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In this study, the influence of the inhibitory M-opioid
receptor on the potencies of 5'-guanosine a-thio-
triphoshate (GTP7S) and GDP at the inhibitory
GTP-binding protein (Gi) were investigated in an
adenylyl cyclase system. It was hoped that a recep-
tor-mediated change in the potency of either GTP7S
or GDP in affecting adenylyl cyclase activity may
elucidate how a receptor alters cyclase activity via
its G-protein. In an adenylyl cyclase system employ-
ing 5'-adenylyl imidodiphosphate as substrate,
GTP7S, a nonhydrolyzable analog of GTP, inhibited
forskolin-stimulated adenylyl cyclase activity in the
absence of morphine; morphine failed to signifi-
cantly affect the apparent potency of GTP7S. GDP
blocked the GTP-yS-induced inhibition of adenylyl
cyclase; morphine profoundly diminished the ability
of GDP to block the inhibitory effect of GTP7S. The
IC50 values of GTP7S were 0.02 ± 0.01, 0.18 ± 0.04,
and 2.2 ± 0.5 MM in the absence of other drugs, in
the presence of a combination of 100 MM GDP and
morphine, and in the presence of 100 MM GDP, re-
spectively. GDP blocked the inhibitory effect of
GTP7S (0.3 MM) in a concentration-dependent man-
ner; the EC50 for GDP was 16 ± 2.6 MM in the absence
of morphine and 170 ± 32 MM in the presence of
morphine. Exposure of 7315c cells to pertussis toxin
for 3 h resulted in a small decrease in the potency
of GTP7S in inhibiting cyclase. However, the relative
potency of GDP in blocking the GTP7S-mediated
inhibition of cyclase was increased: the EC50 values
of GDP were 11 ± 4 and 0.81 ± 0.2 MM in untreated
and pertussis toxin-treated membranes, respec-
tively. In untreated membranes, there was a brief
lag in the GTP7S-induced inhibition of adenylyl cy-
clase; morphine diminished this lag. In membranes
treated with pertussis toxin, there was an exagger-
ated lag in the onset of GTP7S inhibition of adenylyl
cyclase activity; morphine could no longer affect this
lag. Thus, uncoupling the M-opioid receptor from Gi
appeared to increase the affinity of Gi for GDP.
These data suggest that the effect of an inhibitory
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receptor is to decrease the affinity of Gi for GDP by
virtue of its interaction with the carboxy-terminal
region of Gia. Since intracellular concentrations of
GTP and GDP are both approximately 100 MM, oc-
cupancy of the M-opioid receptor by an agonist would
greatly increase the chances that GTP, rather than
GDP, would interact with and activate Gi. (Molecular
Endocrinology 3: 315-324, 1989)

INTRODUCTION

The signal transduction mechanism of hormones that
regulate adenylyl cyclase has been studied extensively
since the discovery that GTP was required for maximal
glucagon stimulation of adenylyl cyclase activity (1).
The subsequent discovery that GTP was also required
for receptor-mediated inhibition of adenylyl cyclase ac-
tivity, light activation of cGMP phosphodiesterase, re-
ceptor-mediated stimulation of phosphatidylinositol me-
tabolism, and, most recently, receptor-mediated alter-
ations in ion channel activity has led to the realization
that multiple GTP-binding proteins are involved in a
variety of signal transduction systems (2-14). The pu-
rification of a number of these GTP-binding proteins
has allowed investigators to study the ability of various
purified receptors to stimulate GTPase activity associ-
ated with these G-proteins after the reconstitution of
these purified components in phospholipid vesicles (see
Refs. 13 and 14 for comprehensive reviews).

From studies performed on purified receptors and G-
proteins reconstituted in phospholipid vesicles, it has
been proposed that a fundamental function of a recep-
tor is to enhance the exchange of GDP for GTP by
diminishing the binding of GDP to its G-protein (13-15).
To date, this proposal has never been tested in an
adenylyl cyclase system. Therefore, in the current
study, we have investigated the ability of the well char-
acterized M-opioid receptor (16-19) to alter the influence
of GDP on adenylyl cyclase in membranes prepared
from 7315c tumor cells. In this model system, 5'-
guanosine a-thiotriphosphate (GTP7S) was used to
inhibit forskolin-stimulated adenylyl cyclase activity. 5'-
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Adenylyl imidodiphopsphate [App(NH)p] was used as a
substrate for adenylyl cyclase, since its use obviates
the phosphorylation of GDP to GTP (20, 21). In this
system we have demonstrated that activation of the n-
opioid receptor with morphine diminished by approxi-
mately 10-fold the potency of GDP in blocking the
inhibitory effect of GTP7S.

