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SUMMARY

Calcium ion is essential for normal stimulation of adrenal cortical adenylate cyclase by
adrenocorticotropic hormone (ACTH). Both ACTH and Ca®* act to promote the activa-
tion of adenylate cyclase by guanine nucleotides such as guanyl-5’-yl imidodiphosphate
[Gpp(NH)p]. To define further the mechanisms by which Ca’** and ACTH interact with
guanine nucleotides, we have correlated the binding of [’H]Gpp(NH)p to adrenal mem-
branes and solubilized membrane proteins with activation of membrane-bound and
solubilized adenylate cyclase. Ca®* increases both the rate of reversible nucleotide binding
and the rate of adenylate cyclase activation by nucleotide. This effect is accompanied by
the appearance of binding sites having an 8- to 10-fold higher affinity for [PH]Gpp(NH)p.
In contrast to Ca®*, ACTH increases the rate of enzyme activation but has no significant
effect on nucleotide binding. In Ca**-depleted membranes, measured nucleotide binding
is low, and ACTH has no effect on enzyme activation. Once nucleotide is initially bound,
both divalent cations and hormone can promote the transition of the enzyme to an
activated state. Mg®* is more effective than Ca®* in promoting this transition, while Ca®*
is more effective than Mg?* in promoting initial nucleotide binding. When membranes
containing bound [*H]Gpp(NH)p are solubilized with Lubrol PX, adenylate cyclase
activity elutes on Sepharose 4B with an apparent molecular weight of 160,000. The major
fraction containing bound nucleotide elutes with an apparent molecular weight of 40,000-
50,000. Nucleotide bound to this fraction is increased by pretreatment of the membranes
with Ca®* but is not affected by pretreatment with ACTH. Nucleotide bound to solubilized
membrane components dissociates after treatment with EDTA. These findings suggest
that Ca®** promotes the initial binding of Gpp(NH)p to a biologically effective site that
may involve a guanine nucleotide regulatory protein. ACTH activates adenylate cyclase
by promoting a step subsequent to the binding of guanine nucleotide.

INTRODUCTION

Many peptide hormones, including ACTH,' activate
adenylate cyclase in target tissues by a mechanism in-
volving guanine nucleotides (1-3). In several well-char-
acterized tissues, GTP and its analogues are known to
bind to a guanine nucleotide regulatory subunit. The
GTP-subunit complex can interact in turn with the cat-
alytic subunit of adenylate cyclase, leading to increased
catalytic activity (4-7). The activation of the enzyme is
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! The abbreviations used are: ACTH, adrenocorticotropic hormone;
ACTHes. 3, a synthetic analogue of human ACTH containing the portion
of the peptide sequence indicated by subscript notation; Gpp(NH)p,
guanyl-5'-yl imidodiphosphate; App(NH)p, adenyl-5'-yl imidodiphos-
phate; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N',N’-tet-
raacetic acid.

believed to be reversed rapidly by the hydrolysis of bound
GTP to GDP (8). Thus in the intact cell the rate of
binding of fresh GTP to the regulatory subunit may be
envisioned as a possible rate-limiting step in maintaining
the catalytic subunit in a stimulated state. There is
evidence that some hormones may act at this step by
increasing the availability of GTP binding sites and hence
the rate of GTP binding (9, 10). Secondary to this effect
there may be an increased rate of GTP degradation at
the binding site by an associated GTPase (11). One can
also envision other possible rate-limiting steps distal to
guanine nucleotide binding, including a bimolecular in-
teraction between the activated regulatory subunit and
the catalytic subunit or a final conformational change in
the catalytic subunit leading to increased activity. Little
is known about the possible effects of hormones upon
such steps.
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The activation of adenylate cyclase in the adrenal
cortex is dependent upon calcium ion as well as ACTH
(12). We have found previously that the permissive effect
of Ca®* upon ACTH action is exerted not through the
binding of ACTH to the hormone receptor but through
the interaction of the enzyme complex with guanine
nucleotides (3). ACTH or calcium ion (or both) might
facilitate activation either by promoting nucleotide bind-
ing or by promoting subsequent events in the activation
process. We have attempted here to define more precisely
the mechanisms of action of ACTH and calcium by
correlating their effects on enzyme activation with their
effects on the binding of a stable GTP analogue,
Gpp(NH)p, to adrenal membranes.

