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Abstract-The mechanisms involved in the activation of adenylate cyclase in turkey crythrocyte mcm- 
branes may include the release of inhibitory nucleotides from the guanine nuclrotide rcgulator~ protein 
(N) and the subbequent formation of an active GTP-N complex. We have studied the conditions 
required for the appearance of guanine nucleotide-dependent adsnylatc cyclasc activity in turkc! 
erythrocyte membranes in an effort to understand further the mechanisms involved in it5 activatitrn. 
Turkey erythrocyte membranes. whose adenylate cyclase enzyme is usually poorly respon\ivc to the 
direct actions of GTP or its analogue. Gpp(NH)p. hccame markedly responsive after previous exposure 
to isoproterenol in a sucrose-containing buffer. Without sucrose. isoproterenol alone did not Icad to 
Gpp(NH)p responsiveness. Maximum expression of Gpp(NH)p-dependent adenylate cyclase activit! 
required prior incubation with both GMP and isoproterenol. The requirement for sucrose when 
isoproterenol was used without GMP was lost when GMP was present. With or \\lthout GMP. 
isoproterenol induced a half-maximum effect after 5 min at 37”. The development and maintenance 01 
Gpp(NH)p-dependent adenylate cyclase activity were mediated. in part. by beta-adrcncrsic receptors. 
Following a IO-min incubation period with isoproterenol and GMP. the addition of the bet+adrencr!jc 
inhibitor. propranolol. for J additional min completely reversed the stimulation produced b! isopro- 
terenol and GMP. In addition. high-affinity iigonist hindin, 0 to hctn-receptors wii\ ncccbs;~r\. hut not 
sufficient, for the development of Gpp(NH)p responsiveness. 

Recent experimental data have supported the 
hypothesis that the beta-adrenergic catecholamineh 
activate adenylate cyclase by a process which 
requires an interaction between GTP and its regu- 
latory protein [N] [l-7]. In the turkey ervthrocyte. 
it is thought that binding of beta-adrenerglc agonists 
to beta-adrenergic receptors accelerates displace- 
ment of an inhibitory nucleotide, GDP. from the N 
protein and promotes the formation of an active 
GTP-N complex [S]. Exposure of turkey erythrocytc 
membranes to isoproterenol, therefore, should 
facilitate the dissociation of GDP from the N site 
and permit the active nucleotide. GTP. or a more 
stable analogue such as guanyl imidodiphosphate 
[Gpp(NH)p]. to bind to N and stimulate the catalytic 
unit of adenylate cyclase. This very observation has 
been made by several investigators [I. 21. but it has 
required the presence of both isoproterenol and 
another nucleotide. GMP. Incubation of turkey 
erythrocyte membranes with isoproterenol alone 
leads to little or no subsequent Gpp(NH)p-respon- 
sive adenylate cyclase activity 121. The precise role 
of GMP in this phenomenon. which has been called 
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“clearance” by some investigators 1 I-71. is not well 
understood. GMP could serve as ;I site-holder for 
the N protein cleared of GDP through the actions 
of a beta-agonist and thus permit an activating 
nucleotide such as Gpp(NH)p to displace the GMP. 
This reasoning leads to two experimental expecta- 
tions: (1) membranes exposed to isoproterenol alone 
should develop GTP-sensitive adenylate cylax 

activity, although perhaps not to the same extent as 

that which occurs when they are incubated M’ith 
isoproterenol and GMP: and (2) exposure of turkey 
erythrocyte membranes to other agents known to 
lead to rapid exchange of GDP for Gpp(NlI)p. such 
as magnesium and EDTA [5], should lead to acti- 
vation of adenylate cyclase by GTP or Gpp( NII)p. 
These two expectations, however, have not been 
realized consistently. 

The actions of isoproterenol which facilitate the 
formation of an active GTP-N complex are recipro- 
cated by effects of the GTP--N complex on the bind- 
ing of beta-agonists to beta-receptors. When the 
GTP-N complex is formed, the affinity of the 
beta-receptor for beta-agonists reverts to a state of 
lower affinity. Conversely, when turkey erythrocq.te 
membranes are “cleared” of guanine nucleotide by 
previous exposure to isoproterenol and GMP, agon- 

ist binding properties arc returned to higher aflinity 
[ 11. High-affinity agonist binding may hc necessar! 
for coupling between the receptor and adenylate 
cyclase components [7-Y]. Exposure of turkey eryth- 
rocyte membranes to magnesium and ELITA also 
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leads to high-aftinity agonist binding [IO]. but under 
these latter conditions, demonstrabie Gpp(NH)p- 
dependent adenylate cyclase activity has not been 
observed 151. 

In this paper, we have evaluated several different 
experimental conditions in which incubation of tur- 
key erythrocyte m~mbratles leads to the appearance 
of Gpp(NH)p-associated adenylate cyciase activity. 
We also have considered the role of high-aftinity 
agonist binding to the beta-receptor in this phenom- 
enon. Finally. the significance of these tindings is 
interpreted with regard to the “clearance” 
hypothesis. 

MATERIALS AND METHODS 

[&‘P]ATP, [‘HIcyclic AMP and [?I-iodo- 
hydroxybenzylpindolol ([l’SI]IHYP) were obtained 
from the New England Nuclear Corp. 1 Boston, MA. 
and Gpp(NH)p and isoprotcrenol from the Sigma 
Chemical Co., St. Louis, MO. Propranolol was the 
gift of Ayerst Pharmaceuticals, New York, NY. All 
other chemicals were of the highest grade commer- 
cially available. 