We have further demonstrated that treatment of
7315c cells with pertussis toxin, a treatment that co-
valently modifies Gi at a site critical for interaction with
inhibitory receptors (22-30), resulted in a 10-fold
greater potency in the ability of GDP to block GTP7S-
induced inhibition of adenylyl cyclase and an exagger-
ated lag in the onset of GTP7S-induced inhibition of
adenylyl cyclase. In untreated membranes, activation
of the M-opioid receptor with morphine diminished the
lag in the GTP7S-induced inhibition of adenylyl cyclase
activity. Taken together these data suggest that Gi
binds GDP with high affinity. The interaction of the
unoccupied ^-opioid receptor with Gi decreases the
affinity of Gi for GDP, while activation of the /u-opioid
receptor by an agonist decreases further the affinity of
Gi for GDP, insuring that GTP, rather than GDP, will
bind to and activate Gi.

RESULTS

It has been proposed that a primary effect of an agonist
is to enhance the exchange of GDP for GTP at the G-
protein (13-15, 31). Therefore, in the current study, it
was of interest to determine if stimulation of the n-
opioid receptor could influence the interaction of either
GTP or GDP with Gi, as assessed by changes in
adenylyl cyclase activity. In a previous study of the
7315c cell, GTP was shown to cause a concentration-
dependent inhibition of adenylyl cyclase activity in the
presence of morphine when ATP was used as the
substrate for cAMP; the potency (IC50) of GTP was 1
HM (16). In the current study, GTP was shown to cause
a similar concentration-dependent inhibition of adenylyl
cyclase activity in the presence of morphine when
App(NH)p was used as substrate; the IC5o of GTP was
0.69 ± 0.14 HM (Fig. 1A). In contrast, GDP failed to
support morphine-induced inhibition of adenylyl cyclase
(Fig. 1B). However, GDP was able to shift the concen-
tration-response curve of GTP to the right; a 7.1 ± 1.2-
fold higher concentration of GTP (P < 0.05 vs. no GDP)
was required to inhibit adenylyl cyclase activity when
100 MM GDP was included in the assay (Fig. 1C). In the
presence of morphine and 10 HM GTP, GDP caused a
concentration-dependent blockade of the morphine-in-
duced GTP-dependent inhibition of adenylyl cyclase
(Fig. 1D). Half-maximal blockade occurred at a GDP
concentration of 81 ± 10 ^ M . These data are consistent
with the hypothesis that the hydrolysis of GTP to GDP
at Gi terminates the activation of Gi by GTP (13-15).

It has been shown previously that Gi can be activated
by nonhydrolyzable GTP analogs in the absence of an

inhibitory agonist (8 27-30, 32). As is shown in the
inset of Fig. 2, GTP7S inhibited forskolin-stimulated
adenylyl cyclase activity with IC50 values of 45 ± 2.9
and 42 ± 6.5 nM in the absence and presence of 10 MM
morphine, respectively. Thus, stimulation of the opioid
receptor had no significant effect on the activation of
Gi by GTP7S.

Although morphine failed to significantly affect the
ability of GTP7S to inhibit forskolin-stimulated adenylyl
cyclase activity, morphine profoundly diminished the
potency of GDP in blocking the inhibitory effect of
GTP7S (Fig. 2; GDP vs. GDP plus morphine, P < 0.05).
GTP7S inhibited adenylyl cyclase activity with IC50 val-
ues of 0.02 ± 0.01, 0.18 ± 0.04, and 2.2 ± 0.5 HM in
the absence of other drugs, in the presence of a com-
bination of 100 HM GDP and morphine, and in the
presence of 100 JUM GDP, respectively. Morphine had
a similar effect on the ability of GDP to block the
inhibitory effect of guanylyl imidodiphosphate [Gpp
(NH)p], another nonhydrolyzable GTP analog, on for-
skolin-stimulated adenylyl cyclase activity (not shown);
Gpp(NH)p inhibited adenylyl cyclase activity with IC50

values of 0.13 ± 0.04, 2.0 ± 1.5, and 19 ± 5.9 HM in
the absence of other drugs, in the presence of a com-
bination of 100 MM GDP and morphine, and in the
presence of 100 HM GDP, respectively.