EXPERIMENTAL PROCEDURES

Materials. [*H]cyclic AMP and [a-*P]JATP were ob-
tained from New England Nuclear Corporation (Boston,
Mass.); App(NH)p, Gpp(NH)p, and ["H]Gpp(NH)p (6-
30 Ci/mmole) from ICN (Cleveland, Ohio); pyruvate
kinase and phosphoenolpyruvate from Calbiochem;
Sepharose 4B from Pharmacia (Piscataway, N. J.); Lu-
brol PX from Sigma Chemical Company (St. Louis, Mo.);
and porcine ACTH powder (62 units/mg) from Parke-
Davis (Morris Plains, N. J.). ACTHs_3 peptide was syn-
thesized in this laboratory as previously described (13).

Tissue preparation. Adrenal membranes were pre-
pared from homogenates of adrenal glands from 160- to
240-g female Sprague-Dawley rats by methods previously
described in detail (3, 14) and suspended in buffer con-
taining 1 mMm dithiothreitol, 15 mm theophylline, and 50
mM Tris (pH 7.5) (Tris buffer), using 5 ml of buffer per
original adrenal pair unless otherwise indicated. In ex-
periments utilizing Ca?*- or Mg?*-depleted membranes,
5 mM EGTA or EDTA was added to the membrane
suspension and the mixture was allowed to stand for 30
min at 0° before final centrifugation at 10,000 X g for 20
min. The pellet was washed twice with Tris buffer and
resuspended in Tris buffer containing either 0.1 mm
EGTA or EDTA.

Pretreatment of membranes with guanine nucleotide.
After incubation at 30° with varying combinations of
Gpp(NH)p, [*H]Gpp(NH)p, ACTH, and metal ions as
described under Results, membrane suspensions were
routinely chilled and centrifuged for 3 min at 0° in 1.5-ml
polyethylene tubes in a Beckman Microfuge. After re-
moval of the supernatant fraction, the pellets were resus-
pended in the desired buffer and recentrifuged. The
rinsing and resuspension process was repeated three
times before the membranes were resuspended for assay
of enzyme activity or determination of bound [°H]
Gpp(NH)p. Preliminary experiments had shown that the
content of bound nucleotide was not reduced appreciably
by additional rinses, nor were more than 10% of bound
counts dissociated by allowing the membranes to stand
after rinsing for up to 2 hr in fresh buffer at 0°. Unbound
[*H]Gpp(NH)p, recovered from the original supernatant
fractions after incubation, retained full capacity to acti-
vate and bind to fresh membranes, indicating stability
under the conditions employed.

In preparing membranes pretreated with both ACTH
and Gpp(NH)p for adenylate cyclase assay, we added the

competitive ACTH inhibitor, ACTHs 39, at a concentra-
tion of 1 uM to the first rinse. Previously published
experiments had shown this concentration of the inhibi-
tor to be effective in displacing all biologically active
ACTH from the membranes (3, 15). Thus, no active
hormone was carried over into the enzyme assay.

Measurement of enzyme activity. Adenylate cyclase
was assayed by measuring the formation of [a-*2P]cyclic
AMP from [a-*P]ATP as previously described (3, 14).
The assay mixture routinely contained 50 mm Tris (pH
7.5), 8 mm MgCl;, 2 mM MnCl;, 1 mMm dithiothreitol, 1
mM 3-isobutyl-1-methylxanthine, 1 mm cyclic AMP, 1
mM ATP, 8 mm phosphoenolpyruvate and 0.42 unit of
pyruvate kinase in a total volume of 0.1 ml. Manganese
was included because previous observations in our labo-
ratory had shown that a concentration of 2 mM was
sufficient to overcome the direct inhibitory effects of
Ca’" on the catalytic activity of adenylate cyclase (3).
Reaction times of 5 min at 30° were used to obtain linear
initial rates. Reactions were stopped by addition of 1 ml
of cold solution containing 0.16 mm ATP and 0.16 mm
cyclic AMP. All assays were run in triplicate and were
corrected for blank assay tubes kept at 0°. Protein in
assay samples was measured by the method of Lowry et
al. (16).

Measurement of nucleotide binding. Bound [°H]
Gpp(NH)p was measured by liquid scintillation counting
after solubilization of 50-ul aliquots of membrane suspen-
sion in 0.5 ml of NCS solution (Amersham Corporation,
Des Plaines, Il1.). In all binding studies, 100 uM unlabeled
nucleotide was added to sets of control tubes to deter-
mine “nonspecific” binding. This was always less than
5% of the binding in the presence of tracer alone.

Solubilization of membranes with detergent. Mem-
branes pretreated with nucleotides, ACTH, and metals
were suspended in buffer containing 10 mm Tris (pH 7.5),
1 mmMm dithiothreitol, and 0.5% (w/v) Lubrol PX at a
protein concentration of 1 mg/ml. After standing for 30
min at 0°, the mixture was centrifuged at 27,000 X g for
60 min, and the solubilized components contained in the
supernatant fractions were chromatographed directly on
columns of Sepharose 4B.

