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Ligand Requirements for the Relaxation of Adenylate Cyclase from

Activated and Inhibited States’

Pramod M. Lad,* Diane M. Reisinger, and Paula A. Smiley

ABSTRACT: The turkey erythrocyte adenylate cyclase system
binds tightly the inhibitory nucleotide GDP, and a pretreat-
ment step with isoproterenol and GMP is required to restore
activation. Under identical pretreatment conditions, the release
of labeled nucleotide is complete within 1 min whereas the
restoration of activation by Gpp(NH)p requires 15 min. A
study of the ligand requirements of the slow step shows the
following: (a) The role of GMP is that of an obligatory al-
losteric regulator. (b) Cholera toxin modification of the system
abolishes the requirement for GMP with a considerable en-
hancement in the reaction rate. {(c) GMP is without effect
on the relaxation process with the activator Gpp(NH)p as the

W have recently investigated the regulatory properties of
the turkey erythrocyte adenylate cyclase system. Our initial
interest in this system was prompted by the observation that
its B-adrenergic receptor was not regulated by guanine nu-
cleotides. We found that the reason for this lack of regulation
of the B-adrenergic receptor was due to bound GDP at the
regulatory complex. Clearance of bound nucleotide by using
a pretreatment step with isoproterenol (Iso) and GMP led to
the restoration of both receptor regulation and enzyme acti-
vation by guanine nucleotide (Lad et al., 1980a). Consistent
with the clearance of bound GDP was a change in the 5-ad-
renergic receptor from a low- to a high-affinity state for the
agonist, isoproterenol. [It should be noted that the restoration
in Gpp(NH)p activation was not due to the elimination of an
inhibitory form of the regulatory component and that iso-
proterenol stabilization was also eliminated as an explanation
(Lad et al., 1980a).] Subsequently, we utilized the pre-
treatment reaction to probe the organization of the multire-
ceptor nature of this cyclase system (Lad et al., 1980b) and
developed a complementation assay for the regulatory com-
ponent (Lad et al., 1980¢c). Most recently, we have shown by
target analysis that in this cyclase system the release of bound
guanine nucleotide (by the use of the pretreatment step) does
not alter the size of the complex (Nielsen et al., 1981; Rodbell
et al., 1981). These studies utilized the pretreatment step (with
Iso and GMP) but did not explore the characteristics of the
pretreatment reaction itself.

In order to understand the nature of the pretreatment step
in the activation process, we have addressed three questions
pertinent to this reaction: (a) Does the rate of release of
nucleotide occur at the same rate as restoration of activation
by Gpp(NH)p? (b) Is a second nucleotide “GMP” obligatory
in the pretreatment step, and is the requirement altered by
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resident nucleotide. In sharp contrast, ethylenediamine-
tetraacetic acid (without effect in a GDP-occupied complex)
markedly potentiates alterations from the Gpp(NH)p-occupied
state. (d) Formation of a GDP/guanosine 5’-O-(2-thiodi-
phosphate) (GDPSS) hydbrid leads to the suppression of both
F~ and Gpp(NH)p activation. F~ activation is restored by
isoproterenol alone, while GMP is still required to restore
Gpp(NH)p activation. The results suggest that covalent
modification or nucleotide analogue occupancy of the regu-
latory complex can modify the allosteric role for GMP, with
consequences for the rate of the slow step.

covalent modification of the regulatory complex? (c) Does
the type of nucleotide residing at the regulatory complex
(activator or inhibitor) alter the rate or ligand (GMP) re-
quirement of the pretreatment reaction? The results presented
provide answers to these questions.

Experimental Procedures

Materials. GDPGS, Gpp(NH)p, [**P]ATP, and [*H]cAMP
were purchased from ICN. ATP (type A-2382), cAMP, GTP,
dl-isoproterenol, propranolol, GMP, GDP, and bovine serum
albumin were obtained from Sigma Chemical Co. Cholera
enterotoxin was purchased from Schwarz/Mann. All other
chemicals were reagent grade.

Adenylate Cyclase Assay. Enzyme activity was assayed in
a 100-uL final volume containing 20 mM tris(hydroxy-
methyl)aminomethane hydrochloride (Tris-HCI), pH 7.5, 10
mM MgCl,, 1 mM dithiothreitol (DTT), 20 ukM cAMP, 5
mM creatine phosphate, 3.3 units of creatine phosphokinase,
and 100 uM [*?P]ATP (100-500 cpm/pmol). The membrane
protein was 15-30 ug/assay. Other effectors were present at
the following concentrations: 10 uM Gpp(NH)p, 10 mM
sodium fluoride, 10 uM isoproterenol, or 100 uM propranolol.
Samples were incubated for 5 or 15 min at 30 °C. Cyclic
AMP was isolated and measured by the method of Salomon
et al. (1976).

