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Abstract 
The thermal inactivation of adenylyl cyclase was studied in plasma membranes isolated from wild-type and the mutant cell strain cyc- of S49 

lymphoma. The half-life of adenylyl cyclase activity at 30°C was decreased from 14.2 min to 3.4 min by the presence of detergents. ATP as well as 
forskolin prevented the adenylyl cyclase inactivation in a dose-response manner independent of the utilized type of cell membranes. Activation of 
G-proteins by GTPyS or by AlF; in wild-type membranes but not in cyc- membranes partially prevented adenylyl cyclase inactivation. Adenylyl 
cyclase activity in cyc- membranes was preserved in the presence of GTPyS or AlF; from the observed detergent-induced inactivation by complemen- 
tation of these membranes with an extract from wild-type membranes. ADP-ribosylation of G, in cyc- membranes did not influence the kinetics 
of the inactivation process of adenylyl cyclase, whereas ADP-ribosylated G, protein protected adenylyl cyclase more effectively than non-ribosylated 
G, in wild-type plasma membranes when GTP was used as an activator. 
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1. Introduction 

Adenylyl cyclases (EC 4.6.1.1.) detected in S49 lym- 
phoma cells (types VI and VII) belong to a family of high 
eucaryotic cyclases which consist of an amino-terminal 
cytoplasmatic region and two cytoplasmatic domains 
punctuated by two transmembrane stretches [l-3]. All 
cytoplasmic domains are of high importance for produc- 
tion of CAMP. The activity of mammalian adenylyl 
cyclases can be modulated by the subunits of G proteins, 
by Ca2+-cahnodulin complex, and by forskolin [4-61. 

G proteins composed of dl and By subunits are central 
components of the majority of the transmembrane sig- 
nalling pathways [7-91. G proteins are classified accord- 
ing to the type of their 01 subunit [lo]. Different c1 as well 
as by subunit types have been shown to be involved in 
the transduction of distinctly different signals in the same 
cell. Binding of a receptor agonist to a receptor catalyses 
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Abbreviations: adenylyl cyclase, ATP pyrophosphate-lyase (cyclizing) 
(EC 4.6.1.1.); G protein, GTP-binding regulatory protein; G, and G,, 
the inhibitory G protein and its a subunit, respectively; G, and G,, the 
stimulatory G protein and its a subunit, respectively; GDP& guanos- 
ine-5’-O-(2-thiodiphosphate); GTPyS, guanosine-S-0-(3-thiotriphos- 
phate); wt and cyc- cells, S49 lymphoma wild-type and cyc-cells, respec- 
tively. 

activation of the coupled G-protein by increasing the 
rate of GDP-release followed by binding of GTP to the 
a subunit. Binding of GTP is thought to cause dissocia- 
tion of the heterotrimeric G-protein into its components 
and the liberated subunits then modulate activities of 
related effector systems [lO,ll]. This process is termi- 
nated by hydrolysis of the G-protein-bound GTP to 
GDP by the intrinsic GTPase activity in the 01 subunit 
[lo] and by reassociation of the a-GDP complex and /3y 
subunits. G-stimulatory (GJ and G-inhibitory (GJ pro- 
teins are designated according to their roles in modula- 
tion of the activity of adenylyl cyclase [lo]. Whereas the 
stimulatory effect of G, has been well characterized and 
is thought to be due to direct interaction of adenylyl 
cyclase and G,,, the mechanism of the inhibition of ade- 
nylyl cyclase mediated by Gi remains largely unresolved 
[6,12-141. 