RESULTS

Effects of Ca®* and ACTH on nucleotide binding and
adenylate cyclase activation. To correlate binding of
guanine nucleotide with activation of adenylate cyclase,
we incubated EGTA-pretreated adrenal membranes for
varying periods of time with 50 nm [*H]Gpp(NH)p (5
pCi/nmole) at 30° in the presence and absence of added
CaCl; (5 mm) and ACTH (0.1 um). The results are shown
in Fig. 1. There was generally a positive correlation
between enzyme activation and [*H]Gpp(NH)p specifi-
cally bound. In the absence of calcium, little [°H]
Gpp(NH)p was bound, and virtually no activation of
adenylate cyclase occurred. At any given time of incu-
bation Ca®* increased the extent of both specific [°H]
Gpp(NH)p binding (A) and enzyme activation (B).
ACTH itself had no effect on the rate of binding of the
nucleotide, but in the presence of Ca’* it promoted
dramatically the rate of enzyme activation. In mem-
branes lacking added Ca®*, ACTH had no effect on either
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F1G. 1. Effect of ACTH on [*H]Gpp(NH)p binding and adenylate cyclase activation
Adrenal membranes which had been depleted of Ca’* by pretreatment with EGTA as described under Experimental Procedures were incubated
with [*H]Gpp(NH)p in the presence or absence of ACTH and Ca”*. Specific binding (A) and adenylate cyclase activity (B) were determined as

described in the text.

binding or activation, and enzyme activity remained at
near basal levels. These results suggested that binding of
guanine nucleotide to the membranes, as measured by
[*H]Gpp(NH)p uptake, was essential for the activation
of membrane adenylate cyclase. While Ca®** seemed to
be essential for nucleotide binding, the mechanism of
action of ACTH was more likely to involve the promotion
of steps subsequent to binding.

Effects of Ca®** and ACTH on dissociation of bound
nucleotide and loss of adenylate cyclase activity. We
wished to test whether binding of nucleotide was revers-
ible and whether the presence of Ca®>* or hormone might
affect dissociation as well as association. After first in-
cubating membranes with 50 nM [*'H]Gpp(NH)p in the
presence of 1 mm CaCl;, 8 mm MgCl;, and 0.1 um ACTH
for 30 min at 30° to obtain both nucleotide binding and
enzyme activation, we rinsed the membranes with cold
Tris buffer containing 1 uM ACTHs 3 to remove bound
ACTH. Aliquots of the membrane suspension were then
incubated at 30° in Tris buffer containing either 1 mm
EDTA, 1 mMm CaCly, or 1 mm CaCl; + 0.1 um ACTH.
Control aliquots were kept at 0° in Tris buffer without
further additions. After varying periods of incubation
time, membrane suspensions were chilled and rinsed at
0° with Tris buffer containing 1 mm EGTA and 1 um
ACTHs %. Rinsed membranes were assayed immediately
for adenylate cyclase activity and were counted for resid-
ual binding of [PH]Gpp(NH)p with typical results as
shown in Fig. 2. There was a positive correlation between
the dissociation of nucleotide from the membranes and
the loss of enzyme activity regardless of the incubation
conditions. The binding of [*H]Gpp(NH)p was clearly
reversible, but the rates of dissociation were generally
slower than the rates of association shown in Fig. 1. In
the presence of EDTA, both Gpp(NH)p dissociation and
enzyme deactivation proceeded with a half-time of ap-
proximately 1 hr at 30°. The presence of free Ca** slowed
both the nucleotide dissociation rate and the enzyme

deactivation rate markedly, increasing the half-time to
7-10 hr. ACTH had no effect on dissociation whether
added alone (data not shown) or together with Ca®* (Fig.
2). Both dissociation and enzyme deactivation proceeded
very slowly at 0°, showing 80-85% retention of initial
values after 20 hr.

Effects of Ca®* and ACTH on nucleotide binding at
equilibrium. To characterize further the effects of ACTH
and Ca®* on [*H]Gpp(NH)p binding, we incubated non-
chelated membranes with varying concentrations of nu-
cleotide (2 nM-10 um) for 60 min at 30°. Preliminary
experiments had shown that the binding of tracer
reached a stable maximum after 60 min over this range
of ligand concentrations. Binding data from a typical
experiment are shown in Fig. 3. Curves have been fitted
to the experimentally determined points by a computer
modeling method for quantitative analysis of radioligand
binding data described by De Lean et al. (17). Scatchard
plots of the same data are shown in Fig. 4. In incubations
without added Ca** (Fig. 3A and C), computer analysis
of the binding data indicated apparent K4 values of 760
+ 80 nM in the absence of ACTH and 920 + 140 nM in
the presence of ACTH. The data were most appropriately
described by a model having a single class of binding
sites (Fig. 3A and C). The same data appear to give a
linear plot by Scatchard analysis (Fig. 4). The calculated
number of sites in the absence and presence of ACTH
were 57 = 5 and 57 + 7 pmoles/mg of membrane protein,
respectively.

