 16 per cent the dopamine-stimulated 
activity. the inhibitory effect of the compound at more than lo-’ M was not carried out. 

% Although pargyline at lo-’ M inhibited by 15 per cent the binding of [‘Hldopamine, 
the inhibitory effect of the compound at more than iO_’ M was not carried out. 
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Fig. 2. Effects of various concentrations of CiTP on tlopamine stimulation of atlen~latc cycia~ of MI 
membranes from canine caudatc nucleus. Atlen~latc cyclasc 01 M with 76.3 q protein wa\ Jetcrmined 
under standard conditions except for the presence of the indicated concentratton~ 01 Gf‘P with (0) or 
without (0) 100 PM dopamine. The results arc the means of lour determinations ~vith the \t;mtlard 
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Fig. 3. Specific binding of dopamine to MI membrane prep~iratiolls as a Junctton of dopaminr concctt- 
tration. Total binding of 14 nM (iH]dopamine plus indicated concentrations of nonrndioactivc dopaminc 
to MI of 412 pg protein was determined under the standard assay conditions. Specific binding of 
dopamine was the difference between total binding at the indicated concentrations 01 dopaminc and 
nonspecific binding in the presence of additional SO0 @I nonradioactive dopaminc. The results are the 
means of four determinations in the presence (0) and absence (0) of 2mM ATP and iO&‘l CiTP. 
B,,, (IS.0 and 10.5 pmoies/mg of protein in the presence and absence of the nucleotides respectivtly) 
and B indicate the maximal binding and binding at the indicated c~~~~centr~~t~o~~ of dop~i~ninc rcspcctivelt, 
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Time (min) 

Fig. 4. Binding of [‘Hldopamine to MI membranes as a 
function of time. Binding of [‘Hldopamine to MI mem- 
branes with 410 Kg protein was determined under the stan- 
dard conditions in the presence (0) and absence (0) of 
2 mM ATP except for no preincubation of 0” for 20 min. 
The results are the means of triplicate determinations with 

standard errors indicated by vertical bars. 

The observed rate constant (f&h) was calculated to 
be 0.75 min-‘. For the analysis of the dissociation 
reaction. MI was incubated with [“Hldopamine for 
6 min followed by the addition of a large amount of 
nonradioactive dopamine, and the displacement of 
[‘Hldopamine was then measured with time. The 
dissociation constant (Kz = 0.63 min-‘) and the half- 
life time (1.1 min) were calculated from the slope of 
the dissociation curve at 30”, as illustrated in Fig. 5. 
When the dissociation was carried out at O”, the 
release of [‘Hldopamine from MI was too slow to 
obtain the K? value. The second order rate constant 

Time (man 1 

Fig. 5. Dissociation of [3H]dopamine from MI memhranes. 
Binding of (3H]dopamine to MI membranes with 4x0 pg 
protein was carried out in the presence (0. A) and absence 
(0) of 2 mM ATP under standard assay conditions except 
for no preincubation at 0” for 20min and an incubation 
time of 6 min. Subsequently a large excess of nonradioactive 
dopamine (1 mM) was added and immediately continued 
to incubate at 30” (0. 0) or 0” (A). At the indkated time. 
the amount of [3H]dopamine still specifically bound was 
determined. The results arc the means of triplicate deter- 
minations with standard errors indicated by vertical bars. 

(KI) wascalculated to be 2.5 x 1o’M -’ min -‘accord- 
ing to the formula where DA is the concentration 
(0.5 PM) of [‘Hjdopamine in the incubation mixture. 

K = K<,h - Kz 
I- 

DA 

Thus, the calculated K,i( KJI’KI) was 2.6 PM, in fairly 
good agreement with the K,I of 1.5 PM which was 
obtained from the equilibrium studies in Fig. 3. 

In the absence of ATP in the incubation mixture, 
binding of (‘Hldopamine to MI was apparently 
biphasic; a rapid phase in the first 30 set was followed 
by a slow phase (Fig. 4). However, binding under 
these conditions was not high enough to allow a 
reliable kinetic analysis. As indicated in Fig. 5. the 
rate of displacement in the absence of ATP was as 
rapid as in its presence for the first 30 set and therc- 
after slowed down considerably. 