The time course of GTP7S-induced inhibition of
adenylyl cyclase activity revealed an initial lag during
the first 3 min of the assay (Figs. 3A, inset, 5 and 6).
From 3-12 min, the GTP7S-induced inhibition of cy-
clase was linear; the inclusion of GDP (10 ^M) in the
assay partially blocked the GTP7S-induced inhibition of
cyclase. The ability of GDP to cause a concentration-
dependent blockade of the GTP7S-induced inhibition
of forskolin-stimulated adenylyl cyclase activity was
also investigated in the absence and presence of mor-
phine; the EC50 values of GDP were 16 ± 2.6 and 170
± 32 HM in the absence and presence of morphine,
respectively (Fig. 3A; P < 0.05). 5'-Guanosine j3-thio-
diphospate (GDP/3S), an analog of GDP that is a poor
substrate for phosphorylation, was also tested for its
ability to block the inhibitory effect of GTP7S (Fig. 3B);
the EC50 values of GDP/3S were 50.7 ± 5.5 and 290 ±
85 IXM in the absence and presence of morphine, re-
spectively (P < 0.05). Thus, stimulation of the M-opioid
receptor diminished by approximately 10-fold the po-
tency of GDP in blocking the interaction of GTP7S with
Gi.

Since agonist activation of the M-opioid receptor
caused a 10-fold decrease in the ability of GDP to
interact with Gi, we speculated that the opioid receptor
itself may have a negative influence on the interaction
of GDP and Gi. Previous studies have suggested that
pertussis toxin, by virtue of its ADP ribosylation of the
a-subunit of Gi (Gia), uncouples Gi from its interaction
with the receptor but does not prevent guanine nucleo-
tides from interacting with Gi or Gi from inhibiting
adenylyl cyclase activity (22-30). Therefore, in the pres-
ent study pertussis toxin was tested for its ability to
affect the interaction of GDP with Gi. As has been
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shown previously (8), treatment of 7315c cells for 3 h
with pertussis toxin (30 ng/ml) abolished the ability of
morphine to inhibit adenylyl cyclase activity (data not
shown). Pertussis toxin treatment also increased by
approximately 2-fold (P < 0.05) the IC50 of GTP7S in
inhibiting adenylyl cyclase activity (Fig. 4A). In mem-
branes from cells incubated for 3 h in the absence of
pertussis toxin, GTP7S inhibited adenylyl cyclase activ-
ity with an IC50 of 19 ± 1.5 nM; in membranes prepared
from pertussis toxin-treated cells, GTP7S inhibited
adenylyl cyclase activity with an IC50 of 44 ± 1.6 nM.
Pertussis toxin also appeared to diminish the efficacy
of GTP7S in inhibiting adenylyl cyclase. In membranes
from cells incubated for 3 h in the absence of pertussis
toxin, GTP7S inhibited forskolin-stimulated adenylyl cy-
clase activity by 81 ± 1.1%; in membranes from cells
incubated for 3 h in the presence of pertussis toxin,
GTP7S inhibited forskolin-stimulated adenylyl cyclase
by 54 ± 4.4%. In the same membranes, GDP was
tested for its ability to block the inhibitory effect of
GTP7S. The EC50 values of GDP in blocking the inhibi-
tory effect of 0.3 HM GTP7S were 11 ± 4 and 0.81 ±
0.20 HM in control and pertussis toxin-treated mem-
branes, respectively (P < 0.05; Fig. 4B).