Membrane Purification. The turkey erythrocyte plasma
membrane was prepared exactly as described previously (Lad
et al,, 1980b) by the method of Cassel & Selinger (1978). The
functional properties of the membrane are identical with those
reported by other workers. The following features were ob-
served in these membranes: (a) persistent inhibition of GDP;
(b) distinct modes of activation and inhibition by adenosine;
(c) an obligatory requirement for GMP in pretreatment; (d)
a requirement for isoproterenol and GMP pretreatment prior
to adherence of solubilized extracts to a GTP affinity column.
The isoproterenol + Gpp(NH)p (I + G) activity was 32 (+8)
pmol of cAMP min™ mg™ in 30 membrane preparations.

Pretreatment of the Membrane with Isoproterenol and
Nucleotide (Lad et al., 1980a). Pretreatment of the turkey
erythrocyte plasma membranes with 50 uM isoproterenol and
1 mM GMP was carried out at 30 °C for various periods of
time as indicated in the figure legends. The incubation me-
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dium included 10 mM MgCl,, 1 mM DTT, 10 mM Tris-HC],
pH 7.5, and membrane protein at a concentration of 1 mg/mL.
As a control for pretreatment, the membranes were incubated
without added ligand, at either 0 or 30 °C, and no change in
the activities was observed. The pretreatment was stopped by
diluting the sample 35-fold into an ice-cold wash solution
consisting of 10 mM Tris-HCI (pH 7.5), 1 mM dithiothreitol,
and 250 mM sucrose (TDS). The membranes were centri-
fuged at 30000g for 12 min at 4 °C. The ratio of Gpp-
(NH)p/[isoproterenol + Gpp(NH)p] [G/(I + G)] activity
was determined in an adenylate cyclase assay by incubating
for 10 min at 30 °C. The wash was repeated twice. Cyclase
activity was invariant to washing (Lad et al., 1980b). Car-
ry-over of isoproterenol was carefully eliminated by the fol-
lowing methods: (a) The assay after pretreatment included
propranolol. (b) The pattern of enhancement of Gpp(NH)p
activation was independent of the volume of buffer used to
remove bulk free ligand. (¢) Washing the membranes after
pretreatment caused no change in the G/(I + G) ratio. (d)
The binding of ['?*I]iodohydroxybenzylpindolol (I-HYP) to
the pretreated membranes is equivalent to the binding in un-
treated membranes (Lad et al., 1980a). The ratio of pro-
pranolol + Gpp(NH)p to isoproterenol + Gpp(NH)p, (P +
G) /(I + G), was also determined and was identical with the
G/(1 + G) ratio in the experiments. Thus, the changes in the
ratio are due to alterations in guanine nucleotide interactions
and not due to alterations in receptor occupancy. Treatment
of the membranes with isoproterenol alone was without effect
on any functional parameters. An isoproterenol-dependent
stabilization is not involved (Lad et al., 1980b).

It should be emphasized that the duration of the adenylate
cyclase assay in the measurement of the ratios of activities
[G/d + G), (P+ G)/(I+ G), basal/(I + G)] is not a factor
in the results presented here. Assays of duration of S min gave
results which were comparable to assays of up to 15 min. In
addition, the ligand requirements were analyzed in a pre-
treatment reaction under simple and well-defined conditions
prior to assay.

The results are expressed as the ratio of Gpp(INH)p/[iso-
proterenol + Gpp(NH)p] [G/(1 + G)] activities. Within each
experiment, the I + G activity is invariant with washing (Lad
et al., 1980b). The value of the specific activity of I + G and
the range of variation in this activity (£5%) are also provided.
The specific activity with I + G is not sensitive to the length
of preincubation or to the ligands present during such an
incubation.

Direct Exchange of Guanine Nucleotides. The procedure
was essentially as described by Cassel & Selinger (1978).
Turkey erythrocyte membranes were preincubated in a buffer
containing MgCl, (6 mM), ATP (0.3 mM), DTT (1 mM),
50 mM Tris, pH 7.5, and a regenerating system, 5 mM
creatine phosphate and 3.3 units of creatine phosphokinase.
The buffer included 0.25 uM [*H]GTP (30000 cpm). The
reaction was terminated by addition of unlabeled nucleotide
(GTP) and propranolol to give concentrations of 100 and 20
uM, respectively. GDP as the unlabeled nucleotide gave
similar results. The reaction mixture was cooled, and the
membranes were washed 3 times by centrifugation (10000g,
10 min, 4 °C) and resuspended to 1 mg/mL in ice-cold buffer.
The pellet was then incubated with nucleotide (GTP) at a
concentration of 100 uM for 10 min at 37 °C. The membranes
were washed to remove free nucleotide. By the convention
utilized by others (Cassel & Selinger, 1978; Pike & Lefkowitz,
1981), the labeled nucleotide removed represents hormone-
independent and therefore “nonspecific” binding. The cate-
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FIGURE 1: Comparison of the rates of direct exchange and restoration
of activation. Membranes (1 mg/mL) were treated with isoproterenol
(10 uM) and GTP (0.25 uM) with (a) and without (O) label
([*H]GTP, 30000 cpm), at 30 °C for 2 min, and washed in TDS to
remove free nucleotide. The membranes were incubated with pro-
pranolol (30 °C, 2 min) to remove nonspecific nucleotide binding and
washed with TDS. The final incubation was with isoproterenol and
GMP; the parameter measured for direct exchange (A) (A) is released
of labeled nucleotide, while the second batch (O) (B) of membranes
was assayed for restoration of Gpp(NH)p activation. The estimation
of released nucleotide and the ratio of G/(I + G) are described under
Experimental Procedures. The individual activities (G, I + G) at each
time point were (8.6, 39), (16.3, 41), (23.2, 40), and (23.5, 41) pmol
of cAMP min™! mg™.