In the presence of 5 mm Ca** (Fig. 3B and D), binding
curves were most appropriately described by a model
having two classes of binding sites. The two-site system
suggested by computer modeling of the data correlates
with the curvilinear Scatchard plot in Fig. 4. In the
presence of added Ca®* the calculated K, values for the
high-affinity sites were 100 + 49 nM and 94 + 64 nM in
the absence and presence of ACTH, respectively, while
the corresponding numbers of sites were 43 + 21 and 38
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F16. 2. Time-dependent dissociation of bound [*H]Gpp(NH)p and loss of adenylate cyclase activity

Activated membranes containing bound [?’H]Gpp(NH)p were prepared as described in the text and incubated for varying periods of time at 30°
in Tris buffer containing either 1 mm EDTA (@), 1 mm CaCl; (O), or 1 mm CaCl; + 0.1 um ACTH (A). Control samples with no additions were
kept at 0° (O). At indicated times samples were removed, centrifuged at 0°, rinsed once with Tris buffer containing 1 um ACTH¢ 3 and 1 mm
EGTA, and once with Tris buffer before resuspension and assay for ["H]Gpp(NH)p binding and adenylate cyclase activity. The data represent
the mean results of triplicate assay determinations, where the initial value (100%) for bound [*’H]Gpp(NH)p was 6.6 + 0.2 pmoles/mg of protein
and initial cyclase activity was 158 + 5 pmoles of cyclic AMP/mg of protein/5 min. Asterisks indicate p < 0.05 as compared with CaCl, alone or

CaCl; + ACTH.

+ 28 pmoles/mg of membrane protein. Thus, the pres-
ence of Ca®* was accompanied by the appearance of sites
with an 8- to 10-fold increase in affinity for the guanine
nucleotide, but ACTH itself had no significant effect on
binding affinity. The low-affinity sites in the presence of
5 mMm Ca®* gave calculated K, values of 1540 + 1250 and
1160 £+ 990 nM in the absence and presence of ACTH,
while the numbers of sites were 82 + 18 and 87 + 24
pmoles/mg of protein, respectively.

The results of these experiments indicating that Ca®*,

but not ACTH, is necessary for high-affinity binding of
Gpp(NH)p agree essentially with the binding data of Fig.
1, where the time of binding was varied instead of the
ligand concentration.

Effects of App(NH)p on [’ H]Gpp(NH)p binding in the
presence of calcium and ACTH. The ATP analogue,
App(NH)p, has been reported to allow more accurate
measurement of biologically significant binding sites for
guanine nucleotides in membranes by competing for
binding to nonspecific or nonfunctional Gpp(NH)p bind-
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Fic. 3. [°*H]Gpp(NH)p binding saturation curves

Adrenal membranes untreated with EGTA or EDTA were incubated with varying concentrations of [*H]Gpp(NH)p (specific activity 3.5 Ci/
mmole) at 30° for 60 min in the presence or absence of ACTH (0.1 mm) and CaCl. (5 mm). Specific binding was determined as described in the
text. The binding data were analyzed by a weighted nonlinear least-squares computer curve-fitting procedure (17). Protein concentration was
0.356 mg/ml in the absence of CaCl; (A and C) and 0.556 mg/ml in the presence of CaCl; (B and D).
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F16. 4. Scatchard analysis of [*°H]Gpp(NH)p binding

[*HIGpp(NH)p binding data from Fig. 3 were replotted for Scatchard analysis. Data from Fig. 3A and C are shown in the left panel (no added
CaCl). Data from Fig. 3B and D are shown in the right panel (5 mm CaCl,). Analysis of the data by the computer curve-fitting procedure
described in Fig. 3 provided a statistical analysis which compared goodness of fit between one- and two-site binding affinity models. A two-site
model for the curve in the presence of Ca** (with or without ACTH present) yielded a highly significant improvement in the computer fit when
compared with a one-site model (for two-site model p < 0.05). In the absence of Ca** (with or without ACTH present), a one-site model was most

appropriate (for two-site model p > 0.4).