In stimulatory systems, nonhydrolyzable GTP ana-
logs have been reported to stimulate adenylyl cyclase
activity after an initial lag; the inclusion of a stimulatory
agonist in the assay system has been shown to abolish
the lag, presumably by enhancing the release of GDP
from Gs (13). In the current study, the time course of
the inhibitory effect of GTP7S on forskolin-stimulated
adenylyl cyclase activity was investigated (Fig. 5A). In
the absence of GTP7S, forskolin caused a linear stim-
ulation of adenylyl cyclase activity; cAMP was formed
at the rate of 64 ± 6.1 pmol cAMP/(mg protein • min).
The inclusion of GTP7S diminished the rate of formation
of cAMP. During the first 3 min of the assay, cAMP
was formed at a rate of approximately 41 dt 10 pmol
cAMP/(mg protein • min); between 3 and 10 min, cAMP
was formed at the rate of approximately 22 ± 7.5 pmol
cAMP/(mg protein • min).

Morphine was tested for its ability to affect the lag in
the GTP7S-induced inhibition of adenylyl cyclase (Fig.
6). In these experiments ATP was used as substrate to
enhance the level of cAMP formed at the early time
points [lower amounts of cAMP are made when
App(NH)p is used as substrate]. In this study morphine
had no effect on the formation of cAMP in the presence
of forskolin, but significantly enhanced the inhibition of
adenylyl cyclase by GTR7S at 1 min.

The time course of the inhibitory effect of GTP7S on
forskolin-stimulated adenylyl cyclase activity was also
investigated in pertussis toxin-treated membranes (Fig.
5B). In the absence of GTP7S, forskolin caused a linear
stimulation of adenylyl cyclase activity; cAMP was
formed at a rate of 55 ± 2.7 pmol cAMP/(mg protein-
min). There was a prolonged lag before GTP7S caused
a substantial inhibition of adenylyl cyclase activity. Dur-
ing the first 7 min of the assay, cAMP was formed at
the rate of 44 ± 2.6 pmol/(mg protein-min) in the

presence of GTP7S; from 7-10 min, cAMP was formed
at the rate of 17 ± 1.8 pmol/(mg protein • min). Thus, in
pertussis toxin-treated membranes, there is a pro-
longed lag in the GTP7S-induced inhibition of adenylyl
cyclase activity. This lag accounts for the diminished
efficacy of GTP7S in inhibiting adenylyl cyclase activity
in pertussis toxin-treated membranes and is consistent
with the proposal that GDP is bound with greater avidity
to Gi in pertussis toxin-treated membranes than in
control membranes.

DISCUSSION

A fundamental assumption of the current hypothesis of
signal transduction by G-proteins is that activation of a
membrane receptor by its agonist in some way causes
GDP to be replaced by GTP at the G-protein (13, 15).
The question then becomes what property of Gi be-
comes altered that results in the preferential binding of
GTP over GDP at the G-protein. In 1978 Cassel and
Selinger (15) discovered that stimulation of the /3-adre-
nergic receptor on turkey erythrocyte membranes en-
hanced the release of [3H]GDP from the membranes.
Subsequently, inhibitory receptors were also shown to
enhance the release of [3H]GDP from mammalian cell
membranes (33). More recently, carbachol complexed
to the muscarinic cholinergic receptor has been shown
to reduce the affinity of Gi for GDP when both purified
components were reconstituted in phospholipid vesi-
cles (34). On the basis of these studies, it has been
proposed that the primary function of an agonist-acti-
vated receptor is to enhance the release of GDP from
its G-protein. The results of the present study are
consistent with this proposal and demonstrate, for the
first time, the relevance of guanine nucleotide exchange
at Gi to the inhibition of adenylyl cyclase activity. In the
present study, agonist activation of the /x-opioid recep-
tor caused a small, but insignificant, increase in the
potency of GTP7S in inhibiting adenylyl cyclase activity.
We assume that GTP7S accurately reflects how GTP
acts at Gi, except that GTP7S remains active at Gi for
an extended period of time by virtue of its resistance
to hydrolysis. On the other hand, agonist activation of
the /x-opioid receptor had a striking effect on the ability
of GDP to block the GTP7S-induced inhibition of ad-
enylyl cyclase activity. Since the intracellular concentra-
tions of both GTP and GDP are approximately 100 /J.M
in the few tissues in which they have been measured
(20, 21, 35), agonist activation of the receptor would
insure that GTP, rather than GDP, would bind to and
activate Gi. Conversely, in the absence of an agonist,
Gi would have an enhanced affinity for GDP and thus
maintain the system in an inactive state.