Adenylyl cyclase activity declines over time during ex- 
posure to an elevated temperature irrespective of the 
presence or absence of detergent [15]. In this study, we 
describe the time course of the thermal inactivation of 
adenylyl cyclase and the effect of various agents as ATP 
(substrate), forskolin (direct activator) and activated G, 
proteins (‘coenzyme’). ATP as well as forskolin protected 
adenylyl cyclase against the thermal inactivation in a 
dose-response manner. Activated G, prevented the ade- 
nylyl cyclase inactivation, whereas neither G, protein in 
the GDP-liganded form nor Gi, in GDP- or GTP- 
liganded forms influenced this process. 
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2. Materials and methods 

2.1. Preparation of S49 lymphoma wt and cyc- plasma membranes 
Plasma membranes were isolated as described by Ross et al. [16], with 

some modifications. The cells were harvested and washed in PBS buffer 
at room temperature. All subsequent steps were performed at 4°C. The 
cells were resuspended in homogenization buffer (20 mM HEPES pH 
8.0. 2 mM M&l,. 1 mM EDTA and 150 mM NaCl) and eauilibrated 
with Nz at 50; psi in a Parr cell disruption chamber for 30 min. Rapid 
decompression produced a cell lysate, which was centrifuged at 
1,200 x g for 10 mm. Plasma membranes were prepared by sucrose- 
gradient ultracentrifugation. Eight ml of low speed centrifugation su- 
pematant was layered on the top of a discontinuous sucrose density 
gradient (20%-33%-40% (w/w) sucrose in HME buffer (20 mM HEPES 
pH 8.0,2 mM MgCl* and 1 mM EDTA) and spun at 100,000 x g in a 
swing-out rotor for 1 h. The bands occurring at 20 to 33.3% and 33.3 
to 40% sucrose interfaces (purified plasma membranes) were collected, 
diluted in HME buffer, and pelleted at 100,000 x g for 45 min. Plasma 
membranes were resuspended by re-pipetting in HME buffer, frozen in 
liquid nitrogen, and stored at -80°C. 

were spun down (100,000 x g, 4°C 30 mm), washed and resuspended 
in HME buffer. 

2.2. Extraction of membranes with sodium cholate 
Plasma membranes were extracted for 1 h at 4°C in 1% sodium 

cholate. The extracts were spun down at 100,000 x g at 4°C for 30 mm 
and resulted cyc- or wt membrane pellets were resuspended by repipet- 
ting in HME buffer. The supematants were used as membrane extracts. 
The extraction procedure was performed separately in each experiment. 

2.3. Protein concentration 
Protein concentration was determinated as described by Lowry et al. 

1171. 

2.4. Adenylyl cyclase activity 
The activity of adenylyl cyclase was measured as described previously 

[18], with some modifications. Briefly, plasma membranes (35 pg) were 
diluted with HME buffer containing lubrol PX and sodium cholate or 
sodium cholate extracts were added. Preservatives (ATP, forskolin, 
GTPrS. AlF;. GDP&. 1.9-dideoxvforskolin and CAMP. resnectivelv) 
dissolved in H,O wkre’added in appropriate concentrations and the 
mixtures (30 ~1) were preincubated at 30°C (or at indicated tempera- 
ture) for 10 min (or for indicated time period). The concentration of 
detergents under this ‘inactivation procedure’ was 0.033% lubrol PX 
and 0.3% sodium cholate. Twenty pl of buffer A (1.65 mM ATP, 
165 ,uM forskolin, 50 &ml pyruvate kinase, 33 mM potassi- 
umphosphoenolpyruvate, 2 mM MgCl,, 500 &ml BSA, and 90 mM 
HEPES pH 8.0) and aqueous solution (10 ~1) of preservatives (to 
equilibrate their respective levels) were added, and the adenylyl cyclase 
assay was started by addition of 40 ~1 of buffer B ([~z-‘~P]ATP (about 
l-2 x lo6 cpm), 0.025 mM 4-(3-butoxy-4-methoxybenzyl)-2-imidazol- 
idion, 4 mM EDTA and 2 mM MgCl,). The assay was performed at 
30°C for 30 min. The reaction was stopped by the addition of 100 ~1 
of stop buffer (0.3% SDS, 4 mM ATP and 0.14 mM [3H]cAMP (about 
2 x lo5 cpm)) and boiling at 95°C for 3 mm. CAMP was separated using 
the Dowex-Alumina chromatographic system. 