cholamine-induced release of the labeled nucleotide was ini-
tiated by the addition of 1 volume of membrane suspension
to 4 volumes of buffer at 30 °C, in the presence of 1 mM
GMP. Separate samples without hormone or with propranolol
served as controls. The membranes were pelleted (>95%
recovery activity). Two aliquots of supernatant (2.0 mL) were
gently removed, and the released nucleotide was counted (three
cycles) in duplicate and converted to dpm by using a quench
correction. Correction for quenching is nearly identical for
all samples. The absolute amount of nucleotide released is
similar to that reported by Cassel & Selinger (1978).

Cholera Toxin Treatment (Lad et al., 1980d). Cholera
toxin (from Schwarz/Mann) was preactivated by incubation
with 25 mM DTT at 30 °C for 15 min to generate the active
fragment. The turkey erythrocyte membranes were treated
with activated toxin (at a w/w ratio of 30:1), 30 °C, for 5 min
with NAD (2 mM) and arginine (25 mM). The incubation
was stopped by diluting the membranes 20-fold into an ice-cold
wash solution consisting of 10 mM Tris-HCl, pH 7.5, 1| mM
DTT, and 250 mM sucrose (TDS). The membranes were
centrifuged at 30000g for 12 min at 4 °C and resuspended
in ice-cold TDS. The degree of modification of the regulatory
component was assessed by monitoring F~ activation of cyclase.
Greater than 90% loss of fluoride activation was taken to be
an index of complete toxin-catalyzed modification (Moss &
Vaughn, 1979). Incubation of membranes under conditions
identical with those used for toxin treatment, but in the absence
of toxin, caused no significant change in any of the adenylate
cyclase activities. The ratio G/(I + G) is identical with the
ratio (P + G)/(I1 + G).

Results

Comparison of the Rate of Direct Release of Nucleotide
with the Rate of Restoration of Activation by Gpp(NH)p. The
results shown in Figure 1 indicate that in membranes treated
identically with isoproterenol and GMP, the rate of direct
release of nucleotide is rapid while the restoration of activation
by Gpp(NH)p is slow (15 min).

It should be noted that an increase in the ratio of G/(I +
G) is due only to an increase in Gpp(NH)p activity while the
I + G activity ranged from 39.3 to 40.8 pmol of cAMP min™!
mgl. By contrast, the Gpp(NH)p activity increased from 8.6
to 23.5 pmol of cAAMP min™! mg!. Individual activities at each
time point are given in the legend of Figure 1. In the ex-
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Table I: Requirement for GMP in Restoration of Nucleotide
Activation and Ligand Requirements for Relaxation from a
GDP-Occupied State in Toxin-Treated Membranes

(A) GMP Requirements?

x-fold dilution ligand (P+QG)/1+G)
1 Iso 0.07
S Iso 0.07
10 Iso 0.08
50 Iso 0.07
1 Iso + GMP 040
S Iso + GMP 0.32

(B) Ligand Requirementsb
ligand ratio of (P + G)/(1 + G) activities

none 0.05
GMP 0.09
Iso 0.70
Iso + GMP 0.92

@ Turkey erythrocyte plasma membranes were pretreated by
incubation for 30 min at 30 °C with isoproterenol (Iso) alone at
different concentrations of the membrane. The original concen-
tration was 20 ug/mL. The concentration of Iso was 10 uM in all
incubations. GMP (1 mM) was present where indicated. The
ratio of (P + G)/(I + G) was determined by assay of cyclase activ-
ity as described in the text. The l + G activity was 35 pmol of
cAMP min~! mg™?, and the variation was within 5%. ® Membranes
were treated with cholera toxin and NAD as described under
Experimental Procedures. The membranes were then incubated
at 30 °C for 5 min in the presence of the appropriate ligands,
washed, and assayed in the presence of propranolol + Gpp(NH)p
and isoproterenol + Gpp(NH)p. The ratio of these activities is
referred to as (P + G)/(1 + G). The assay was for 15 min at 30
°C. Thel + G activity was 37 pmol of cAMP min™* mg™* (+5%)
for each of the determinations.

periments that follow, the I + G activity is stated and the range
of variation noted. Thus, the relationship of the rate of release
of nucleotide to the restoration of activation of Gpp(NH)p is
complex. The requirements in direct exchange have already
been explored in considerable detail (Cassel & Selinger, 1978;
Cassel et al., 1977). The requirements for the slow restoration
of activation are described below.