Since an opioid agonist must act through its receptor
to affect the interaction of guanine nucleotides with Gi,
it was of interest to determine if the ^-opioid receptor
itself (unoccupied by an agonist) could exert a negative
influence on the interaction of GDP with Gi. Pertussis
toxin has been shown to prevent the interaction of
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Fig. 1. GTP Is Required for Opioid Inhibition of Adenylyl Cyclase Activity; GDP Blocks the Inhibitory Effect of GTP in the Presence
of Morphine

Adenylyl cyclase activity was determined in the presence of App(NH)p and 10 MM forskolin as described in Materials and Methods.
A, GTP was tested in the absence (O) or presence of 10 HM morphine (•). B, GDP was tested in the absence (O) or presence of
10 MM morphine (•). Data represent the mean ± SEM (n = 3) obtained in a representative experiment expressed as a percentage
of the activity determined in the presence of 10 HM forskolin alone. Data presented in A and B were from the same experiment. In
four independent experiments, adenylyl cyclase activity was 2.5 ± 0.3 and 43 ± 4.1 pmol cAMP/mg protein-min in the absence
and presence of 10 MM forskolin, respectively. C, GTP was tested in the absence of other drugs (O), in the presence of 10 MM
morphine (•), in the presence of 100 MM GDP (D), or in the presence of a combination of 10 MM morphine and 100 MM GDP (•).
Data represent the mean ± SEM (n = 3) obtained in a single experiment expressed as a percentage of the activity determined in
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Fig. 2. Morphine Diminishes the Ability of GDP to Block
GTP7S-lnduced Inhibition of Forskolin-Stimulated Adenylyl Cy-
clase Activity

Adenylyl cyclase activity was determined in the presence of
App(NH)p and 10 HM forskolin as described in Materials and
Methods. GTP7S was tested alone (O), in the presence of 100
MM GDP (A), or in the presence of a combination of 100 HM
GDP and 10 MM morphine (•). Data represent the mean ± SEM
(n = 3) obtained in a representative experiment, expressed as
a percentage of the activity determined in the presence of 10
MM forskolin. In three independent experiments, adenylyl cy-
clase activities were 2.0 ± 0.1 and 41 ± 4.3 pmol cAMP/mg
protein-min in the absence and presence of 10 MM forskolin,
respectively. Inset, GTP7S was tested in the absence (O) and
presence of 10 MM morphine(#). Data represent the mean ±
SEM (n = 3) obtained in a single experiment, expressed as a
percentage of the activity determined in the presence of 10
MM forskolin. In three independent experiments, adenylyl cy-
clase activity was 1.7 ± 0.7 and 31 ± 2.2 pmol cAMP/mg
protein-min in the absence and presence of 10 MM forskolin,
respectively.

receptors and Gi by virtue of the ADP ribosylation of
the cysteine residue near the carboxy-terminus of Gia
(22-30). Apparently, the carboxy-termini of Gs,,, Gi,VJ

Go,v the a-subunit of the GTP-binding protein with un-

known funtion (Go,(), and the a-subunit of transducin
(Gt,,) are all critical for each G,, to interact with its
appropriate receptor (36). In the current study, 7315c
cells were incubated with pertussis toxin (30 ng/ml) for
3 h, since these conditions were previously found to
abolish the ability of morphine to inhibit adenylyl cyclase
activity and to reduce by more than 70% the radiola-
beling of Gire upon subsequent exposure to [32P]NAD
and pertussis toxin (8). Pertussis toxin had only a small
effect on the IC50 of GTP7S in inhibiting adenylyl cy-
clase. However, the efficacy of GTP7S was substan-
tially diminished. A comparison of the time courses of
GTPYS-induced inhibition of adenylyl cyclase in control
and pertussis toxin-treated membranes revealed that
the difference in the efficacy of GTP7S in the two
experimental groups was due to an exaggerated lag in
the onset of inhibition of cyclase in the pertussis toxin-
treated membranes. The most striking effect of pertus-
sis toxin treatment was the enhanced apparent potency
of GDP in blocking the inhibitory effect of GTP7S; the
EC50 of GDP was reduced by approximately 10-fold
after pertussis toxin treatment. We suspect that the
pertussis toxin-induced tighter binding of GDP to Gi
explains the exaggerated lag in the GTP7S-induced
inhibition of cyclase; consistent with this proposal was
the finding that activation of the receptor in control
membranes diminished the lag in the activation of Gi by
GTP7S. The enhanced apparent potency of GDP and
the exaggerated lag in the onset of cyclase inhibition in
the pertussis toxin-treated membranes are consistent
with the notion that the unliganded ^-opioid receptor
itself exerts a negative influence on the interaction of
GDP with Gi by interacting with the carboxy-terminal of
GL (36); the binding of an agonist to the receptor
amplifies the negative influence of the receptor.