Prepuration of’ erythrocyte nwmhrarzes. Turkey 
erythrocyte membranes were prepared according to 
a method previously published Ill. 121. The 
membrane-enriched fraction (approximately 3 mg; 
ml) was stored in a sucrose (0.25 M)-Tris 
(0.05 M)-MgCI- (IOmM) buffer at -60”. These 
membranes retained stable hormone responsiveness 
and binding properties for at least 6 months. 

Adenylate cyhse activity. The formation of 
j”‘P]cyclic AMP from the substrate ]#P]ATP was 
measured in an assay previously described j12. 131. 
The incubation mixture contained Tris (0.05 M, pH 
7.9, ATP (0.143 mM), an ATP regenerating system 
(creatine phosphate. 10 mM: creatine phosphoki- 
nase. 14 &. [ac3’P]ATP. theophylline (8 mM). 
MgCl: (4.7 mM). KC1 (10 mM) and other agents as 
noted in indi~~idual experiments. The assay was 
started by the addition of membrane protein (75- 
125 ,ug) and was carried out for IO min at 37”. Iso- 
lation of [“‘Plcyclic AMP was performed by sequen- 
tial Dowex and Alumina chromatography according 
to the method of Salomon et al. [14]. All determi- 
nations were made in triplicate; the coefficient of 
variation was less than 12%. Generally. linear 
enzyme kinetics were observed over the lo-min 
incubation time. 

Bindhg usm_v. Turkey membranes (50 {rg protein) 
and [“‘I]IHYP (20 pM, 20,OOU cpm) were incubated 
in a buffer containing NaCl (0.15 M). Tris-HCI 
(0.01 M. pH 7.5). KCI (0.01 M), and bovine serum 
albumjn (1 mgiml) with dextrose (2 mgidl) as pre- 
viously described [12]. Other agents were added as 
noted m individual experiments. The total incubation 
volume was 1 .O ml. After binding had reached equi- 
librium at 37” (30 min). [‘“‘IJIHYP bound to mem- 
branes was separated from free [“‘IIIHYP by tiltra- 
tion on Gelman A/E glass fiber filters. The filters 
were washed with IOml of Tris (0.01 hl. pfi 7.5). 
at room temperature. All assays were performed in 
triplicate; the coefficient of variation was less than 
10%. Binding of [“‘IJIHYP to the filter itself (i.e. 
the assay blank) was less than 2% of total radioac- 

tivity filtered. Specific binding. defined by binding 
inhibitable by excess propranolol (0. I f&l). wa\ 
greater than YO%. 

Incuhtrtion of mwzbr~uws. Turkey cry~throcyte 
membranes were thawed and incubated in buffer\ 
which are indicated in the individual experiment\ 
with additions also as specified. Except vshere noted. 
the preincubation period was 20 min at 37” in a 
shaking water bath and was terminated hv the 
addition of 20 ml buffer containing Mgc‘l~ ( IOmM). 
dithiothreitol (1 mM) and 'Tris-I-ICI ( IO mM. pl 1 7.5) 
at 4”. With exceptions noted for individual cxperi- 
ments, ail preincub~~ti(~ns of turkev membranes were 
perf[~rmed in the presence of sucrose (0.25 MI. The 
membranes were then centrifuged at -l.i.OOO ,q for 
IO min at 4”, and the pellet was resuspended in 70 ml 
of the same buffer. Following a second contrifuga- 
tion, the pellet was resuspended in 500 //I ot huffcr 
and was used directly in the adenylatc cyclase ax\av. 

RESI‘LTS 

We first examined the incubation conditions 
required to observe an effect of isoproterenol alone 
upon subsequent guanine nucleotide-sensitive 
adenylate cyclase actrvity (Fig. I). In the 20-min 

COntrOl 150 1s~ + GMP COni 150 Iso t GMP 

Fig. 1. Independent and comhincd contributions of wcrow 
and dith~othreitol to Gpp(NH)p-dependent adenylatc 
cyclase activity. Turkey erythrocyte membranes acre 
resuspended in one of four buffers all containing Tri\-HC‘I 
(SO mM. pH 7.5). and MgCI: (IO mM). plus: panel A. no 
additions; panel B. DTT (I mM); panel C. sucrose 
(0.25 M); and panel D. sucrose (0.25 M) and DTT( I mM). 
For any given buffer, membranes were prcincuhated with 
no agent (open bars). isoprotercnol (hatched bars. 1 +A) 
or isoproterenol and GMP (cr(~ss-h~~tched bars. I and 
IOCI $V respectively). The incubations were terminated as 
described, and adenylate cyclase activity tn responw to the 
presence (G) or absence (B) of IOUM Gpp(NH)p wa\ 
determined (see Materials and Methods) The rc\ult\ 
shown are pmoles CAMP per mp protein per IO-min incu- 
bation. In this and all subsequent figures and tables. the 
adenylate cyclase activity in response to Gpp(NH)p was 
a n,ax~mum at 10 pM. Despite as much as :t 2-fold variation 
in the adenylate cyclase activities of different mcmhranc 
preparations exposed to Gpp(NH)p, the relative effect\ of 
the preincuhation conditions used here and clscwhcre HCK 

the same. 
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Table 1. Conditions associated with the appearance of Gpp(NH)p-dependent adenylate cyclase activity 
in turkey membranes* 

