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The mechanism by which chloride stimulates adenylate cyclase was investigatea. 
Depletion of GDP increased basal adenylate cyclam activity and reduced the stimulation 
by isoprenaline. Restoration of bound GDP partially reversed these effects. Chloride 
stimulated cyclase activity by the same Proportion in control, GDP-depleted and GDP- 
restored preparations, as did Gpp( NH)p. Fluoride increased adenylate cyclase activity 
to the same final level in both GDP-depleted and GDP-restored membranes; addition of 
Gpp(NH)p as well OS fluoride had no further effect. Solubilisation of adenylate cyclase 
reduced the stimulatory effect of Gpp(NH)p only slightly, but geatly attenuated the 
activation by chloride. We conclude that chloride does not stimulate cyclase activity 
by an action on GDP exchange. Activation by chloride may be due to a disrupting or 
chaotropic effect on membrane/protein interactions. 

In the previous paper it was shown that the adenylate cyclase of rabbit heart sarco- 

lemma was strongly stimulated by KCI, and that the stimulation was due to the chloride 

anion rather than the cation. The activating effect of KCI was accompanied by a 

reduction in responsiveness to the beta agonist, isoprenaline. In this paper we investigate 

the possible mechanisms underlying the action of chloride. 

The b-receptor is coupled to the catalytic unit of odenylate cyclase by a gwnine- 

nucleotide binding protein (G-protein) (1,2). When GTP is bound to this protein it 

activates the cyclase. The G-protein has an associated GTP-ase activity, which 

hydrolyses bound GTP to GDP, and hence reduces cyclase activity (3,4,5,6,7). It is 

thought that the main effect of ~-stimulation is to release GDP from the G-protein and 

allow further GTP binding (5,6,8). 

We first investigated whether chloride was enhancing GDP release in our ptepamtlon. 

Such an action at a single site could explain why chloride both stimulated the cyclase and 

reduced the effect of b-agonists. To do this we compared the effect of chloride on control, 
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GDP-depleted and GDP-restored membranes. GDP-depletion was achieved by preincubat- 

ing the membrane with isoprenaline and GMP, and then washing. This method has been 

used to release bound GDP from the adenylate cyclase of turkey and pigeon erythrocyte 

membranes (6,8,9,10,11). GDP-loading was carried out by incubating GDP- depleted 

preparations with saturating amounts of GDP, again followed by washing (8). 

We also examined the possibilitythat chloride acts indirectlyon the system byaltering 

the interaction of the cyclase proteins with the plasma membrane. 

METHODS 

L-isoprenaline, GMP, GDP, Gpp(NH)p and No-&late were obtained from Sigma. 
Preparation of the sarcolemma was as described in the previous paper. 

Pretreatment of membrane for removal and restoration of GDP (8h Approximately 9 mg 
sarcolemmal protein in TD buffer (1OmM Tris acetate, 2mM dithiothreitol, pH 7.5) was 
thawed from -8oOC. One-third was set aside as a control; the remainder was made upwith 
5OpM isoprenaline, 1 mM ascorbate and 1 mM GMP. Control and treated membanes were 
incubated at 37oC for 30 min, then washed by dilution in TD buffer and centrifugation at 
43,OOOg for 10 min at 4OC. Pellets were resuspended in TD. Treated membranes were 
divided in two, and half made up with lo-4M GDP. All membranes were left at room 
temperature for 5 min, then washed as before. Pellets were resuspended in TD buffer. 

Solubilisation of adenylate cyclase (12): Membranes were thawed from -8(X, 
centrifuged at 10,OOOg for 5 min and resuspended in cholate buffer [O.l M HEPES, 1 mM 
EDTA, 1 mM dithiothreitol, 2mM MgCl2, 0.6M (NHq)2S04, 15mM No-cholate (pH8,.0)1 
at a concentration of 5mg/ml protein. After stirring for 1 h on ice, the mixture was 
centrifuged at 200,OOOg for 1 h and the supernatant diluted x15 with assay medium. 
Adenylate cyclase was assayed as described in the previous paper, except that creatine 
phosphate and creatine kinase were omitted from the medium, and that the assay time was 
10 min. Omission of the regenerating system did not affect the linearity of CAMP 
production with time up to 10min. 200 pl was removed into the acetate stopping buffer, 
and CAMP was measured as before. Protein was measured using Coomaisie blue (13). 
Results are the mean f  S. E.M. of 4 experiments. 

RESULTS 

Chloride and Gpp(NH)p on GDP-depleted and GDP-restored membranes (Fig. 1). 

Basal activity of isoprenaIine+GMP treated (GDP-depleted) membranes was significantly 

higher than that of control (p > 0.05). In GDP-restored membranes, activity was lower 

than in GDP-depleted (p > 0.05) and siightly, but not significantly, higher than in 

control. Gpp(NH)p caused substantial activation in all membranes, and the percentage 

increase was similar in each of the three. Chloride also stimulated all three membranes, 
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and, as with Gpp(NH)p, the proportional increase was similar in each case. The effects 

of Gpp(NH)p and chloride were more than additive. 