Support for the notion that an unliganded receptor
can influence the interaction of guanine nucleotides with
its G-protein is provided from studies of the Unc cell
line. Unc cells contain a mutant form of Gs that is
uncoupled from its receptor due to a point mutation
near the carboxy-terminus of the «s subunit; although
uncoupled from its receptor, this mutant Gs remains
coupled to adenylyl cyclase (36). Studies performed on
these cells over a decade ago revealed that a nonhy-
drolyzable GTP analog was less effective in stimulating
cyclase in Unc membranes than in wild type membranes
(37).

The current report of the negative influence of the n-
opioid receptor on the interaction of GDP with Gi may
be related to a recent study performed on the purified
subunits of Go, Go,,, and (87 (38). In this study, it was
discovered that £7 enhanced the binding of GDP to
Go,v by more than 100-fold. Interestingly, the 07-subunit

the presence of 10 MM forskolin. In three independent experiments, adenylyl cyclase activity was 2.7 ± 3 and 34 ± 5 pmol cAMP/
mg protein-min in the absence and presence of 10 HM forskolin, respectively. D, GDP was tested in the presence of 10 MM GTP
(O) or in the presence of a combination of 10 MM GTP and 10 MM morphine (•). Data represent the mean ± SEM (n = 3) obtained
in a single experiment, expressed as a percentage of the activity determined in the presence of 10 MM forskolin. In three independent
experiments, adenylyl cyclase activity was 2.0 ± 0.1 and 17 ± 0.9 pmol cAMP/mg protein-min in the absence and presence of 10
MM forskolin, respectively.
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Fig. 3. Morphine Diminishes the Potency of GDP and GDP/3S in Blocking the GTPYS-lnduced Inhibition of Adenylyl Cyclase Activity
Adenylyl cyclase activity was determined in the presence of App(NH)p and 10 fiM forskolin as described in Materials and Methods.

A, GDP was tested alone (O), in the presence of morphine (•), in the presence of 0.3 »M GTP7S (O), or in the presence of a
combination of 10 /IM morphine and 0.3 HM GTP7S (•). Data represent the mean ± SEM (n = 3) obtained in a representative
experiment expressed as a percentage of the activity determined in the presence of 10 HM forskolin. In three independent
experiments, adenylyl cyclase activities were 2.3 ± 0.3 and 40 ± 4 pmoles cAMP/mg protein -min in the absence and presence of
10 MM forskolin, respectively. A, Inset, The time course of the formation of cAMP was determined in the presence of 10 HM forskolin
(O), 10 HM forskolin and 0.3 ^M GTP7S (ID), or a combination of 10 /*M forskolin, 0.3 »M GTP7S, and 10 HM GDP (A). B, GDP/3S
was tested alone (O), in the presence of morphine (•), in the presence of 0.3 MM GTP7S (•), or in the presence of a combination
of 10 HM morphine and 0.3 /XM GTP7S (•). Data represent the mean ± SEM (n = 3) obtained in a single experiment expressed as
a percentage of the activity determined in the presence of 10 HM forskolin. In three independent experiments, adenylyl cyclase
activity was 2.1 ± 0.2 and 34 ± 2.6 pmol cAMP/mg protein-min, respectively.

was found to increase the affinity of GDP for Go«, in
part by increasing the rate of association of GDP with
Go,,. In contrast, py slightly diminished the binding of
GTP7S to Go,v. If the findings of the current study bear
any relationship to the findings obtained with purified
Go,, and /S7, it is conceivable that the main influence of
a receptor on a G-protein is to somehow disrupt the
interaction of G,v with £7, thus enhancing the release of
GDP and the binding of GTP. The binding of GTP would
result in a conformational change in the a-subunit,
causing a dissociation of the jfry-subunit and a modu-
lation of the activity of the effector by a-GTP (39).