Adenylate cyclase activity 
[pmoles CAMP. (mg protein))’ . (IO mitt) ‘1 

Preincubation Isoproterenol 
conditions Basal GPP(NH)P and Gpp(NH)p 

Control 851 922 80 t IO 
Isoproterenol 8.9 + 0.7 25 2 6 100 2 6 
Isoproterenol + EDTA + MgClz 9.2 t 2 60 t 8 98 t 7 
Isoproterenol + GMP 10 t2 I15 t 10 IlOt- I2 

* Membranes, prepared as described in Materials and Methods, were preincubated in sucrose-con- 
taining Tris buffer under the conditions indicated. The concentrations used were: 1 F~M isoproterenol. 
100 PM GMP, 1 mM EDTA and 10 mM MgClz. Adenylate cyclase assays were performed in the presence 
of no agent, Gpp(NH)p (10 ,uM) or Gpp(NH)p and isoproterenol. 

incubation period preceding the actual adenylate 
cyclase assay, turkey erythrocyte membranes were 
exposed either to 1 PM isoproterenol alone or to 
1 /IM isoproterenol and 100yM GMP. Several dif- 
ferent buffers were employed. In a preincubation 
buffer containing MgClz (IOmM) and Tris-HCl 
(50 mM, pH 7.9, isoproterenol alone was unable to 
confer Gpp(NH)p-sensitive adenylate cyclase 
activity upon these membranes (panel A). In con- 
trast, preincubation with isoproterenol and GMP led 
to significant stimulation. The presence of 1 mM 
dithiothreitol (DTT) in the preincubation buffer 
(panel B) was associated with Gpp(NH)p-dependent 
cycfase activity after exposure to both isoproterenol 
and GMP that was greater than that seen in its 
absence (panel A), but there was stilt no stimulation 
after exposure to isoproterenol alone. In marked 
contrast, when sucrose (0.25M) was present in an 
otherwise identical preincubation buffer, isoproter- 
enol alone now resulted in Gpp(NH)p responsive- 
ness in these membranes (panel C). Note, however, 
that GMP and isoproterenol were still required for 
full guanine nucleotide activity, but that this occurred 
irrespective of the presence of DTT in the sucrose- 
containing buffer (i.e. panels C and D, which differ 
only in the absence or presence of DTT. are virtually 
identical). It appears, therefore, that sucrose in the 
preincubation buffer permitted an effect of isopro- 
terenol. independently of GMP. to be observed. 

The effect of sucrose was not simply a phenom- 
enon of the osmolality of the buffer solution because 
neither high glucose (0.25 to OSOM) nor high 
ethanol (0.25 M) concentrations mimicked the 
actions of sucrose (data not shown). Moreover. the 
use of sucrose in the preincubation period did not 
permit or establish a lingering presence of isopro- 
terenol, because basal adenylate cyclase activity was 
unchanged and because propranolol did not inhibit 
subsequent Gpp(NH)p-responsive enzyme activity. 

Table 1 shows the results of experiments to evalu- 
ate further the preincubation conditions leading to 
the appearance of Gpp(NH)p-dependent adenylate 
cyclase activity in turkey erythrocyte membranes. 
The use of EDTA and magnesium was of particular 
interest because previous studies have shown that 
EDTA and magnesium increase the exchange of 
[“HIGDP for Gpp(NH)p [5]. It seemed possible that 

preincubation of membranes with EDTA in the 
magnesium and sucrose-containing buffer might 
facilitate the capacity of isoproterenol to develop 
Gpp(NH)p-dependent adenylate cyclase activity. 
This was shown to be the case, with the appearance 
of twice as much Gpp(NH)p responsiveness as that 
in membranes preincubated with isoproterenol in 
the absence of EDTA. As was shown in the initial 
experiments with isoproterenol alone, the adenylate 
cyclase activity that was further augmented by 
EDTA required sucrose. Preincubation of turkey 
membranes with isoproterenol and EDTA without 
sucrose did not lead to any Gpp(NH)p-dependent 
adenylate cyclase activity (data not shown and (51). 

Although these results demonstrate that 
Gpp(NH)p responsiveness in turkey erythrocyte 
membranes was revealed after exposure to isopro- 
terenol alone, they do not minimize the central role 
of GMP in the phenomenon. When GMP and iso- 
proterenol were both present. subsequent 
Gpp(NH)p-stimulated adenylate cyclase activity was 
much greater and. in fact, equivalent to the activity 
achieved when maximal concentrations of 
Gpp(NH)p and isoproterenol were used together in 
control membranes. This latter adenylate cyclase 
activity is considered to be the maximum for turkey 
erythrocyte membranes [ 151. The relative effects of 
the preincubation conditions used here to demon- 
strate Gpp(NH)p responsiveness were isoproterenol 
+GMP > isoproterenol + EDTA > isoproterenol 
alone. 