ing sites (10, 18). Wishing to test whether this compound
might reduce the number of apparent [*H]Gpp(NH)p
binding sites under our experimental conditions, we in-
cubated EGTA-pretreated membranes with 50 nm [°H]
Gpp(NH)p for 60 min at 30° in the presence of CaCl, (5
mum), ACTH (0.1 um), and App(NH)p (100 um). After
rinsing, aliquots were counted for bound [*’H]Gpp(NH)p
and assayed for adenylate cyclase activity. Typical re-
sults are shown in Table 1. At a large molar excess,
App(NH)p did reduce the binding of [°H]Gpp(NH)p to
membranes in the presence of Ca’* and ACTH. The
quantity of Gpp(NH)p bound was reduced by approxi-
mately 33%. At the same time, the adenylate cyclase
activity of membranes similarly treated with App(NH)p
was reduced by approximately 25%. It appeared, there-

TaBLE 1
Effects of App(NH)p on guanine nucleotide binding and adenylate
cyclase activation induced by calcium and ACTH
Incubations of EGTA-pretreated adrenal membranes were carried
out for 60 min at 30° in the presence of 50 nM ["H]Gpp(NH)p. After
rinsing as described in the text, aliquots of the membranes were counted
for bound [*H]Gpp(NH)p and assayed for adenylate cyclase activity.

Additions during Gpp(NH)p bound  Enzyme activity
incubation
pmoles/mg protein pmoles cyclic AMP/
mg protein/5 min
None 3.01 £0.13 633 +2
ACTH, 0.1 pum 2.26 £ 0.13 617+ 1.6
Ca®*, 5 mm 2446 £ 2.1 1902+ 9
ACTH + Ca®™ 2641 + 1.16 358 + 23
ACTH + Ca** + 17.58 + 0.06° 269 + 6°

App(NH)p, 100 um
° Significantly lower than ACTH + Ca** (p < 0.05).

fore, that App(NH)p was capable of competing with
Gpp(NH)p for a portion of the high-affinity (Gpp(NH)p
binding sites. Rather than being nonspecific or nonfunc-
tional, these sites appeared to be functionally related to
the activation of the enzyme.

Commercially available App(NH)p may be contami-
nated with ATP (19). To rule out the possibility that the
effects of App(NH)p on nucleotide binding could have
been due to ATP, we measured the effects of varying
concentrations of ATP (10 nM-1 mM) together with
ACTH and Ca®* under the same conditions employed in
Table 1. At concentrations of 100 uM or less, ATP had no
effect, either positive or negative, on the binding of [°H]
Gpp(NH)p. The effects seen with 100 um App(NH)p were
therefore unlikely to have been due to contamination
with ATP.

Distinction between metal effects on nucleotide bind-
ing and on postbinding enzyme activation. Metal ions
such as Ca®* or Mg®* might affect not only nucleotide
binding but also steps in adenylate cyclase activation
following binding. To test the effects of these metals on
the activation process subsequent to the initial binding
of nucleotide, we pretreated membranes with EDTA to
deplete both Ca** and Mg®*. After resuspension in Tris
buffer the membranes were incubated briefly with [°H]
Gpp(NH)p (3 uM) for 10 min at 30° in the absence of
metals. Under these conditions approximately 5 pmoles
of [*H]Gpp(NH)p were bound per milligram of protein,
but there was no measurable activation of the enzyme.
The washed membranes, now containing suboptimal con-
centrations of bound [PH]Gpp(NH)p, were then incu-
bated with ACTH (0.1 uM) and varying concentrations of
CaCl; or MgCl, at 30° for 30 min to cause enzyme
activation. As seen in Fig. 5, Mg®* was a strong promoter
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F16. 5. Effect of metals on adenylate cyclase activation after initial
binding of [*H]Gpp(NH)p

Adrenal membranes which had been depleted of metals by pretreat-
ment with EDTA as described under Experimental Procedures were
incubated with [PH}Gpp(NH)p (0.6 Ci/mmole) at 30° for 10 min. The
membranes were then rinsed and resuspended, and aliquots were
incubated in the presence of ACTH and varying concentrations of Ca?*
or Mg®*. After centrifugation the samples were rinsed with the ACTH
inhibitor, ACTHée 3 (1 uM), in Tris buffer to remove bound ACTH prior
to assay of adenylate cyclase activity.

of activation under these conditions. Maximal activation
was obtained at Mg** concentrations of 5-10 mM. Ca**,
although a strong promoter of [*H]Gpp(NH)p binding in
previous experiments, was less effective than Mg®* in
promoting postbinding activation.