The relative potencies of nonradioactive catechol- 
amines in competing with the specific binding of 
(Hldopamine to MI were also compared in the pres- 
ence of 2 mM ATP (Fig. 6). Nonradioactive dopa- 

mine reduced binding of 0.5 PM [7H]dopamine half- 

maximally at 1.9 PM, in good agreement with the 
results in Fig. 3. Other catecholamines were much 
less potent in competing with [‘Hldopamine binding 
than was nonradioactive dopamine. Half-maximal 
inhibition of [‘Hldopamine binding by (-)norepi- 
nephrine. (-)isoproterenol and (-)epinephrine 
occurred at about 32. 34 and 27 PM respectively. 
The potency of several neuroleptics in the inhibition 
of [‘Hjdopamine binding to MI was very similar to 
that of dopamine-sensitive adenylate cyclase except 
for fluphenazine and chlorpromazine, both of which 
exhibited, particularly a greater inhibition of adeny- 
late cyclase. Reserpine (K,, 9.3 x 10~ ' M) also 
strongly inhibited binding. Imipramine (K,. 3.5 x 

lo- M) and desmethylimipramine (K,. 4.2 x 

1V” M) inhibited [‘Hldopamine binding. whereas 

[Catecholamine added] ( u M ) 

Fig. 6. Competitive inhibition of [‘Hldopamine binding to 
MI membranes by catecholamines. Binding of 0.5 FM 
[‘Hldopamine to MI with 400 pg protein was determined 
in the presence of various concentrations of dopamine 
(0). (-)epinephrine (0). (-)norepinephrine (A) or 
(-)isoproterenol (A) under standard conditions. The 
amount of [‘Hldopamine bound to the membranes in the 
control experiments was 6.61 ir 0.73 pmoles/mg of protein. 
The results are the means of four determinations with 

standard errors indicated bv vertical bars. 
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ATP fmw GTP Crn~1 

Fig. 7. Effects of various concentrations of ATP (A) and GTP (B) on binding of [ ‘H]dopaminc to MI 
membranes. The procedure for assaying [‘Hldopamine binding was as described under Materials and 
Methods. In panel A taken from the previous report [14J I or comparison, the amounts ol’ dopaminc 
boundtoM with28O~~protejninthepre5enceof4.~ X ll)- M(O). I.05 x iO~~~~~(~)~~n~i 1.00 Y 10 “M 
(A) dopamine in the incubation mixtures lacking ATP were 0.067 t 0.007. I, Ii + 0.10 and 7.2 1 i 0.7Y 
pmoiesimg of protein respectively. In panel B. the amounts oi doramine bound to MI with 340 pg in 
the presence of 4.X1 x 10m9 M (0). I .05 x 10~’ (0) and I .OO X lO_ M (A) dopamine in the incubation 
mixture lacking GTP were 0.082 t0.003. 0.713 2 0.033 and 3. 13 _f 0.69 pmoles/mg of protein rcspcc- 
tively. The results arc the means of triplicate determinations with standard errors indicated by vertical 

bars. 

promethazine, pargyline. (+)propranolol and 
cocaine failed to inhibit the binding. 

In agreement with our preliminary report 1141, 
dopamine receptors bound [“Hldopamine in a nega- 
tively cooperative manner in the absence of ATP. 
and the addition of ATP abolished this ~~)(~perativity 
at relatively high concentrations such as 2 mM (Figs. 
3 and 7). Since GTP was absolutely required for 
stimulation of the particulate adenylate cyclase by 
dopamine, as indicated in Fig. 2. it appeared to be 
of great interest to see whether GTP was able to 
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Fig. 8. Effects of increasing Luhrol PX concentrati[~n on 
adenylate cyclase of MI in the presence of 10&f GTP 
(A), 100 FM Gpp(NH)p (A). 10 FM GTP plus 10mM 
NaF (0). or 10pM GTP plus lOO@M dopamine (0). 
Adenylate cyclase activity of 96.7 pg protein was deter- 
mined under the standard conditions except for the replace- 
ment of GTP by the indicated compounds. The results are 
the means of four determinations with standard errors 

indicated by vertical bar?. 

increase [‘Hldopamine binding even at such low 
concentrations as to cause a considerable increase 
in the adenylate cyclase activity. As illustrated in 
Fig. 7, 10 PM GTP failed to affect binding of three 
differentconcentratioilsof[~H]dop~Inine(~.~ x 10 “. 
1.1 x lo-’ and 1.0 x 10 hM), whereas GTP. at 
higher concentrations than 0.1 mM, increased dose- 
dependently the binding of [“Hldopamine and wah 
particularly effective on binding at the highest con- 
centration of [‘Hldopamine tested. 