Isoproterenol influenced subsequent Gpp(NH)p- 
stimulated adenylate cyclase in a dose-dependent 
fashion (Fig. 2). The concentration of ~soproterenol 
during the preincubation period leading to half- 
maximum appearance of Gpp(NH)p activity was 
0.33 PM, approximately the same agonist concen- 
tration required for half-maximum stimulation of 
turkey erythrocyte membrane adenylate cyclase 
activity in the simultaneous presence of isoproterenol 
and Gpp(NH)p [16]. Despite the greater total 
activity achieved in the presence of GMP and iso- 
proterenot, this concentration of isoproterenol lead- 
ing to half-maximum stimulation was not changed 
by GMP. At maximal agonist concentration. the 
level of GMP during the preincubation period 
required for half-maximum Gpp(NH)p-dependent 
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[lsoproterenol] LOG M 

Fig. 2. Relationship between the concentration of isopro- 
terenol during the preincubation period and subsequent 
adenylate cyclase activity in response to maximal concen- 
trations of Gpp(NH)p. Turkey erythrocyte membranes 
were incubated in the presence (0) or absence (0) ot 
GMP, 100 PM. with increasing concentrations of isopro- 
terenol in a sucrose-containing Tris buffer for 70 min as 
described in Materials and Methods. Subsequent 
Gpp(NH)p-associated adenylate cyclase activity is 
expressed as a percentage of the Gpp(NH)p-dependent 
adenylate cyclase activity found in membranes preincu- 
bated with maximal concentrations of either isoproterenol 
[21 pmoles CAMP per mg protein per IO min. closed circles 
(O)] or isoproterenol and GMP [68 pmoles CAMP per mg 
protein per 10 min. open circles CO)]. The data shown are 
the means of three individual experiments. Standard 
deviations were less than 12%. The concentrations ol 
isoproterenol leading to half-maximum Gpp(NH)p-depen- 
dent adenylate cyclasc activity were not significantly dif- 
ferent from each other in these two experimental situations 

(0.22 vs 0.33 /IM). 

z I t I 

0 -7 -6 -5 -4 -3 

[GMP]-LOG M 

Fig. 3. Gpp(NH)p-dependent adenylate cyclase activity in 
turkey membranes previously incubated with increasing 
concentrations of GMP. Turkey erythrocyte membranes 
were incubated with isoproterenol (1 PM) and a range of 
GMP concentrations as noted on the abscissa. for 20 min 
in a Tris buffer containing sucrose at 37”. Adenylate cyclase 
assays were subsequently performed in the prcsencc of 
maximal Gpp(NH)p. 10,~M. The results shown are the 
means of three separate experiments on three different 
membrane preparations and are expressed as pmoles CAMP 
per mg protein per 10 min. Half-maximum stimulation 
occurred at approximately 75 {LM GMP. The Gpp(NH)p- 
dependent adenylate cyclase activity of membranes pre- 
viously incubated with isoproterenol alone was 27 pmolea 
CAMP per mg protein per 10 min. significantly higher than 
the activity observed after exposure to 0. I to I I’M GMP 
(approximately lOpmoles CAMP per mg protein per 
10 min). Activity after exposure to isoproterenol alone is 
shown in the open triangle on the ordinate. The standard 
error of the mean was less than 14% for each data point. 

adenylate cyclase activity was 75 PM (Fig. 3). f+ow- 
ever, when concentrations of GMP below 1 [rM were 
employed, subsequent Gpp(NH)p activity was sig- 
nificantly less than that activity found in membranes 
preincubated with isoproterenol alone. It appears. 
therefore, that low concentrations of GMP actually 
inhibit the development of guanine nucleotide 
responsiveness. 

The kinetics of these observation5 are illustrated 
in Fig. 4. For incubation of turkey membranes with 
isoproterenol alone or with isoproterenol and GMP. 
half-maximum appearance of Gpp(Nf f)p-dependent 
adenylate cyclase activity occurred in 4 min. After 

a IO-min incubation, the events that occurred during 

the preincubation period to permit expression ot 

Gpp(NH)p-dependent adenylate q&se activit! 
were essentially completed and not appreciably 
changed by further preincubation time. The Til 
values for both sets of preincubation condition\ 
(isoproterenol alone or isoproterenol and GMP) 
were essentially identical. Membranes were next 

exposed to maximal concentrations of either GMP 

(100 ,uM) or isoproterenol (I ,uM) for the entire 20- 
min period and for variable periods of time with the 
other agent. These results are shown in Fig. 1. panel 

I I I I1 I I1 1 
4 8 12 16 20 4 8 12 16 20 

TIME OF INCUBATION (m!n) 

Fig. 4. Kinetic analysis of Gpp(N~l)p-dcpenc~cnt aden~latc 
cyclase activity. (A) Turkey erythrocyte membranes IncLI- 
bated in sucrose for a total of 70 min at 37’ were exposed 
to isoproterenol (0) or to isoprotcrenol and GMP (0) lo1 
increasing amounts of time as noted on the ab\cisaa. Mcm- 
branes were then washed as previously dehcribcd and 
assayed for Gpp(NH)p-dependent ;~den$atc cyclaw 

activity. Maximum Gpp(NH)p-dependent adenylate 
cyclase activity in membranes trcatcd for 20 min with 
isoproterenol was 2X pmoles cAMP per mg protein per IO 
min; the activity in membranes trcatcd \vith isoproterenol 
and GMP was 92 pmoles CAMP per mg protein per IO min. 
(B) Membranes were subjected to cxperimcntal condition\ 
similar to those in panel A except that they wcrc incubated 
either with isoproterenol for the entire 20 min and incrca+ 
ing amounts of time with GMP (0) or thch wcrc incubated 
with GMP for the 20-min period and increasing amounts 
of time with isoproterenot (0). For the cxpcriments shown 
in both panels, the concentrations of i\oprotcrcnol and 
GMP were 1 and 100~1M reapecti\ely. Times lor hall- 
maximum expression of Gpp(NH)p-depcndcnt adcnylatc 
cyclase activity (TA) for membranch cxpo~d to GM1 lo!- 
variable time periods was 6 min: the T for membranes 
exposed to isoprotercnol for ;I variable amount 01 time \\:I\ 