To compare the effects of the same metals on the
initial nucleotide binding steps, we incubated EDTA-
pretreated membranes again with [*H]Gpp(NH)p (3 um)
for 10 min at 30°, this time in the presence of varying
concentrations of Ca’* or Mg®*. After termination of
binding by centrifugation at 0° and rinsing with Tris
buffer, we counted aliquots of the resuspended mem-
branes for bound [°H]Gpp(NH)p. The results are shown
in Fig. 6A. Other aliquots of the rinsed membranes,
containing variable quantities of bound nucleotide, were
incubated at 30° for 30 min after the addition of ACTH
(0.1 um) and MgCl; (8 mM) to promote optimal enzyme
activation. These results are shown in Fig. 6B. Ca®* was
a much more effective promoter of binding than Mg**, as
seen in Fig. 6A. Maximal binding was obtained at Ca**
concentrations of 5 mm. The nucleotide binding occurring
in the presence of Ca** could ultimately bring about a
greater degree of enzyme activation, as seen in Fig. 6B.
Thus at least a part of the added binding measured in
the presence of Ca’* was functional binding, probably
related to the site of interaction between the nucleotide
and the adenylate cyclase complex.

Solubilization of bound nucleotide and adenylate cy-
clase activity from adrenal membranes. To learn more
about the nature of [’H]Gpp(NH)p binding sites and
their relationship to the catalytic unit of adenylate cy-
clase, we preincubated EGTA-treated membranes with
[*H]Gpp(NH)p in the presence or absence of Ca** and
ACTH before solubilization with Lubrol PX. Solubilized
proteins from variously pretreated membrane aliquots
were applied simultaneously to identical columns of
Sepharose 4B. Fractions were counted for [*H]

Gpp(NH)p and assayed for adenylate cyclase. The elu-
tion patterns are compared in Fig. 7.

The major peaks of bound [°H]Gpp(NH)p were found
in Fractions 30-32 of all columns, having a K, of 0.72.
When related to the elution from the same columns of a
series of standard proteins, this fraction appeared to have
a molecular weight of approximately 40,000-50,000.
Smaller peaks of [?’H]Gpp(NH)p were recovered from
the void volume (Fractions 14-16) and in the salt volume
(Fractions 38-42) of each column. Adenylate cyclase
activity eluted in a peak distinct from bound [*H]
Gpp(NH)p (Fractions 24-27), with a K,, of 0.53 and an
apparent molecular weight of 160,000.

The recovery of enzyme activity and bound nucleotide
was dependent on the presence of Ca** and ACTH during
treatment of the membranes with [PH]Gpp(NH)p. In the
absence of both Ca®* and hormone, little adenylate cy-
clase or bound nucleotide was recovered (Fig. 7A). With
Ca®* present the recovery of both enzyme activity and
bound nucleotide was increased (Fig. 7B). With both
Ca’* and ACTH present there was a further increase in
the recovery of enzyme activity, but no change in the
recovery of bound nucleotide (Fig. 7C).

The asymmetry of the major peak of bound [*H]
Gpp(NH)p (Fig. 7B and C) suggested again that the
nucleotide binding sites were probably heterogeneous in
nature. The fractions (Tubes 30-32) containing the high-
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FiG. 6. Effects of metals on initial nucleotide binding
Adrenal membranes, depleted of metals by pretreatment with
EDTA, were incubated with 3 um [°H]Gpp(NH)p at 30° for 10 min in
the presence of varying concentrations of free Ca?* or Mg®*. After
centrifugation and rinsing, specific binding was determined on aliquots
as shown in A. Additional aliquots were subsequently incubated at 30°
for 30 min in the presence of ACTH (0.1 mm) and Mg?* (8 mm) to
cause optimal enzyme activation. After centrifugation and rinsing with
the ACTH inhibitor, ACTHs s (1 uM), these samples were assayed for
adenylate cyclase activity as shown in B.
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F1G. 7. Sepharose 4B gel filtration of solubilized adenylate cyclase
and bound [°H]Gpp(NH)p

Adrenal membranes, depleted of Ca?* by pretreatment with EGTA,
were incubated with 3 um [PH]Gpp(NH)p at 30° for 60 min with (A) no
additions, (B) 1 mM Ca®*, or (C) 1 um Ca®* + 0.1 um ACTH. After
centrifugation and rinsing, membranes were solubilized with Lubrol PX
as described under Experimental Procedures. Aliquots (1.5 ml) of the
supernatant fractions were applied to Sepharose 4B columns (1.4 X 42
cm) and eluted with (A) 10 mm Tris (pH 7.5), 1 mM dithiothreitol, and
1 mm MgCl,, or (B and C) a similar buffer also containing 0.2 mm CaCl..
Fractions, collected at a flow rate of about 2.5 ml/hr, were assayed for
adenylate cyclase activity and counted for tritium. Calibration of the
columns gave the following K,, values for standard proteins: myoglobin
(M., 18,000), 0.89; bovine albumin (M, 68,000) 0.61; aldolase (M, 158,000),
0.46; catalase (M, 240,000), 0.34. The void volume was 119 ml and the
total volume 50.5 ml in each column.