Stimulation by dopcrrnine of adenylatc C~CI~ISC it1 
the Lubrof PX-solubilizeclp~epuration. The effect of 

varied concentrations of Lubrol PX on dopaminc 
sensitivity of the particulate adenylate cyclase was 
studied in order to find the inhibitory concentration 
of Lubrol PX (Fig. 8). More than 0.0054~ of Lubrol 
PX in the reaction mixture completely elimlnatcd 
dopamine sensitivity, while the addition of 0.001”; 
Lubrol PX resulted in a slight increase in dnpaminc 
sensitivity without substantial alteration of basal 
activity. Stimulation of adenyfate cyclase hy either 
NaF or Gpp(NH)p, on the contrary. was virtualI! 
unaffected by Lubrol PX up to O.OlC: 

Dopamine sensitivity of adenylate cyclase in the 
105,OOOg supernakmt fluid after treatment of ill! 
with 2% Lubrol PX was studied at a final concen- 
tration of less than 0.005% Luhrol PX as a carritr- 
over from the solubilization procedure. Cyclic AMP 
formation. in the absence and presence of 50 FM 
dopamine in the incubation. increased almost lin- 
early with time up to 10 min. as indicated in Fig. Y. 
As a criterion for solubilization of the enzyme. it 
must be noted that further centrifugati~~n of the 
solubilized preparations at 22S.000 g for 1 hr did not 
alter the dopamine sensitivity of adenylate cyciasc. 
Adenylate cyclase activity of the solubilized super- 
natant fluid was specifically stimulated by dopaminc 
in a dose-dependent manner with an apparent K, of 
1.5 NM, as shown in Fig. 10. Other catecholamines 
such as (-)norepinephrine, (-)~pinephrine and 
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0 
0 2 4 6 0 10 

Time (min) 

Fig. 9. Time course of dopamine-sensitive adenylate cyclase 
in the 105,OOOg supernatant fluid. Adenylate cyclase 
activity with 5.4 Kg protein was determined in the presence 
(0) and absence (0) of 50 PM dopamine under the stan- 
dard conditions. The concentration of Lubrol PX in the 
reaction mixture was 0.004%. The results are the means 
of four determinations with standard errors indicated by 

vertical bars. 

(-)isoproterenol were virtually ineffective at 10 FM 
(Table 3). GTP was absolutely required for stimu- 
lation of the solubilized adenylate cyclase by dopa- 
mine as in the case of the particulate preparations. 
Stimulation of adenylate cyclase by dopamine in the 
105,000 g supernatant fluid generally varied from 
1.4- to 1.9-fold, so long as the membrane prep- 
arations used as the starting materials for solubili- 
zation were effective in stimulating adenylate cyclase 

[Dopamine] (Y M 1 

Fig. 10. Effects of various concentrations of dopamine on 
adenylate cyclase of the 105,OOOg supernatant fluid. 
Adenylate cyclase activity with 3.7 pg protein was deter- 
mined in the presence of indicated concentrations of 
dopamine under the standard conditions except for the 
presence (0) or absence (0) of 10 PM GTP. The concen- 
tration of Lubrol PX in the reaction mixture was 0.004%. 
The results are the means of four determinations with 

standard errors indicated by vertical bars. 

by dopamine. This dopamine stimulation was almost 
completely blocked by either chlorpromazine or 
haloperidol at 10 PM (Table 3). NaF exhibited 
marked stimulation of adenylate cyclase of the 
105,000 g supernatant fluid in a dose-dependent 
manner under the standard assay conditions as seen 
with the MI membranes. Removal of GTP from the 
standard incubation mixture did not alter signifi- 
cantly the stimulatory effect of NaF. 