5 min. Values obtained from two other experiment\ idcnt- 
ical to the representative one shown in panel 13 wcrc similar. 
For both experimental condition\. the maximum 
Gpp(NH)p-dependent adenylatc cycla~ xct~vtt! M ;,\ 

100 pmoles CAMP per mg protein per 10 min. Standard 
error of the mean was less than lW/r for each data point. 
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Fig. 5. Conditions leading to a reversal of Gpp(NH)p- 
dependent adenylate cyclase activity. Turkey erythrocyte 
membranes were incubated either with 1 PM isoproterenol 
(0) or with 1 [icM isoproterenol and 100 pM GMP (0) for 
a total of 20 min at 37” in a Tris buffer containing sucrose 
as described (see Materials and Methods). Before the end 
of the incubation period, propranolol (1 /tM) was added 
for a portion of the total time as indicated on the abscissa. 
Following wash and centrifugation as described in Materials 
and Methods, the capacity of the washed resuspended 
membranes to respond to Gpp(NH)p (10,uM) was tested 
in the adenylate cyclase assay as described. Results are 
expressed as percentages of maximum Gpp(NH)p-depen- 
dent adenylate cyciase activity, i.e. for membranes prem- 
cubated with isoproterenol. 21 pmoles CAMP per mg pro- 
tein per 10 min and for membranes preincubated with 
isoproterenol and GMP. 93 pmoles CAMP per mg protein 
per 10 min. The standard error of the mean was less than 

12% for each data point. 

B. When erythrocyte membranes were preincubated 
for the entire 20 mm with isoproterenol or for 20 min 
with GMP, at least 6 min of simultaneous incubation 
with the other agent was required to observe 
the subsequent appearance of half-maximum 
Gpp(NH)p-dependent adenylate cyclase activity. 

Conditions associated with a reversal of the actions 
of isoproterenol during the preincubation period are 
shown in Fig. 5. Whether isoproterenol alone or 
isoproterenol and GMP were used in the preincu- 
bation period, the appearance of GppfNHfp-depen- 
dent adenylate cyclase activity was completely pre- 
vented by the beta-adrenergic inhibitor, propranolol. 

Remarkably, propranolol was inhibitory well after 
the events in the preincubation period that cause an 
apparent maximum expression of Gpp(NH)p-depen- 
dent adenylate cyclase activity had been established. 
Thus, the addition of 1 PM propranolol for 3 mitt to 
a membrane suspension previously incubated for 
17 min with isoproterenot alone or with isoproterenol 
and GMP led to a marked (50%) reduction in sub- 
sequent Gpp(NH)p-associated adenylate cyclase 
activity. By 4min of exposure to propranolol, the 
reduction approached 90% (see legend to Fig. 5). 

To explore further the role of propranolol. the 
20-min incubation period was divided into two lo- 
min intervals that were separated by the washing 
procedure routinely used after the total IO-min 
incubation. During either the first or second lo-min 
incubation, the buffer contained no additions (con- 
trol). the combination of isoproterenol and GMP, 
or propranolol. Subsequently, Gpp(NH)p-depen- 
dent adenylate cyclase activity was determined 
(Table 2). Membranes incubated first with isopro- 
terenol and GMP and second with no additions dem- 
onstrated considerably less Gpp(NH)p-dependent 
adenylate cyclase activity than when isoproterenol 
and GMP were present for the entire 20-min period. 
This decrease did not appear to be due to any loss 
of detectable catalytic units of adenylate cyclase dur- 
ing the second lo-min incubation period because, 
when the sequence of this experiment was reversed 
(10 min of control incubation followed by 10 min of 
isoproterenol and GMP), the ultimate Gpp(NH)p- 
associated activity was indistinguishable from that 
seen after isoproterenol and GMP had been present 
for the entire ZO-min period. Membranes first incu- 
bated with isoproterenol and GMP and second with 
propranolol demonstrated the same Gpp(NH)p- 
dependent adenylate cyclase activity as observed 
when no additions were made during the second 
lo-min period (compare C and E, Table 2). The 
inability of propranolol to reverse the isoproterenol 
effect, after isoproterenol was removed from the 
buffer by washing, contrasts markedly with previous 
observations which illustrated the ability of pro- 
pranoiol to inhibit subsequent Gpp(NH)p respon- 
siveness when the inhibitor was presented to mem- 
branes while still in the presence of isoproterenol 
(Fig. 5). 

Table 2. Reversal of Gpp(NH)p-dependent adenylate cyclase activity in turkey erythrocyte membranes* 

Adenylate cyclase activity 
Incubation conditions jpmoles.mg ‘.(lO min).‘] 

First Second No addition GPP(NH)P 

(A) Control Control 721 82 1.5 
(B) Isoproterenol + GMP Isoproterenol + GMP x-c2 60 t 3 
(C) lsoproterenol + GMP Control 6 + 0.5 23 i 3 
(D) Controi Isoproterenol + GMP 92 1 65 t 3 
(E) Isoproterenol + GMP Propranoiol 7-e2 22 t 3 