est concentrations of bound nucleotide contained insig-
nificant enzyme activity, while fractions on the leading
edge of the same peak (Tubes 23-26) still contained
significant quantities of bound nucleotide together with
maximal enzyme activity. We were interested in the
possibility that the [*H]Gpp(NH)p associated with the
enzyme peak might be bound to a different class of sites
than those eluting distinctly from the enzyme peak. As
an initial approach in attempting to characterize these
sites further, we pooled the eluates associated with en-
zyme activity (Tubes 23-26) and those not associated
with enzyme activity (Tubes 30-32). We incubated ali-
quots of the two pools for 20 min at 30° in Tris buffer
containing either 1 mm CaCl; or 5 mm EDTA. After

TABLE 2

Recovery of counts after rechromatography of bound [*H]Gpp(NH)p

Membranes were pretreated with ["H}Gpp(NH)p, Ca®*, and ACTH,
rinsed, and solubilized with Lubrol PX. The supernatant fraction was
applied to a column of Sepharose 4B as described for Fig. 7C. Fractions
containing nucleotide eluting either together with adenylate cyclase
(Tubes 23-26) or separate from adenylate cyclase (Tubes 30-32) were
pooled and incubated with either 1 mm CaCl; or 5 mM EDTA before
reapplication to identical columns to separate bound and free [*H]
Gpp(NH)p. For further details see the text.

Fractions pooled Incubation % Total counts recovered

from original conditions from
column
Bound Nonbound
fractions fractions

Tubes 23-26 CaCl,, 1 mm >95% None
Tubes 23-26 EDTA, 5 mM 35% 656%
Tubes 30-32 CaCl;, 1 mm >95% None
Tubes 30-32 EDTA, 5 mm 33% 67%

incubation, the aliquots were reapplied to similar col-
umns and eluted at 0° with Tris buffer that contained
either 1 mM CaCl; (for the Ca®*-treated aliquots) or 1
mM EDTA (for the EDTA-treated aliquots). Fractions
were counted for content of [PH]Gpp(NH)p. Results are
summarized in Table 2. When untreated with EDTA the
[*'H)Gpp(NH)p from both the “enzyme-associated” and
“non-enzyme-associated” pools rechromatographed in its
original position, remaining bound to a substance of
higher molecular weight. When treated with EDTA, the
nucleotide in both pools was largely dissociated, the
major portion rechromatographing in fractions (Tubes
40-42) coinciding with the salt volume of the column.
Thus both the nucleotide bound to higher molecular
weight binding sites and that bound to sites of lower
molecular weight were readily dissociated upon removal
of free calcium. These results showing chelator-induced
dissociation from solubilized binding sites were consistent
with the effects of chelator on the dissociation of nucleo-
tide from membrane-associated sites (Fig. 2).

DISCUSSION

These results extend our earlier findings that calcium
ion promotes activation of adenylate cyclase by guanine
nucleotides.  Calcium-dependent  activation by
Gpp(NH)p can be demonstrated in adrenal membranes
either pretreated or untreated with chelating agents (3).
Our present experiments suggest that guanine nucleotide
activation may be divided into several steps including
nucleotide binding and one or more postbinding inter-
actions. Ca®*, Mg**, and ACTH all appear to have qual-
itatively different effects upon these steps.

Calcium ion is clearly most effective in promoting the
binding of guanine nucleotide to its initial site of action.
The affinity of the most avid Gpp(NH)p binding sites in
adrenal membranes is markedly increased in the presence
of Ca®*, causing the rate of nucleotide binding to increase.
The high-affinity sites in our adrenal membrane system
have an apparent K, and capacity for Gpp(NH)p similar
to binding sites described by others in liver (20), avian
erythrocytes (21), pancreatic acinar cells (22), and Leydig
cells (10). Moreover, the majority of the adrenal binding
sites appear to be associated with a protein fraction of
molecular weight range 40,000-50,000 in solubilized mem-
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brane preparations. This fraction is distinct from the
catalytic unit of adenylate cyclase.