Role of a “Second™ Nucleotide in Pretreatment. We have
shown that the presence of GMP is required for the restoration
of Gpp(NH)p activation of cyclase (Lad et al., 1980a). This
requirement could represent either the prevention of rebinding
of dissociated GDP or a regulatory role for a second site in
nucleotide exchange. The experiment shown in Table 1A was
designed to distinguish between these possibilities. It was
reasoned that if the rebinding of nucleotide (GDP) was the
contributing factor in the lack of activation, then progressive
dilution of the membrane (and hence of dissociated nucleotide)
would yield activation in the presence of hormone alone.
Membranes were diluted 1-50-fold in the presence of satu-
rating isoproterenol without inclusion of GMP. The pro-
gressive dilutions did not cause any enhancement in activation.
Inclusion of GMP at the lowest dilution gave a ratio of G /(I
+ G) activities of 0.32. These results suggest that there is an
obligatory requirement for the presence of both hormone and
a second nucleotide to effect activation and that the role for
GMP is not one of merely preventing the rebinding of guanine
nucleotide dissociated from the plasma membrane. The results
obtained with the slow step are consistent with the results
reported for direct exchange (Cassel & Selinger, 1978).

Modification by Cholera Toxin. An observation made
frequently with allosteric enzymes is the alteration of site—site
interactions after covalent modification. Cholera toxin (using
NAD as substrate) catalyzes the ADP-ribosylation of the
regulatory component. We examined the possible influence
of toxin treatment on the GMP requirement in the pretreat-
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FIGURE 2: Restoration of Gpp(INH)p activation in control and tox-
in-treated membranes. Membranes were incubated without (O) and
with cholera toxin and NAD for 1 (O) and 5 min (®), washed, and
resuspended as described in the legend to Figure 1. The percent losses
of F~ activity at these times of pretreatment were 30% and 98%,
respectively. The membranes were then incubated with 50 uM iso-
proterenol and 1 mM GMP at 30 °C for various times. The incubation
was terminated by the addition of 35 volumes of ice-cold TDS. The
membranes were washed twice in the same buffer, resuspended, and
assayed in the presence of propranolol (100 uM) and Gpp(NH)p (10
uM), or isoproterenol (10 uM) and Gpp(NH)p (10 uM); the assay
conditions were 15 min, 30 °C. The inset shows the dose-response
curve for isoproterenol in the presence (M) and absence (O) of GMP
in the pretreatment of toxin-treated membranes (30 °C, 10 min). The
I + G activity was 36 pmol of cAMP min™ mg™', and the range of
variation was <5%.

ment step. A time course of cholera toxin treatment was
carried out, and pretreatment times corresponding to 30% (1
min) and 98% (5 min) loss of F~ activation were utilized. The
toxin-treated membranes were then incubated with isopro-
terenol in the presence and absence of GMP, and the resto-
ration of Gpp(INH)p activation was examined. As shown in
Table 1B, pretreatment with isoproterenol alone caused
near-maximal restoration of Gpp(NH)p activation. Thus, in
sharp contrast to the native membrane, GMP is no longer
required for restoration of activation. This was further con-
firmed by carrying out the time course of pretreatment in
toxin-modified and control membranes. In contrast to the
native membrane where a 10-min incubation is required for
restoration of activation, an incubation time of | min was
sufficient for restoration of activation in toxin-treated mem-
branes (Figure 2). Inclusion of GMP was without effect on
the rate of restoration (data not shown) and had only a small
effect on the half-maximal concentration for isoproterenol
(insert of Figure 2). Thus, the EDs, for isoproterenol in the
absence of GMP was 2 X 107 M and 0.6 X 107 M when
GMP was present.

An obvious possibility to be explored was whether cholera
toxin modification alters the persistent binding of GDP to the
regulatory complex. This was tested by clearing the complex
of GDP in both toxin-modified and native membranes, fol-
lowed by incubation with GDP and an assay for inhibition of
Gpp(NH)p activity. Persistent inhibition was observed in both
native and toxin-modified membranes (Table II).

Ratio of Rates of Activation for G/(I + G). The value of
G/(I + G) activities is increased from approximately 0.1 to
0.4-0.6 after treatment with isoproterenol and GMP. The
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Table II:  Persistent Binding of GDP in
Toxin-Treated Membranes?

second third
first incubation, incubation,
incubation, ratio of ratio of
F-+P (®P+G)/ @®+G)
(pmol min™! I+ G) I+QG)
mg™?!) activities  activities
toxin-treated 2.92 0.80 0.16
membranes
control 23.80 0.61 0.15
membranes

9 Membranes were incubated in either the presence or the
absence of cholera toxin and NAD (first incubation) as described
under Experimental Procedures. An aliquot of the membranes
was retained to measure cyclase activity in the presence of
propranolol (100 xM) and fluoride (10 mM). The rest of the
membrane aliquot was incubated with GMP (1 mM) + isopro-
terenol (50 M) at 30 °C for 20 min (second incubation). An
aliquot of these membranes was retained to measure the ratio of
(P + G)/( + G) activity. The membranes were then incubated
with (50 uM) GDP (third incubation), washed, and then assayed
for the ratio of (P + G)/(I + G) activities at 30 °C for 15 min.
The I + G activity was 30 pmol of cAMP min~! mg™!, and the
variation was within 5%.