* Membranes were incubated as described above for a IO-min period (first incubation). They were 
then washed and centrifuged, as described in Materials and Methods, and resuspended in a sucrose 
buffer with the additions noted (second incubation) for another period of 10 min followed by two more 
washes. Adenylate cyclase activity was then determined in the absence or presence of Gpp(NH)p. The 
concentrations were: isoproterenol, 1 ,uM: Gpp(NH)p. 10 PM; GMP, 100 PM. and propranolol. 1 ELM. 
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We next examined the possibility that the effects 
of isoproterenol upon Gpp(NH)p-associated adeny- 
late cyclase activity might be related to altered 
characteristics of beta-receptor binding. Insofar as 
antagonist binding is concerned. no changes in 
receptor number or in binding affinity were discerned 
when beta-receptors in membranes incubated with 
isoproterenol alone or with isoproterenol and GMP 
were compared to those in controls (Kd,l,,,,q 3-40 nM. 
data not shown). Maximum (“‘IJIHYP specifically 
bound averaged 20-21 fmolesimg protein under all 
conditions. In contrast to these results for antagonist 
binding. several reports have documented changes 
in agonist binding following pretreatment with iso- 
proterenol alone or with isoproterenol and GMP 
[I, 21. We have demonstrated previously that high- 
affinity agonist binding in turkey membranes 
requires Mg” [lo]. The important role of Mg’+ in 
isoproterenol-receptor cyclase interactions has been 
well documented [7. 17-191. With magnesium in the 
binding assay, membranes preincubated with iso- 
proterenol alone or with isoproterenol and GMP 
demonstrated a significant increase in binding affinity 
for isoproterenol, being 1.0 to 0.4 yM in the former 
case and from 1.3 to 0.4 PM in the latter case (Fig. 
6, panels B and C). High-affinity binding for iso- 
proterenol was returned to lower affinity when the 
binding assays in such pretreated membranes were 
carried out in the presence of 10 PM Gpp(NH)p 
(Kd,,,in panel B increased from 0.46 to 1.6 btM, and 
in panel C from 0.40 to 1.8 i(M). 

Previously published reports have shown that 
guanine nucleotide-dependent adenylate cyclase 
activity in turkey membranes appears consistently 
following a period of incubation with isoproterenol 
and GMP [I, 21. This phenomenon may be due to 
agonist-dependetlt release of the inhibitory nucleo- 
tide GDP from the regulatory protein N [l-7] and 
subsequent binding of the active nucleotide GTP to 
it. The events. during the preincubation period, that 
are responsible for facilitating an exchange between 

Fig. 6. Inhibition of [“iIIIHYP binding by isoproterenol 
in turkey membranes. Membranes were incubntcd prior to 
the binding assay with no agents. control (0, l pnncl A): 
1 !irM isoproterenol (i;. a. pane! B): or 1 .uM isoprotcrcnol 
and 100 pM GMP (A, A, panel C). Binding assays were 
carried out as described in Materials and Methods. and 
included Mg’- (1OmM) in the buffer. Closed \ymhols 
reflect the results seen in the presence of 10 ,uM Gpp(NH)p. 
Arrows reflect the apparent K,,.,,,,, for each condition 
(described in the text). The membranes used wrc incu- 
bated previously in the presence of sucrose as described 
in Materials and Methods for 20 min at 37”. The standard 

deviation in this experiment wa\ less than 12<,i 

inhibitory and stimulatory nucleotides arc not \ct 
well understood, On the basis of previous ohserv;i- 
tions. however, the presence of GMP during the 
preincubation period appears to he a requir~tl~clit 
for this exchange to take place. GMP ha\ been 
regarded as a site-holder. to be replaced ultimateI! 
by stimulatory nucleotides of higher affinity. In this 
view, whatever changes occur as a rttsult of agonist 
beta-receptor interactions (i.e. rrlea\c of GDP from 
the N protein), GMP is required for full prcscr\ation 
of N-unit responsiveness to GTP. 

The results in this paper suggest that, uncftx ;I 
different set of preincLibati~~l1 conditions. GMP I\ 
not an absolute requirement ft>r the 4uhsequent 
appearance of Gppj NII)p-‘lrpendent adenylate 
cyclase activitv in turkey erythrocyte membranes. 
Downs et nl. [j] have also observed significant guan- 
ine nucleotide activity following a prcincuhation 
period with isoproterenol alone. These results con- 
trast with those of Lad c’t rd. [ 1 ] who consktentl! 

observed an absolute requirement for GMP. WC 
have sought to verify and ull~ierst~~n~i these diffcr- 
ences by using several different cxpcrimcntnl con- 
ditions. It appears that the critical variable accoun- 
ing for these published differences is the prcscnce 
or absence of sucrose in the preincubation period. 
When sucrose is present. isoproterenol alone is suf- 

ficient for the subsequent appearance of Gpp(NH)p 
responsiveness 121: when sucrose is not present. 
GMP is required [I). In the presence of sucro\c. 
EDTA potentiates the effect of isopr~)tcl-cliol tqxw 

subsequent Gpp(NH)p-rtependrttt aden!late cycla~ 
activity. It is important to note that the ohservcct 
guanine nucleotide dependent enzyme acti\.it\ in 
turkey membranes that ha\:e been incubated in a 
sucrose buffer containing isoproteranol or isopro- 
terenol and EDTA never exceeded the adenvlatc 
cvclase activity observed in membranes incubated 
with GMP in addition. Furthermore. the con&tent 
finding that adenytate cvclase activity after exposure 
to isoproterenol and C!iMP was equivalent to the 
activity observed in control membranes stimulated 
directly by Gpp(NH)p and isoprotcrcnol \ugge\ts 
that these preincubation conditions lead to the 
capacity for full oxpression of maximum xlenvlat~ 

cyclase activity [ 161. 
The actual mechanism by which sucrose permits 

the effect of isoproterrnol upon Gpp( NI i ~p-ciqx~~- 
dent adenylate cyclase activity to be rsl~esscd i\ not 
clear at this time. Neither glucose not- crhanol in 
equivalent concentrations can substitute for \LIC~O\~. 
Sucrose has been known to maintain the integrity 
of discrete properties of membranes as thev are 
prepared from tissue homogenates [ 121. and ii ma! 
be through this capacity of sucrose that the chanFc\ 
produced by isoproterenol during thu prcincubatltrn 
period are prcscrved. At the moment. ho\+cver. ;I 
satisfactory explanation for the effect of sucrose i\ 
not known and will reyuirc further \tucl!;. 