In spite of the measurable changes in high-affinity
specific binding of [’H]Gpp(NH)p in the presence of Ca**
and the positive correlation between nucleotide binding
and adenylate cyclase activation, additional information
is needed to interpret the biological significance of these
changes. In separating solubilized membrane compo-
nents by sucrose density centrifugation (4) or by gel
filtration (5), others have concluded that less than 5% of
the total [PH]Gpp(NH)p binding protein is associated
with the catalytic component of adenylate cyclase. Our
own observations on solubilized binding components in-
dicate that a minority of the bound [*H]Gpp(NH)p co-
elutes with the peak of adenylate cyclase activity.
Whether this component is physically associated with
the catalytic unit of the enzyme is unknown. Both this
binding component and the more abundant binding com-
ponent eluting in a lower molecular weight range appear
to require the continued presence of Ca®* to maintain an
association with the guanine nucleotide.

Reliable methods for the quantitative estimation of
functional guanine nucleotide regulatory subunits in in-
tact membranes are not generally available. As men-
tioned under Results, some investigators (10, 18) have
used the ATP analogue App(NH)p in an effort to reduce
the number of nonspecific binding sites for Gpp(NH)p.
In one report (18) there was a 40% reduction of
Gpp(NH)p binding sites when cardiac membranes were
preincubated with 0.15 mm App(NH)p, a concentration
which had no effect on adenylate cyclase activity. In our
own test system, comparable concentrations of
App(NH)p also reduced Gpp(NH)p binding, but enzyme
activation was reduced as well. Thus App(NH)p ap-
peared to offer little advantage.

Other investigators have attempted to estimate the
number of guanine nucleotide binding sites by measuring
incorporation of [**P]JADP-ribose under the influence of
cholera toxin. These estimates, ranging from 150 fmoles
(23) to 8 pmoles/mg of protein (24), while generally lower
than those obtained by measurement of [*'H]Gpp(NH)p
binding, may still exceed the number of nucleotide bind-
ing sites associated with the catalytic unit at a given
time. The biological role of the apparent surplus of
guanine nucleotide binding sites is unknown.

In spite of these uncertainties regarding the interpre-
tation of measurements of total [’H]Gpp(NH)p binding,
our enzyme activation experiments suggest that the
changes in nucleotide binding promoted by Ca®* have
functional significance. The increased Gpp(NH)p bound
to membranes during a brief exposure to Ca®* can later
promote increased activation of the enzyme when the
membranes are incubated under standardized conditions.

Magnesium ion is less effective than Ca?* in promoting
nucleotide binding, but is much more effective in pro-
moting activation of adenylate cyclase, once binding has
occurred. For optimal activation, then, both Ca?* and
Mg®* are required. Mg?* is known to be important, if not
essential, to adenylate cyclase activation by guanine nu-
cleotides in several other tissues, including avian eryth-
rocytes (25), rat brain (26), and cardiac muscle (27). In
these systems the precise mechanism of Mg?* action is
still unknown.

ACTH, unlike either metal ion, has no significant effect
on the rate of [PH]Gpp(NH)p binding or the apparent
affinity of [’H]Gpp(NH)p binding sites. The important
effects of this hormone appear to be exerted entirely
upon steps subsequent to the binding of nucleotide. In
this respect ACTH may differ in its action from that of
luteinizing hormone on Leydig cell membranes from the
testis. Dufau et al. (10) have reported that luteinizing
hormone increases the number of binding sites for [*H]
Gpp(NH)p in its target tissue, where it acts together with
guanine nucleotides to augment adenylate cyclase activ-
ity. The action of ACTH may also differ from the actions
of B-adrenergic agonists in avian erthyrocytes, where the
degradation rate of GTP is increased in the presence of
catecholamine (11). Here it has been proposed that in-
creased GTP degradation is due to increased availability
of fresh GTP to the regulatory GTP binding site and
hence an increased rate of binding of GTP.

Our experiments support the hypothesis that Ca®* is
essential for ACTH action because it promotes the initial
binding of guanine nucleotides to sites involved in ade-
nylate cyclase regulation. When Gpp(NH)p is used as
the nucleotide ligand, the metal appears to exert a major
effect on the rate of nucleotide association. The addition
of Ca’" is associated with the appearance of greater
heterogeneity in nucleotide binding sites and a marked
increase in the affinity of the most avid sites. It remains
to be determined whether the Ca**-dependent nucleotide
binding sites solubilized with Lubrol PX from adrenal
membranes are similar to the subunits of the regulatory
protein as characterized in other tissues (4, 28). It will
also be important to learn whether the effects of Ca**
are exerted directly upon the nucleotide binding protein,
implying a metal binding site on the protein itself, or
indirectly through effects on membrane properties such
as fluidity or permeability (29).
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