Table III: Comparison of the Conditions for Relaxation from
Gpp(NH)p and GDP-Induced Activity States®

incubation 1 incubation 2 incubation 3
G/ G/ G/
ligand (I+G) ligand (I1+G) ligand I+G)
Iso + GMP 043 Gpp(NH)p 1.0 Iso 0.41
Iso + GMP 0.50
GDP 0.17 Iso 0.18

Iso + GMP 049

% Membranes were pretreated with isoproterenol (10 uM) and
GMP (1 mM) (incubation 1, 30 °C, 20 min), and the ratio of
activities in the presence of Gpp(NH)p and isoproterenol +
Gpp(NH)p was measured. The membranes were then treated
with Gpp(NH)p or GDP (incubation 2, 30 °C, 10 min), and the
index G/(I + G) was measured in a 15-min assay. An aliquot was
then washed to remove nucleotide and subjected to an incubation
with isoproterenol alone or isoproterenol + GMP (incubation 3,
30 °C, 15 min). The membranes were again washed thoroughly,
and the index G/(I + G) was measured as before. Adenylate
cyclase assays were at 30 °C for 15 min. The ratio of basal/
[isoproterenol + Gpp(NH)p] activity is also 0.1 after incubation
2 in the presence of Gpp(NH)p. The ratio of [propranolol +
Gpp(NH)p]/[isoproterenol + Gpp(NH)p] [(P + G)/(I + G)}
activity was determined and was identical with the G/(I + G) ratio,
demonstrating that changes in the ratio are due to alterations in
guanine nucleotide interactions and not receptor occupancy by
isoproterenol. The I + G activity was 39 pmol min™* mg~! (+5%)
for each determination.

index G/(I + G) is less than 1.0, suggesting differential access
of Gpp(NH)p to the regulatory complex in the presence and
absence of hormone. These observations raised the question
of whether conditions could be devised so that the ratio G /(I
+ G) would be unity. An experimental approach toward this
end is shown in Table III. Membranes were first treated with
isoproterenol and GMP to clear the regulatory complex of
GDP and then washed to remove free ligand. An aliquot of
the membrane was assayed and G/(I + G) found to be 0.43.
The membranes were then incubated with Gpp(INH)p to oc-
cupy the regulatory complex with this ligand and washed to
remove bulk-free ligand. The pretreated membrane was as-
sayed in the absence of any ligand (“basal”), in the presence
of propranolol + Gpp(NH)p, and in the presence of isopro-
terenol + Gpp(NH)p. All three activities were equal. This
sequence of incubations provides us with a means of obtaining
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FIGURE 3: Relaxation from the Gpp(NH)p-induced state. Membranes
(1 mg/mL) were incubated with isoproterenol (10 uM) + GMP (1
mM) and washed thoroughly to remove free ligands. The “GDP-
cleared” membranes were then incubated (30 °C, 15 min) with
Gpp(NH)p and washed to remove free nucleotide. The final incu-
bation was with isoproterenol alone (10 uM; O, W) or without ligand
(O, @) for the indicated times. The final incubation was stopped with
cold TDS, and the ratio of G/(I + G) and B/(I + G) was determined
as described under Experimental Procedures. The (P + G)/(I+ G)
ratio was identical with the G/(I + G) activity. The inset shows the
specific activity in the presence of isoproterenol and Gpp(NH)p during
the final incubation. The I + G activity was identical in preincubations
carried out in the presence (O) or absence (O) of isoproterenol.

a maximal value of G/(I + G) activities of 1.0, a condition
interpreted as equivalent to the complete occupancy of the
regulatory complex by Gpp(NH)p. Subsequent incubation
of these membranes with isoproterenol alone causes a decline
in the ratio of activities from 1.0 to 0.4. Inclusion of GMP
caused no significant alteration in the rate of change of G/(I
+ G) or in the final level of G/(I + G). In contrast to the
nucleotide-independent mode observed with the relaxation from
the Gpp(NH)p-occupied state, a different pattern was obtained
with GDP as the resident nucleotide. The cycle of clearance
of nucleotide [first incubation with isoproterenol + GMP]
caused the expected increase in G/(I + G) from 0.18 (native
membrane) to 0.43, Incubation of the membranes with GDP
caused a diminution in the G/(I + G) activity to levels ob-
served with the untreated membrane (0.17). When these
sequentially treated membranes are exposed to isoproterenol
alone, however, no further influence on the ratio G/(I + G)
was observed. Inclusion of GMP in the third incubation caused
an enhancement in G/(I + G) to levels observed in the first
incubation (0.49). Thus, the ligand requirements for relaxation
for Gpp(NH)p- and GDP-occupied states are clearly different.
The Gpp(NH)p-occupied regulatory complex relaxes with
isoproterenol alone, while the GDP-occupied complex shows
a requirement for isoproterenol in conjunction with GMP. The
relaxation from the Gpp(INH)p-induced state was also exam-
ined with isoproterenol and GDP. No effect of GDP was
observed (data not shown).