MATERIALS AND METHODS

Materials and Chemicals

Drugs and chemicals were obtained from the following
sources: GTP, GDP, and 5'-adenylyl imidodiphosphate, Sigma

(St. Louis, MO); GTP7S and GDP/3S, Boehringer Mannheim
(Indianapolis, IN); Gpp(NH)p, ICN Chemical Co. (Irvine, CA);
[3H]cAMP, DuPont-New England Nuclear (Boston, MA); and
pertussis toxin, List Biologicals (Campbell.CA).

Preparation and Treatment of Tissue

Membranes were prepared from 7315c tumor cells as previ-
ously described (16, 40). Occasionally, 7315c cells were in-
cubated for 3 h at 37 C in an atmosphere of 95% air and 5%
CO2 with or without pertussis toxin (30 ng/ml) in Eagles'
Minimum Essential Medium supplemented with penicillin
(10,000 U/ml) and streptomycin (100 mg/ml). All membrane
preparations were stored in liquid nitrogen.

Assay of Adenylyl Cyclase Activity

Adenylyl cyclase activity was assayed essentially as previously
described (8, 16, 40), except that App(NH)p was substituted
for ATP to prevent the conversion of GDP to GTP (20, 21).
Briefly, the assay system for the determination of adenylyl
cyclase activity contained 80 mM Tris-HCI (pH 7.4), 10 mM
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Fig. 4. Pertussis Toxin Diminishes the Potency of GDP in Blocking GTP7S-lnduced Inhibition of Adenylyl Cyclase Activity
7315c cells were incubated for 3 h in the absence or presence of pertussis toxin (30 ng/ml); membranes were prepared from

these cells, and adenylyl cyclase activity was determined in the presence of App(NH)p and 10 MM forskolin as described in Materials
and Methods. A, GTP7S was tested in control (•) and pertussis toxin-treated (•) membranes. In three independent experiments
performed on control membranes, adenylyl cyclase activities were 4.2 ± 0.9 and 61 ± 9 pmol cAMP/mg protein-min in the absence
and presence of 10 MM forskolin, respectively. In three independent experiments performed on membranes treated with pertussis
toxin, adenylyl cyclase activities were 2.5 ± 0.8 and 58 ± 4.6 pmol cAMP/mg protein-min in the absence and presence of 10 MM
forskolin, respectively. Depicted are the results obtained in a single experiment, expressed as a percentage of the activity
determined in the presence of 10 MM forskolin. B, GDP was tested in control ( • and O) and in pertussis toxin-treated membranes
P and D) in the absence (O and • ) and presence of 0.3 MM GTP7S ( • and • ) . In three independent experiments performed on
control membranes, adenylyl cyclase activities were 3.0 ± 1 . 4 and 72 ± 11 pmol cAMP/mg protein-min in the absence and
presence of 10 MM forskolin, respectively. In three independent experiments performed on membranes treated with pertussis toxin,
adenylyl cyclase activities were 1.7 ± 0.6 and 55 ± 2.6 pmol cAMP/mg protein • min in the absence and presence of 10 MM forskolin,
respectively.