2.5. ADP-ribosylation of G, by pertussis toxin 
ADP-ribosylation was performed as described previously [19], with 

some modifications. Plasma membranes (1 mg/ml) were incubated in 
1.2 ml of buffer C (10 mM thymidine, 400 PM ATP, 1 mM GTP, 
150 PM MgCl,, 1 mM EDTA, 1 mM D’lT, 67 PM AMP-PNP, 0.05% 
BSA, IO,UMB-NAD and 7.5 mM Tris-HCl pH 7.5) at 30°C for 45 mm 
in the presence or absence of activated pertussis toxin (0.0035 mg/ml). 
The reaction was stopped by addition of 1 ml of ice-cold HME buffer 
and the membranes were spun down (100,000 x g, 4”C, 30 mitt), washed 
and resuspended in HME buffer. 

2.6. ADP-ribosylation of G, by cholera toxin 
ADP-ribosylation was performed as described previously [20], with 

some modifications. Plasma membranes (1 mg/ml) were incubated in 
1.2 ml of buffer D (10 mM thymidine, 1 mM ATP, 1 mM GTP, 10 mM 
MgCl,, 1 mM EDTA, 1 mM DTT, 0.05% BSA, 10 PM B-NAD and 
300 mM NaIPO, buffer uH 7.0) at 30°C for 60 min in the uresence or 
absence of activated cholera toxin (0.033 mg/ml). The reaction was 
stopped by addition of 1 ml of ice-cold HME buffer and the membranes 

2.7. Reagents 
All chemicals were purchased from Sigma and of the highest analyt- 

ical grade commercially available. [cz-~‘P]ATP and [3H]cAMP were pur- 
chased from Amersham. 

3. Results 

3.1. The effect of detergents on the adenylyl cyclase 
inactivation 

The time course of the thermal inactivation of adenylyl 
cyclase was investigated under various conditions. Ade- 
nylyl cyclase was completely inactivated within 25 min 
at physiological temperature (37°C) in the absence of 
lubrol PX and sodium cholate but as early as within 10 
minutes in the presence of these detergents (Fig. 1A and 
B). The presence of detergents during the inactivating 
step increased the sensitivity of adenylyl cyclase to inac- 
tivation and had an additional effect on the temperature- 
dependent inactivation. The half-life of adenylyl cyclase 
in plasma membranes (35 pug) at 30°C (14.2 min) de- 
creased markedly in the presence of 0.033% lubrol PX 
and 0.33% sodium cholate (3.4 min). The role of protein 
concentration in the inactivation kinetics of adenylyl 
cyclase was significant at lower temperatures (up to 
20”(Z), but only a week protective effect was observed at 
higher temperatures (over 2O’C) (Fig. 1C). No signifi- 
cant difference was found between the inactivation proc- 
ess of adenylyl cyclase in wt and cyc- plasma mem- 
branes. 

3.2. The effect of ATP and forskolin on the adenylyl 
cyclase inactivation 

We examined the role of ATP as well as forskolin in 
the process of thermal inactivation of adenylyl cyclase 
accelerated by detergents (Fig. 2). ATP (0.05-2.5 mmol/ 
1) and forskolin (10-4-10-8 mol/l), respectively, protected 
adenylyl cyclase against thermal inactivation in a dose- 
response manner similarly in both wt and cyc- plasma 
membranes (data not shown). The adenylyl cyclase activ- 
ity measured after the inactivation procedure (9 + 4%) 
was increased in the presence of 0.5 mM ATP (59 f 4%) 
or 50 PM forskolin (55 f 7%) during the inactivating 
treatment. Adenylyl cyclase activity decreased only by 
14 + 5% when both 0.5 mM ATP and 50 ,uM forskolin 
were present during the inactivation procedure. 

Other preservatives such as CAMP (product of ade- 
nylyl cyclase activity, secondary messenger), 1,9-dide- 
oxyforskolin (analogue of forskolin) or GDP/IS failed to 
change the kinetics of the inactivation process (Fig. 2). 