The pattern of change in G/(I + G) in membranes se-
quentially treated with isoproterenol + GMP, followed by
Gpp(NH)p, was investigated further in experiments described
in Figure 3. Two ratios of activities are employed. The first
is the ratio of G/(I + G) activities, and the second is the ratio
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FIGURE 4: Influence of pretreatment with EDTA on subsequent
nucleotide activation. Membranes (1 mg/mL) were treated se-
quentially with isoproterenol (10 uM) + GMP (1 mM) followed by
Gpp(NH)p (10 uM) (O, @) as described previously. The membranes
were then incubated with varying concentrations of EDTA = iso-
proterenol (10 uM) for up to 15 min at 30 °C, washed, and assayed
in the presence of no ligand and in the presence of Gpp(NH)p. The
ratios of activities of basal/{isoproterenol + Gpp(NH)p] (O) and of
Gpp(NH)p/ [isoproterenol + Gpp(NH)p] (®) were measured. Points
designated (W) show the pattern obtained in incubations of the native
(untreated) membrane with EDTA in the presence or absence of
isoproterenol. Again, the (P + G/(1 + G) ratio was equal to the ratio
G/(1 + G). The I + G activities at the various concentrations of
EDTA (indicated in parentheses) were 38.3 (1078 M), 39.8 (107 M),
36.7 (107 M), and 36.0 (1075 M) pmol of cAMP min~! mg™'.

of basal (B) activity (activity measured without additions of
ligand) to the isoproterenol + Gpp(INH)p activity [B/(I + G)].
Decline in the latter ratio has been shown to be proportional
to the dissociation of bound Gpp(NH)p from the regulatory
complex (Lad et al., 1980b). The decline is clearly not due
to a change in the catalytic activity of adenylate cyclase
(Figure 3 inset). Further incubation of the sequentially treated
membranes caused a decrease in B/(I + G) to 0.6 (Figure 3).
In the presence of isoproterenol, the dissociation of Gpp(NH)p
was markedly enhanced as evidenced by a rapid change in the
index of B/(I + G) from 0.8 to 0.1, indicative of enhanced
dissociation of Gpp(NH)p from the regulatory complex, and
in agreement with the observations of Cassel and Selinger
(Cassel & Selinger, 1978; Cassel et al., 1977, 1979). Of most
interest, however, is the decline of the ratio G/(I + G) ac-
tivities in the absence of ligand to 0.7 and in the presence of
isoproterenol to 0.4. If the site of dissociation of Gpp(NH)p
remained freely accessible to Gpp(INH)p, then the ratio of
G/(I + G) activities would be invariant. The results indicate
that regardless of the mode of dissociation (spontaneous or
hormone induced) of Gpp(NH)p, this nucleotide retains only
partial access to the regulatory complex in the absence of
hormone, after its dissociation.

Role of Ethylenediaminetetraacetic Acid (EDTA) in Re-
laxation Processes. EDTA has been shown by Cassel &
Selinger (1978) to have an effect on the process of direct
release of guanine nucleotide in the presence of isoproterenol.
The influence of this agent on the relaxation of cyclase from
activated and inhibited states was tested. The membranes were
treated with isoproterenol + GMP [G/(I + G) = 0.43],
washed, then incubated with either Gpp(NH)p [G/(I + G)
= 1.0] or GDP [G/(I + G) = 0.18], washed to remove free
ligand, and then incubated with EDTA alone or with isopro-
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FIGURE 5: Effect of EDTA activities on the relaxation of the Gpp-
(NH)p-induced state. Membranes were treated with isoproterenol
+ GMP (1 mM) and then with Gpp(NH)p (10 uM) as described
in the legend to Table II. These membranes were then incubated with
isoproterenol (O3, W) in the absence and presence of EDTA (1 mM)
at 30 °C for the times indicated. Symbols indicate incubation with
no ligand (O) and with EDTA (@), Iso + EDTA (m). The membranes
were then washed and resuspended with TDS (Experimental Pro-
cedures) and assayed in the presence of no ligand, Gpp(NH)p, and
isoproterenol + Gpp(NH)p. The ratio of activities in the presence
of Gpp(NH)p/ [isoproterenol + Gpp(NH)p] (panel A) and of ba-
sal/[isoproterenol + Gpp(NH)p] (panel B) was determined. The inset
represents the specific activities in the presence of isoproterenol +
Gpp(NH)p during the preincubation with (®) or without (@) iso-
proterenol. The ratio (P + G)/(I + G) was equal to the ratio G/(I
+ G).