Table 3. Effects of catecholamine. Gpp(NH)p, NaF and neuroleptics on the 
solubilized adenylate cyclase* 

Addition 

Expt. 1 
None 
10 PM dopamine 
- GTP 
- GTP + 50 PM Gpp(NH)p 
- GTP + 10 mM NaF 

Expt. 2 
None 
10 PM Dopamine 
10 PM (-)Norepinephrine 
10 PM (-)Epinephrine 
10 PM (-)Isoproterenol 

Expt. 3 
None 
10 FM Chlorpromazine 
10 PM Haloperidol 
40 PM Dopamine 
40 PM Dopamine + 10 FM chlorpromazine 
40 PM Dopamine + 10 FM haloperidol 

Adenylate cyclase 
(pmolesiminimg protein) 

I03 k 14.6 
158 t 5.6 
116 t 16.0 
336 t 25.0 
180 i- 33.x 

I47 2 13.2 
221 -f 18.4 
I60 2 22.1 
I50 2 22. I 
I62 -+ 18.6 

9s ? 12.5 
103 -+ 9.x 
91 -t 6.0 

161 lr 15.8 
112 2 12.9 
95 2 4.9 

* Adenylate cyclase activity was determined under the standard conditions in 
the presence of the indicated compounds. The protein amounts of the 105,000 g 
supernatant fluid in the incubation mixtures were 3.9 pg in Expt. I. 2.9 pg in Expt. 
2. and 2.9 pg in Expt. 3. 



DISCUSSION 

The present studies have led us to conclude that 
a [~H]dopamine binding component. which is char- 
acterized under incubahon c~~nditi~)ns similar to the 
assay system for dopamine-sensitive adenylate 
cyclase. is the dopamine receptor unit of the adeny- 
late cyclase. The main supporting evidence is: (1) 
the similarity in subcellular distribution between 
dopamine-sensitive adznylate cyclasc activity and 
[~~~]dopamine hinding. (2’) the simil~lrity between 
the Kri of the binding colllp(~nent for [.~H]d~~parni~le 
(about 1 PM) and the K,, of dopamine-sensitive 
adenylate cyclasc for dopaminc (1.8 PM). and (3) 

the similarity in the affinity to catccholamincs and 
neuroleptics between [‘H]dopamine binding and 
dopamine-sensitive adenylate c~clasc. The aftinity 
to the ~~H]dopanlin~ binding sites of IleLlroleptics 
which are well known to be dopaminc antagonists 
is closely correlated to their potency in inhibiting 
dopamine-sensitive adenylate cyclase, except for 
chlorpromazine and Auphenazine. The K, values of 
these phenothiazine derivatives for dopwminc-sen- 

sitive adenylate cyclase are considerably smaller than 

the K~~valuesof the drugs in binding to ~~~~]~~(~panlinc 
binding sites. This may be partly due to an inhibiti~~tl 
of the coupling process of adenylntc cyclase with the 
receptor by chlorpromazine and fluphenazine in 
addition to their occupation of the receptor. Fur- 
thermore. we have recently reported the dissociation 
of dopamine-sensitive adenylate cyclasr into a cata- 
lytic unit and a ~~H]dopalnine binding unit. and the 
reconstitution of them into a dopamine-sensitive 
complex [28. 291. indicating conclusively the physio- 
logical significance of (‘Hldopamine binding sites. 

cooperativity. The role of ATP appears to enhawc 

the association of [‘Hldopamine to the receptor <It 
dupamine-sensitive adenylate cvclasc which :X 
located in the p~)st-syn~l]~tIc ~~c~~t;r~~,~~s oi the c;iu- 
date nucleus as deni~~nstr~ite[l by prc-synaptic 
degeneration experiments with h-t~~drou~~dop~~~ili~l~ 
[30]. This ATP-dependent enhancrment 01 
[ ‘Hldopaminc binding is of great interest in VICG 01 
the fact that ATP is concomitantI! released \\ith 
some ne~irotr~~nsmitters from the ncr\e cnrting 
through exocytosis [3 i-X]_ 