3.3. The role of G-protein subunits in the inactivation 
process 

When GTPyS (1O-4-1O-8 mol/l) was present during the 
inactivation procedure adenylyl cyclase was protected 
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against thermal inactivation in a dose-response manner 
in wt plasma membranes (Fig. 3) but not in cyc- ones 
(Fig. 2B). Similar results were measured when AlF; was 
used as an activator of G-proteins instead of GTPyS 
(data not shown). Reconstitution of sodium cholate ex- 
tract from wt plasma membranes with cyc- membranes 
in the presence of GTPyS but not in the absence of 
GTPyS during the inactivation procedure preserved ade- 
nylyl cyclase in cyc- plasma membranes (Fig. 4). This 
protective effect was dose-dependent on both GTPyS 
(10-4-10-8 mol) as well as the wt extract (O-35 &Sam- 
ple). Adenylyl cyclase was preserved to the same degree 
by GTP and GTPyS in wt plasma membranes when G,, 
had been ADP-ribosylated by cholera toxin (Table 1) 
prior to the inactivation procedure, whereas in an ana- 
logues set of experiments GTPyS but hardly at all GTP 
induced protection against the effect of detergents in 
nonribosylated wt plasma membranes (Fig. 2). The chol- 
era toxin catalysed ADP-ribosylation of wt plasma mem- 
branes decreased the protective effect of AlF; (Table 1). 

The pertussis toxin catalysed ADP-ribosylation of wt 
as well as cyc- plasma membranes did not affect the 
inactivation process of adenylyl cyclase regardless of the 
used G protein activators (GTP, GTP@, and AlF;). The 
results obtained with GTP in cyc- plasma membranes 
are shown in Table 1. 

0 5 10 15 

Time (min) 

Temperature (OC) 

C 
Table 1 
Effect of ADP-ribosylation of G proteins on the thermal inactivation 
of adenylyl cyclase 

Preservative Sample Adenylyl cyclase activity 
(pm01 CAMP x mg-’ x mix-‘) 

cyc- membranes 

Non-ribosylated Ribosylated by PT 

None Control 137 r 15 (100%) 175 + 18 (100%) 
Inactivated 56+ 8 (41%) 71 k 8 (41%) 

GTP Control 146 + 7 (100%) 159 f 12 (100%) 
Inactivated 7Ok 5 (48%) 78 f7 (50%) 

wt membranes 

Non-ribosvlated Ribosvlated by CT 

GTP 

GTPyS 

ALF; 

Control 156 + 7 (100%) 212 f 14 (100%) 
Inactivated 37 f4 (24%) 114 f 4 (54%) 

Control 264 r 10 (100%) 294 +- 7 (100%) 
Inactivated 156 k 9 (59%) 178 + 12 (61%) 

Control 384 + 14 (100%) 265 zk 5 (100%) 
Inactivated 168 + 13 (44%) 64 + 3 (24%) 

cyc- or wt plasma membranes were treated in the presence or absence 
of respective toxin as described in section 2. The plasma membranes 
were then incubated for 5 min (cyc-) or 10 min (wt) at 0” (control) or 
at 30” (Inactivated) in the presence of detergents and indicated preserv- 
ative. Afterwards, buffer A and solutions of preservatives (to equili- 
brate their concentrations) were added and adenylyl cyclase assay was 
performed. The data represent the means + S.D. of three independent 
experiments performed in duplicate. 