Despite the fact that ~~rci~~c~~b~~tiotl ot turkq 
erythrocyte membranes with isoprotercnol done did 
not lead to a Gpp(NH)p-dcpenticrlt aden! late 
cyclase activity equal to that ohserved in membrane\ 
preincubated with both GMP and isoprotcrcnol. the 

T1;z values for the appearance ol’ actiLit\ wc~-c the 
same under both sets of condition\. P&incubation 
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of turkey erythrocyte membranes with isoproterenol 
alone for IO min or more still required the additional 
presence of GMP for at least 5 min for half-maximum 
development of Gpp(NH)p activity. Conversely, 
preincubation of turkey erythrocyte membranes with 
GMP alone for 10 min or more required the addi- 
tional presence of isoproterenol for at least 5 min for 
half-maximum development of Gpp(NH)p activity. 
There was thus, a tinite. and similar. time require- 
ment for both isoproterenol and for GMP during the 
preincubation period. Hence, because both isopro- 
terenol and GMP required the same duration of 
exposure to membranes, neither the isoproterenol 
receptor nor the GMP-N protein interactions can 
be said to be rate-limiting. The similarity of the times 
required for completely different interactions may 
have been merely fortuitous. 

Whether or not the varying degrees of Gpp(NH)p 
responsiveness expressed under the conditions 
employed here can be correlated quantitatively with 
actual loss of GDP from the N site remains to be 
seen. However, the observation that incubation of 
turkey erythrocyte membranes with isoproterenol 
was associated with significant Gpp(NH)p-depen- 
dent adenylate cyclase activity does constitute a func- 
tional counterpart to previous studies demonstrating 
isoproterenol-stimulated exchange of [jH]GDP for 
Gpp(NH)p in the absence of GMP [S, 201. Similarly, 
the augmented effect of EDTA is consistent with a 
previous report that EDTA and magnesium can also 
facilitate the exchange of i3H]GDP for Gpp(NH)p 

[51. 
An additional consideration that must be taken 

into account concerns the kinetics of adenylate 
cyclase activation by Gpp(NH)p. In most systems, 
Gpp(NH)p-dependent adenylate cyclase activity is 
time dependent. The greater apparent adenylate 
cyclase activity due to Gpp(NH)p after previous 
exposure is isoproterenol and GMP could be associ- 
ated with a reduction in the lag time of enzyme 
activation compared to that observed for isoproter- 
enol alone. To explore this possibility. detailed 
enzyme kinetics will be necessary. 

Further evidence that “clearance” of the nucleo- 
tide GDP is important for expression of adenylate 
cyclase activity in turkey erythrocyte membranes is 
that addition of GDP during the preincubation 
period prevents the appearance of GTP-associated 
adenylate cyclase activity [I]. Little is known. how- 
ever. about reversal of Gpp(NH)p-dependent 
adenylate cyclase activity in turkey erythrocyte mem- 
branes previously incubated with isoproterenol and 
GMP. From our studies here, it is apparent that a 
substantial decline in Gpp(NH)p responsiveness 
occurs after membranes preincubated with isopro- 
terenol and GMP are washed and incubated at 37“. 
This could be explained by a GDP effect. In a 
post-washing incubation period, inhibitory nucleo- 
tides could be formed anew. Such a phenomenon 
should be dependent upon endogenous GDP for- 
mation and not necessarily related to the beta-recep- 
tor. Thus. it is not surprising that propranolol did 
not alter the rate at which Gpp(NH)p responsiveness 
was reduced when the beta-adrenergic inhibitor was 
presented to membranes after isoproterenol had 
been removed [i.e. the post-washing period (Table 

2)]. It was surprising to observe, however. that pro- 
pranolol could completely reverse Gpp(NH)p 
responsiveness when it was added to a suspension 
of membranes that had been incubated in a buffer 
containing isoproterenol and GMP and still con- 
tained these agents. This observation suggests that, 
as long as the agonist and the beta-receptor are a 
functional complex. they influence the N unit. In 
this view, the agonist beta-receptor unit helps to 
maintain the activated N-GTP complex. Loss of 
isoproterenol from the receptor, such as occurs when 
propranolol is present. favors the reassociation of 
GDP with the regulatory unit. In this formulation, 
however, there must always be a source for the 
production of GDP [i.e. GTP, not Gpp(NH)p]. 