theophylline, 1 mwi MgSO4t 0.8 mM EGTA, 30 miwi NaCI, 0.25
rriM App(NH)p, the indicated drugs, and between 15 and 30
Mg of membrane protein. Routinely, forskolin (10 MM) was
included to stimulate adenylyl cyclase activity and amplify the
inhibitory effects of drugs acting through Gi. The components
were added to each assay tube (final volume, 0.06 ml) on ice;
the reaction was initiated by placing the tubes in a water bath
at 30 C. After 10 min, the assay was terminated by placing
the tubes in a boiling water bath for 1 min. The amount of
cAMP formed was determined by the protein binding assay of
Brown et al. (41). In 45 experiments, adenylyl cyclase activity
was 2.4 ± 0.2 and 40 ± 3 pmol cAMP/mg protein-min in the
absence and presence of 10 MM forskolin, respectively. Initial

experiments were performed to insure that GDP was not
phosphorylated to GTP when App(NH)p was substituted for
ATP as the substrate for the formation of cAMP and to validate
that App(NH)p could be used in our assay system. Under these
assay conditions, less than 5% of the GDP was phosphoryl-
ated to GTP, as determined by the method of White (42).
Under these assay conditions, the formation of cAMP was
linear for at least 12 min. Each experiment was performed at
least three times; each figure depicts a representative experi-
ment. The results presented in the text are the mean ± SEM
derived from at least three independent experiments. Stu-
dent's t test was used to determine the statistical significance
of differences between the means of experimental groups.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/3/2/315/2713824 by guest on 25 April 2024



MOL ENDO-1989
322

Vol 3 No. 2

>• ^

si
Ui « .
CO

—I U

£ E

80

60

40

20

I i i

-

-

-

-

/

1 1 1 1

CONTROL

OCONTROL

• GTPTS

/

A
/o

^ ^

1 1 1 1

1 1 1

A

T

I /

7 -

1111111
PERTUSSIS TOXIN

• CONTROL

• GTPTS

q /

/

• / /

W 1 1 1 1 1 1

1

B

/

i

i i

-

/ I -
/

s—

-

i i

4 6

TIME (Min)

10 4 6

TIME (Min)

10

Fig. 5. Pertussis Toxin Prolongs the Lag in the GTPYS-induced Inhibition of Adenylyl Cyclase Activity
7315c cells were incubated for 3 h in the absence or presence of pertussis toxin; membranes were prepared from these cells,

and adenylyl cyclase activity was determined in the presence of App(NH)p and 10 HM forskolin as described in Materials and
Methods. A, In control membranes, the time course of the formation of cAMP was determined in the absence (O) and 0.3 HM
GTP7S (•). Data represent the mean ± SEM (n = 3) obtained in a representative experiment, expressed as a percentage of the
activity determined in the presence of 10 y.M forskolin. B, In pertussis toxin-treated membranes, the time course of the formation
of cAMP was determined in the absence (•) and presence of 0.3 ^M GTP7S (•). Data represent the mean ± SEM (n = 3) obtained
in a representative experiment, expressed as a percentage of the activity determined in the presence of 10 ^M forskolin.

Assay of the Conversion of GDP to GTP

Various concentrations of GDP, spiked with approximately
50,000 cpm [3H]GDP, were incubated in the presence and
absence of 7315c membranes under conditions indentical to
those used in the adenylyl cyclase assay. Aliquots of the
reaction mixture were spotted on Polygram Gel 300 polyeth-
yleneimine chromatography plates (Brinkmann Instruments,
Westbury, NY.) and analyzed for [3H]GDP and [3H]GTP as
described by White (42). Under these assay conditions, 6.4 ±
3.6%, 4.8 ± 3.0%, and 3.0 ± 1.8% [3H]GDP were converted
to [3H]GTP at [3H]GDP concentrations of 1, 10, and 100 HM,
respectively. The inclusion of morphine with 100 HM [3H]GDP
did not affect the rate of conversion of [3H]GDP to [3H]GTP.
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Annual Conference of the Society for the Study of Fertility

The Annual Conference of the Society for the study of Fertility will be held at the University
of Kent at Canterbury on July 5-7,1989. The main symposium of the conference will be on
the subject "Control of gene expression in reproductive tissues," and will include speakers
such as N. Hecht (USA), N. Josso (Paris), M. Parker (London), S. Harris (Edinburgh) and J.
Pollard (USA). Participants are invited to submit abstracts for either oral or poster commu-
nication on this subject, or any topic related to reproduction or fertility. Further information
can obtain from Dr. N. Jenkins, Conference Secretary, University of Kent at Canterbury
Kent, United Kingdom.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/3/2/315/2713824 by guest on 25 April 2024