Isoprenaline on GDP-depleted and GDP-restored membranes (Fig.2). Stimulation by 

isoprenaline was reduced in GDP-depleted membranes compared with control. The increase 

was reduced from 156 f  57 pmols/mg protein/min (248% above basal) to 70f 16 pmols/mg/ 

min (36% above basal). Replacement of GDP partially restored stimulation by iso~enaline 

to 110 * 30 pmols/mg/min (101% above basal). 

Fluoride and Gpp(NH)p on GDP-depleted and GDP-restored membranes (Fig.3). As 

before, basal and Gpp(NH)p-stimulated activities were lowest in control and highest in 

GDP-depleted membranes. However, with fluoride, activities were similar in all three 

membranes. Control membranes were the lowest, but an analysis of variance failed to 

show a significant difference, Addition of Gpp(NH)p as well as fluoride had little further 

effect on the treated membranes, but increased control activity to the same final level as 

in the treated. 

Solubilised adenylate cyclase PIUS KCI and Gpp(NH)p (Fig.4). 8asal activity was 

reduced by solubilisation from 70 * 12 to 33 * 3 pmols/min/mg protein. The stimulatory 

effect of Gpp(NH)p was reduced from 304% in the normal to 218% in the solubilised 
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The effect of 0.1 mM Gpp(NH)p ond 1OOmM chloride on control (Ml), GDP- Figure I. 
depleted (h42), and GDP-restored (M3), membranes. 

Control (Ml), GDP-depleted (M2), ond GDP-restored (M3), membrones with Figure 2. 
(B) and without (A) 0.1 rnM isoprenaline. 
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Effect of 0.1 mM Gpp(NH)p and 5mM NaF on control (Ml), GDP-depleted Figure 3. 

ww , and GDP-restored (M3), membranes. 

preparation. The effect of KCI was geatly attenuated by solubiliwtion, falling from 

300% of basal to 123%. The more-than additive effects of chloride and Gpp(NH)p were 

stil I evident. 

DISCUSSION 

Membranes which had been treated to remove GDP showed a higher basal activity than 

controls. Activity could be returned towards control levels by a second treatment torestore 

bound GDP. Similar results have been found in pigeon and turkey erythiocytes (9,lO). 

This suggests that the GDP-free G-protein can support greater adenylate cyclase activity 

solubilised preparation 

Figure 4. lOOmA KCI and 0.1 mM Gpp(NH)p on control and solubilised adenylate cyclase. 
Expressed as a percentage of basal activity of control or solubilised preparations. 
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than the GDP-bound species, and that GTP binding to the G-protein is not an absolute 

requirement for cyclase activation in the heart. This view is in ageement with the model 

of cyclase activation proposed by lyengar and others (14) and explains why hormones 

activate the cyclase in the absence of GTP in various systems (9,15, 16,17, 18). 

Isoprenaline stimulation was reduced in the GDP-depleted preparation, a result consistent 

with the hypothesis that &receptor agonists have their effect by releasing GDP from the 

G-protein. Re-addition of bound GDP partially restored isoprenaline stimulation. 

The stimulation caused by the treatment to remove GDP was multiplicative with that 

due to Gpp(NH)p. This would be consistent with a preferential binding of Gpp(NH)p to 

the GDP-free G-protein. However, there was stimulation of basal activity by Gpp(NH)p, 

which implies that a proportion of the G-protein is not bound to GDP in the basal state. 

Fluoride was able to stimulate the cyclase to the same final level in GDP-depleted and 

GDP-restored membranes. Similar findings were obtained in the turkey erythrocyte (8). 

Addition of Gpp(NH)p to these fluoride-stimulated preparations did not produce any further 

activation. Fluoride-stimulated activity was lower in control membranes than in GDP- 

depleted or restored ones, and addition of Gpp(NH)p produced a slight stimulation, king- 

ing control activity into line with that of the other two. This suggests that Gpp(NH)p and 

fluoride produce the same conformational change, but that, unlike Gpp(NH)p, fluoride 

can stimulate whether or not the G-protein is bound to GDP. 

Like Gpp(NH)p, chloride gave a similar percentage stimulation in control, GDP- 

depleted or GDP-restored membranes. It is, therefore, unlikely that chloride acts by 

releasing GDP from the G-protein. These results are in agreement with those of Tkochuk 

et al. (19) who showed that excess GDP abolished stimulation by isoprenaline, but 

enhanced that by chloride. 

Solubilisation of adenylate cyclase, however, reduced activation by KCI consider- 

ably, while retaining a major part of Gpp(NH)p stimulation. Chloride activation, 

therefore, requires that adenylate cyclase is embedded in the plasma membrane, and so 
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may be due to a chootropic effect on the protein or surrounding lipids. This property of 

anions has been put forward as an explanation for their stimulatory effect on the cyclases 

of pig kidney medulla and rat liver (20,21). 
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