0 10 20 30 40 

Temperature (‘C) 

Fig. 1. Time course (A) and effect of temperature (B) and protein 
concentration (C) on the adenylyl cyclase inactivation. (A) wt plasma 
membranes were incubated (35 pg) for indicated time periods at 3O’C 
in the absence (0) or presence (0) of detergents. Consequently buffer 
A and solution of detergents to equilibrate their levels were added and 
the adenylyl cyclase assay was performed. One representative experi- 
ment of four independent ones run in duplicate is shown. (B) wt plasma 
membranes (35pg) were incubated for 10 min at indicated temperatures 
in the absence (0) or presence (0) of detergents and then the adenylyl 
cyclase assay was performed at 3O’C. One representative out of four 
independent experiments run in duplicate is shown. (C) Before running 
the adenylyl cyclase assay wt plasma membranes (9 pg, O; 18 pug, v; 
27 pg, q ; and 35 pg, o) in HME buffer (30 ~1) were preincubated for 
10 min at the indicated temperatures in the presence of detergents. 
Activities are expressed as percentage of the activities determined in 
the corresponding control samples (9 pg control: 242 f 15 pmol CAMP 
x mg-’ x min- *, 18 pg control: 253 + 7 pmol CAMP x mg-’ x mm’, 
27 pg control: 282 f 19 pmol CAMP x mg-’ x min-' and 36 pg control: 
278 k 21 pmol CAMP x mg-’ x min-‘). One representative experiment 
of four independent experiments run in duplicate is shown. Similar 
results as shown in panels A,B and C were obtained with cyc- mem- 
branes, but the total activities were decreased by 36 f. 6%. 
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Fig. 2. Effect of different preservatives on the thermal inactivation of 
adenylyl cyclase in wt (panel A) and cyc- (panel B) plasma membranes. 
Plasma membranes (35 pg) prepared from wt and cyc- cells, respec- 
tively, were preincubated for 10 min at 0°C (control samples) or at 30°C 
in the presence of detergents and indicated preservatives and then the 
adenylyl cyclase activity was measured. Final concentrations of pre- 
servatives were: 1OOpM GTPrS, AlF; (10 mM NaF, 10 mM MgCl, and 
15 PM AU,), 100 ,uM GDPBS, 100 PM GTP, 100 mM CAMP, and 50 
PM 1,9dideoxyforskolin. Activities are expressed as percentage of the 
activities determined in the corresponding control samples. Control 
activities (pmol CAMP x mg-’ x mm-‘) in wt membranes (A) were: 
362 f 14 (without inactivation) and 32 f 8 (after the inactivating pre- 
treatment without any preservative). The presence of preservatives dur- 
ing the inactivation procedure changed control activities to 288 f 14 
(ATP), 276 f 12 (forskolin), 578 & 32 (GTPyS), 436 f 24 (AIF,-), 
389 + 33 (GTP), 264 f 16 (GDPBS), 258 + 18 (CAMP) and 83 ? 16 (1,9 
dideoxyforskolin), respectively. Control activities in cyc- membranes 
(B) were: 242 + 14 (without inactivation) and 15 + 6 (after the inacti- 
vating pretreatment without any preservative). The presence of preserv- 
atives during the inactivation procedure changed control activities to 
188 + 17 (ATP), 196 + 8 (forskolin), 148 f. 16 (GTPyS), 156 + 14 
(AIF,-), 159 f 9 (GTP), 164 f 12 (GDPBS), 158 f 10 (CAMP) and 
53 f 7 (1,9 dideoxyforskolin), respectively. Data represent the mean 
f S.D. of three independent experiments performed in duplicate. 
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4. Discussion 

This study describes effects of ATP, forskolin, G pro- 
teins and some other factors on the time course of the 
thermal inactivation of adenylyl cyclase in plasma mem- 
branes isolated from S49 lymphoma cells. In the absence 
of preservatives adenylyl cyclase was inactivated in a 
time-dependent manner by increased temperature. The 
presence of detergents accelerated the inactivation proc- 
ess. The protective effect of increased protein concentra- 
tion on adenylyl cyclase against thermal inactivation was 
considerably higher at lower temperatures (up to 2O’C) 
than at higher temperatures (2O”C-37’C). Adenylyl 
cyclase was inactivated only slightly during a prolonged 
storage (several hours) of plasma membranes on ice 
(approx. 5% per hour, data not shown). No significant 
difference was found between the enzyme stability char- 
acteristics in wt and cyc- plasma membranes at our ex- 
perimental conditions. 