Another possibility also exists that ATI’-dcpen- 
dent binding of dopamine is associatccl with dopa- 

mine uptake at tither pre-synaptic mcmbrancs 01 

synaptic vesicles. llowever. the ptrssibilitv of associ- 

ation with dopaminr: uptake at neuronal mcmbrancs 

can be ruled out hv the fact that cocaine. ;I potcnl 

irlhib~tor of dopamine uptake [27J. inhibits ntiifhcr 
/‘H]dopaminc binding to M, nor dol7”lmin~-sensiti~c 

adenylate cyclase. The present espcrirnents alsrl 

indicate that the affinity of dopaminc to the synaptic 
vesicle fraction hl: (K,t = 0. I I @i) is more than ten 
times greater than that to the synaptic mcmbr;tnc 
fraction MI (K,, = 1.5 FM). Philippu and Bcyc~- 1351 
have shown that synaptic vesicles from the ca~&~c 
nucleusof the pig do not clcarl\; distinguish dopaminc 
from norepinephrine in the ATP-dependent uptahc 
reaction. in contrast to our system. Thchc I-L.\~II[s 
suggest that dopaminc binding 10 MI under OLII 
experimental conditions is disttnct from dopamlnc 
transport into the synaptic vesicles. 

Recent investigations have demonstrated the 
existence of multiple dopamine receptors [l-61. It 
appears that a class of dopamine receptors indepen- 
dent of dopamiIlc-sensiti~~e aden?late cyclaxe has ;I 
relatively higher affinity to dopammo at a nanomolar 
level whereas the other class of the receptors which 
is associated with adenylate cyclasc ha5 a lower 
affinity at a micromolar level [2-51. LJtiliLation of 
very low concentrations of [‘H]dopamine in the 
i~~cubati~~n for the total binding. together with the 
fact that relatively low c~~ncentr~~tioIls of nonradioac- 
tive dopamine are used for the nonspecitic binding. 
enables one to label virtually only dopaminc recep- 
tors with the high affinity. mdependcntly of dopa- 
mine-sensitive adenvlate cyclase. In fact, our pre- 
liminary studies using 1 FM dopamine for the 
nonspecific binding indicate that the high aftinity 
receptor for [~~~]dol~anline in the canine caudatc 
membranes possesses a K,, of 13.0 nM. ufith ;I max- 
imal binding of about IhOfmolesimg of protein in 
the absence of ATP. The physiological signiticance 
of this receptor is vat to be elucidated. Thus. the 
high-affinity type ot dopamine receptors appears to 
occupy only a very minor popLllati~~n in the canine 
caudate membranes. 

In order to clarify the lilcch~~nisrn for coupling the 

dopamine receptor with the catalytic unit of aden) - 
late cyclase. we have attempted at tirst to ohtaln 

dopamine-sensitive adenylate cyclase in ;I \oluhilizcd 
form free from the membrane structure. Since, 

dopamine-sensitive activitv of aden~iate wcl:iw ii 
c(~ns~der~lbl~ inhibitc~t hv 0,005“; Ltrbroi I’X. it 1s 

very irnp~~rt~~nt to measure tlopaminc scnilti\ iW oi 
adenylatc cyclase in the solubilized prepxrtionc 111 
the presence of less than 0.005r’P Luhrol I’S in !hc 

assay mixture. Furthermore. the prcwncc 01 iY:rt. II\ 
the solubilization process is cswntial for the stahili[\ 
of dopaniine sensitivity. and does not akolish 2 \finiw 

Iatory effect of NaF on the s(~ltibili~c~l adcn~l:r~c 

cvcliisc. Since l.uhrol P.X exists in ;i itrrm of micciic 
ai a concentration higher than 0.005’; :it -1 the 

micelle formation of Luhrol PX may Ix ;It Ica\t pxrtl> 

responsible for the impairment of dopamine sc’n\l- 
tivity. The properties of soluhilizcci tlol~““li~~e-sc~l1-- 

sitive adcnvlatc cyctase are virtualI\ itlentlcal to rhcw 

of the par&latc form t>f cnzymc. 

[‘H]Dopaminr binding in the absence of ATP 
under our present conditions appears to be nega- 
tively cooperative and shows two K,/ values of 
0.11 WM and 8.X PM. ATP stimulates greatly the 
binding of (‘H]doparnine as an apparently positive 
allosteric effector, thereby ~~b[~lishin~ the negative 539 (197X). 
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