Alternatively, the N protein could reside in one 
of two states, either “open”, and accessible to acti- 
vating guanine nucleotides. or “closed”. and inac- 
cessible to guanine nucleotides. The open state 
would be favored by the presence of isoproterenol 
and would permit access to the N site by guanine 
triphosphates. GDP could be released from another 
site with allosteric properties and occur subsequent 
to the occupation of the beta-receptor by isoproter- 
enol; GMP would replace GDP at this other allo- 
steric site and, in turn. stabilize the “open state” 
configuration of the GTP site. In the absence of 
isoproterenol, or in the presence of propranolol. the 
closed state would be favoured, preventing occu- 
pation by GTP, reducing the affinity of GMP at the 
second allosteric site, and leading to occupation by 
GDP, if available, with simultaneous loss of adeny- 
late cyclase activity. Propranolol has been shown 
previously to inhibit adenylate cyclase activity in 
turkey membranes when epinephrine and GTP are 
both present. But propranolol cannot inhibit the 
adenylate cyclase activity which develops after 
exposure to epinephrine and guanine nucleotide that 
does not serve as a substitute for GDP [i.e. 

GPP(NH)PI PI. 
More evidence, albeit indirect. favoring a nucleo- 

tide exchange reaction to account for the unmasking 
of Gpp(NH)p-dependent adenylate cyclase activity 
in turkey erythrocyte membranes is found in the 
apparent inhibitory effect of low GMP concentra- 
tions (Fig. 3). When turkey erythrocyte membranes 
were incubated with maximal concentrations of 
isoproterenol(1 PM) and low concentrations of GMP 
(0.1 to 1.0 PM). the magnitude of Gpp(NH)p-depen- 
dent adenylate cyclase activity was smaller than that 
observed when membranes were incubated with 
isoproterenol alone. The reduction in activity could 
have been due to the inability of low GMP concen- 
trations to occupy sufficient nucleotide sites com- 
bined with accelerated production of GDP due to 
presence of a substrate GMP. 

The demonstration of high-affinity agonist binding 
to the beta-receptor has not been associated unfail- 
ingly with “clearance” and the demonstration of 
Gpp(NH)p-sensitive adenylate cyclase activity [x]. 
Membranes preincubated with isoproterenol. mag- 
nesium and EDTA in the presence or absence of 
sucrose show high-affinity agonist binding. Yet only 
when sucrose is present can the Gpp(NH)p-depen- 
dent adenylate cyclase activity be demonstrated. On 
the other hand. the preincubation conditions 
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required for Gpp( NH)p-dependent adenylate 
cyclase activity are all associated with high-affinity 
agonist binding. These findings, therefore. support 
the contention that high-affinity agonist binding to 
beta-receptor is a necessary but not sufficient pre- 
requisite for the appearance of Gpp(NH)p-depen- 
dent adenylate cyclase activity. 

REFERENCES 

1. P. M. Lad. T. B. Neilsen. M. S. Preston and M. 
Rodbell, J. hiol. Chem. 255. YYX (1080). 

2. R. W. Downs, Jr.. A. M. Spiegel. M. Singer. S. Reen 
and G. D. Aurbach. J. hiol. Chem 255. Y49 (1980). 

3. G. L. Johnson. H. R. Kaslow. Z. Farfel and H. R. 
Bourne. Ado. Cvclic Nucleotide Res. 13. 1 (1980). 

4. E. M. Ross. A: C. Hewlett, K. M. Ferguson and 
A. G. Gilman. J. hiol. Chrm. 253. 6401 (1978). 

5. D. Cassell and Z. Selinger. Proc. ,IU~!I: Acrid. Scr 
U.S.A. 7.5. 415.5 (lY78). - 

6. J. Abramowitz. R. Ivenear and L. Birnhaumer, J. hiol. 
Chem. 225, 8259 (1480~. 

7. A. M. Spiegel and R. W. Downs. E~tlocrr~r Rro. 2. 
275 (1981). 

15. E. M. Brown. D. Hauser. F. Troxler and G. D. Aur- 
bath. J. biol. Chem. 251. 1232 (1976). 

16. J. P. Bilezikian, A. M. Dornfeld and D. E. Gammon. 
Biochem. Pharmuc. 27. 144s (197X). 

17. S. Y. Cech. W. C. Broadus and M. E. Maguire. Molec~. 
cell. Biochrm. 33. 67 (1980). 

1X. M. E. Maguire. P. M. Van Arsdalc and A. G. Gilman, 
Mole-c. Phurmuc. 12. 335 (lY76). 

19. S. J. Bird and M. E. Maguire, J. hiol. ~‘hrm. 253. XX20 
(197X). 

20. L. J. Pike and R. J. Lefkowitz. J. bioi. (‘hem. 256. 
2207 (1981). 

8. J. M. Stadel. A. Delean and R. J. Lefkowitz. J. hiol. 21. D. Cassel. H. Lcvkovitz and Z. Sclingcr. J. (‘w/ic~ 
Chem. 255. 1436 (IYXO). Nucleotide Res. 3. 393 (lY77). 

Y. A. DeLean. J. M. Stadell and R. J. Lefkowitz. J. hiol. 
Chem. 255. 7108 (1080). 

10. E. Shane. D. E. Gammon and J. P. Bilezikian. 
Biochem. Pharmuc. 30. 5.31 (1981). 

11. P. R. Davoren and E. W. Sutherland, J. hiol. (‘hrnr. 
238, 3009 ( 1963). 

12. D. M. Neville. Jr., Biochim. hiop1ry.y. Awr 154, 5-U) 
(1968). 

13. J. P. Bilezikian. A. M. Spiegel. E. M. Brown and 
G. D. Aurbach. Molec. Phnmzclc. 13. 775 (IY77). 

14. Y. Salomon. C. Londos and M. Rodhell. Amrlrr. 
B&hem. 58, SJI (lY74). 