terenol and EDTA. To our surprise, no effect of EDTA was
observed with GDP occupying the regulatory complex, and
a substantial change in the ratio G/(I + G) (0.21) was ob-
served when Gpp(NH)p was the resident nucleotide. This
observation was further substantiated by the experiment shown
in Figure 4. Treatment of the native membrane with iso-
proterenol and EDTA over a 1000-fold range in concentration
of EDTA had no effect on G/(I + G). However, membranes
which had undergone a sequential incubation with isoproter-
enol + GMP and then Gpp(NH)p showed a substantial effect
with EDTA. A change was observed in parallel for the ratio
of both basal/[isoproterenol + Gpp(NH)p] activity and
Gpp(NH)p/[isoproterenol + Gpp(NH)p] activity. The
half-maximal concentration for the effect of EDTA in these
processes is 5 X 10~ M. The time course of the EDTA-in-
duced change in B/(I + G) and G/(I + G) is shown in Figure
5. While EDTA alone caused a rapid change in both ratios
of activities, it did not alter the isoproterenol-induced relaxation
from the Gpp(NH)p-induced state. Thus, after a 15-min
incubation with isoproterenol, the ratio of activities G/(I +
G) is 0.37. In the presence of isoproterenol and EDTA, the
final level of G/(I + G) is somewhat lower (0.27). The process
is complete within 15 min with hormone alone regardless of
the presence or absence of EDTA. EDTA caused a shift in
the EDy, for isoproterenol to lower concentrations from 1077
to 2.5 X 107® M (data not shown). The effects of EDTA are
observed only with Gpp(NH)p occupying the regulatory
complex. Thus, nonspecific modulation is not involved in the
results presented.

GMP Allosterism in GDPBS-Pretreated Membranes.
Isoproterenol + GDPSS pretreatment of native membranes
causes a loss of F~ activation of cyclase (Cassel et al., 1979).
In these membranes, Gpp(NH)p and F~ activities are both
lowered. A question of interest was whether the ligand re-
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Table [V: Relaxation Modes of Adenylate Cyclase:

Ligand Requirements and Times for Completion

time for
state of membrane resident nucleotide parameter observed ligand requirements completion (min)
native GDP restoration of Iso and GMP? 20
Gpp(NH)p activation
pretreated® GDP restoration of Iso and GMP? 20
Gpp(NH)p activation
pretreated Gpp(NH)p decline of high (1) spontaneous <4
activity state (2) Iso
(3) EDTA
pretreated GDP/GDPgS hybrid (1) restoration of F~ (1) Iso 10
activation (2) Iso + GMP?
(2) restoration of
Gpp(NH)p activation
toxin treated GDP restoration of Iso 1
Gpp(NH)p activation

@ Pretreated refers to the treatment of the membrane utilized to place the appropriate nucleotide within the regulatory complex. The cycle
of pretreatment includes clearance of GDP with isoproterenol + GMP preincubation, followed by a nucleotide incubation. Native membrane
refers to the untreated membrane. The assumption that GDP is the probable nucleotide at the regulatory complex in the native membrane

has been supported by several recent studies (Cassel & Selinger, 1978). ? GMP s obligatory in these steps.
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FIGURE 6: Time course of control and (isoproterenol + GDPg3S)-
treated membranes. Membranes were treated with 10 uM isopro-
terenol and 50 uM GDPSS (A) at 30 °C for 10 min. Ice-cold TDS
was added to stop the reaction. The membranes were centrifuged
at 30000g for 15 min and then incubated with 50 uM isoproterenol
for the times indicated. The incubations were stopped with ice-cold
buffer, the membranes pelleted by centrifugation, and the membranes
assayed with propranolol (100 uM) and F~ (10 mM) (A). The 100%
activity was 11 pmol min™! mg ~! (£5%). The inset shows the
dose-response curve for isoproterenol in the presence (A) and absence
(A) of 1 mM GMP or GMP alone (O) in the treatment (30 °C, 10
min) of (Iso + GDPSS)-pretreated membranes.

quirements and rates for the restoration of F~ activation and
Gpp(NH)p activation were similar. Experiments to test this
possibility are described in Figures 6 and 7. When (isopro-
terenol + GDPBS)-pretreated membranes were treated with
isoproterenol alone, F~ activation was restored, and the res-
toration of F~ activation was complete in 10 min. The ligand
requirement for the restoration of F~ activation in isoproterenol
+ GDPSS membranes is shown in Figure 6. (Isoproterenol
+ GDPSS)-pretreated membranes were carried through a
treatment with isoproterenol alone, GMP, and isoproterenol
in the presence of GMP. No restoration of F~ activation was
observed with GMP alorie, while isoproterenol alone provided
restoration of the F~ response (Figure 6). The EDs, values
for isoproterenol in the presence and absence of GMP were

Olo

Ratio of Activities

Time , min

FIGURE 7: Restoration of Gpp(NH)p activation in GDPSS-pretreated
membranes. Membranes were pretreated with 10 uM isoproterenol
and 50 uM GDPSS under conditions described in the legend to Figure
1. The membranes were then incubated with 10 uM isoproterenol
in the presence (A) or absence (A) of 1 mM GMP, for 15 min at 30
°C, and washed, and the activities were measured in the presence of
10 uM Gpp(NH)p with 100 uM propranolol or 10 uM isoproterenol.
The ratio of (P + G)/(I + G) activities was determined, as described
in the legend to Table II. The I + G activity was 36 pmol min™ mg™!
with a variation of £5%.