ATP (substrate of adenylyl cyclase) as well as fors- 
kolin (direct activator) reduced the rate of the thermal 
inactivation of adenylyl cyclase in a dose-response man- 
ner. Adenylyl cyclase in plasma membranes (35 pug) was 
almost completely preserved by 0.5 mM ATP and/or 
50 AM forskolin in the absence of detergents, and by 1.25 
mM ATP and/or 250 ,uM forskolin in the presence of 
0.033% lubrol PX and 0.33% sodium cholate during the 
inactivation treatment. Whereas CAMP (product of ade- 
nylyl cyclase activity) as well as 1,9 dideoxyforskolin 
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Fig. 3. Effect of concentration of GTPyS on the thermal inactivation 
of adenylyl cyclase in wt membranes. wt plasma membranes (35 pug) 
were incubated in the presence of detergents at 0°C (control) or at 30°C 
for 10 min in the presence of indicated concentrations of GTPrS. 
Afterwards, buffer A and solution of GTPyS (to equilibrate its final 
concentration to lo-’ M) were added and the adenylyl cyclase assay was 
performed. Data represent the mean f SD. of three independent exper- 
iments performed in duplicate. 
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Fig. 4. Effect of wt extract and GTPyS on the thermal inactivation of 
adenylyl cyclase in cyc- plasma membranes. cyc- plasma membranes 
(35 fig) were complemented with indicated amounts of sodium cholate 
extract from wt plasma membranes and incubated for 10 min at 30°C 
in the presence of detergents without (a) or with(=) GTPyS (3.33 x 10m4 
mohl). Afterwards, buffer A and solution containing appropriate 
amount of wt sodium cholate extract (to equilibrate the level of wt 
extract) were added and the adenylyl cyclase assay was performed. The 
activity of control sample pretreated for 10 min at 0°C (0) in the 
presence of wt extract (35 pg) and GTP# (3.33 x low4 moliI) was 
186 + 13 pmol CAMP x mg-’ x mm-‘. Data represent the mean + SD. 
of three independent experiments performed in duplicate. 

(analogue of forskolin, which does not activate adenylyl 
cyclase but activates protein kinases [21]) decreased the 
maximal adenylyl cyclase activity, the inactivation proc- 
ess was not influenced. These findings suggest that phos- 
phorylation does not play a crucial role in the inactiva- 
tion process. 

Direct stimulatory effects of G,, proteins or modula- 
tory effects of /3r and/or some other G, subunits on the 
activity of some subtypes of adenylyl cyclases were previ- 
ously demonstrated [12-14,221. Recently recombinant 
Gi, was shown to inhibit the G,, stimulatory effect in 
cyc- cells as well as the stimulatory effects of forskolin 
or G, on some of the recombinant adenylyl cyclases, but 
the mechanism of this inhibition remains unclear [6,22]. 
Here we used different activators of G proteins as pre- 
servatives during the inactivative treatment of adenylyl 
cyclase in wt and cyc- (lacking G, protein) plasma mem- 
branes in order to investigate possible differences in the 
characteristics of interaction of G,, and Gi, with adenylyl 
cyclase. Adenylyl cyclase in wt but not in cyc- plasma 
membranes was partially protected against thermal inac- 
tivation when GTPyS or AlF, were present during the 
inactivation procedure. Interestingly, complementation 
of cyc- plasma membranes with extracts from wt plasma 
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membranes (no adenylyl cyclase activity detected) fol- 
lowed by activation by GTPyS protected adenylyl 
cyclase against thermal inactivation. Although pertussis 
toxin catalyzed ADP-ribosylation of Gi, did not influ- 
ence the inactivating process of adenylyl cyclase, cholera 
toxin catalyzed ADP-ribosylation of G,, increased sig- 
nificantly the protective effect of GTP and decreased the 
protective effect of AIF;. Taken together, these results 
suggest that the interaction of adenylyl cyclase with G, 
has a quite different character than its interaction with 

Gi,* 
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