4.5 x 107 and 1.5 X 1077 M, respectively. The rates of
restoration of the F~ response in the presence of GMP and in
its absence were also very similar (data not shown).

In contrast to the pattern observed with the return of F~
activation, when restoration of Gpp(NH)p activation was
examined in (isoproterenol + GDPSS)-pretreated membranes,
it was found that hormone alone could not restore Gpp(NH)p
activation, and GMP was once again required to accomplish
this process (Figure 7). The final ratio of activities [(P +
G) /(I + G)] attained was the same as that observed for the
untreated membrane (0.5).

Discussion

It is evident from our work (Lad et al., 1980a,b) and from
the work of others (Pfeuffer & Helmreich, 1975) that pre-
treatment of turkey erythrocyte membranes with isoproterenol
and GMP restores Gpp(NH)p activation, and the process is
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compatible with the release of GDP from the regulatory
complex. The results here provide further insights into two
aspects of the reaction, the slow nature of the step and the
ligand requirement for GMP. Thus, it is clear that the release
of nucleotide from the complex is rapid while the restoration
of activation is slow. These results are consistent with the
results of Levitzki (1980), who has suggested that release of
GDP is not rate limiting. In addition, they may be applicable
to other cyclase systems, where slow kinetic phenomena are
also observed. The studies by Neer & Salter (1981) on the
brain adenylate cyclase system have suggested that transitions
within regulatory proteins are important to the slow activation
process.

As release of nucleotide is not the basis for the slow rate
of the reaction, an explanation has to be sought elsewhere. The
observation presented in this paper, namely, that cholera toxin
treatment provides an acceleration in the rate of this process,
is relevant. Abolition of the requirement for GMP is closely
associated with the acceleration in rate. As GMP is an al-
losteric regulator of the reaction, the result implies that site—site
interactions are of importance in the kinetic control of the
reaction. Thus, our results provide a correlation between the
ligand requirements and the rate of the reaction. It should
be noted that the acceleration in rate is not due to the abolition
of the tight binding of GDP. Rather, an alteration at the
receptor /regulator interface is indicated.

Numerous studies [reviewed by Rodbell (1980)] have
commented on the induction of a persistent high activity state
induced by Gpp(NH)p in several cyclase systems. What is
conspicuously absent, however, is a comparison of rates and
ligand requirements for the relaxation from a GDP- vs. a
GPP(NH)p-induced state. In particular, no information is
available concerning the role of GMP in these processes. As
it is known that the state induced by hormone + Gpp(NH)p
is different from that induced by Gpp(NH)p alone, special
care was taken to exclude the simultaneous presence of both
ligands in the preincubation. This necessitated the use of an
arduous three incubation sequence: clearance of GDP and
occupancy by Gpp(NH)p followed by relaxation from the
Gpp(NH)p-induced activity state. In view of the marked
differences noted for the two relaxation processes, this caution
seems to have been worthwhile. Two important differences
have been noted. GMP which is obligatory with GDP at the
regulatory complex is without effect under conditions of
maximal occupancy of the regulatory complex by Gpp(NH)p.
By contrast, EDTA is without effect in the GDP-occupied state
but markedly potentiates the decline in the Gpp(NH)p-induced
state. The type of nucleotide already resident at the regulatory
complex determines the ligand requirements for relaxation as
verified by our observations with the nucleotide GDPSS. In
membranes treated with isoproterenol and GDPSS, both F~
and Gpp(NH)p activations are suppressed. We interpret this
treatment as being indicative of the formation of a GDP/
GDPgS hybrid. Removal of GDPSS from this complex (as
assessed by restoration of the lost F~ response) does not require
GMP. Further removal of GDP, however, still requires the
combined presence of both isoproterenol and GMP, as would
be expected from the native membrane. Our results are
compatible with those of Hudson et al. (1981), who have shown
that nucleotide analogues induce unique conformers of the
regulatory complex.

The requirements for the relaxation of adenylate cyclase
from various activated and inhibited states are summarized
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in Table IV. It is clear that the type of nucleotide residing
at the complex and the state (native or modified) of the
complex itself can affect both the ligand requirements and rates
for these relaxation processes. Reconstitution studies (Ross
& Gilman, 1980) are now in progress to define the role of
individual subunits of the regulatory complex in each kinetic
process.
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