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SUMMARY

We investigated the identity of the G protein mediating the
muscarinic stimulation of adenylyl cyclase in rat olfactory bulb
membranes by examining the sensitivity of this response to
selective anti-G protein antisera. Preincubation of tissue mem-
branes with the antisera AS/7 (anti-G,,,,), EC/2 (anti-G;3./G,.),
and GO/1(anti-G,,) but not with the antiserum QL (anti-Gg/11.)
significantly attenuated the carbachol-stimulated adenylyl cy-
clase activity. These antisera had no effect on the enzyme
activity stimulated by the B-adrenergic agonist L-isoproterenol.
On the other hand, the anti-G,, antiserum RM/1 markedly
depressed both carbachol- and L-isoproterenol-stimulated ad-
enylyl cyclase activities. This antiserum also reduced the basal
enzyme activity to a similar extent. However, different than the
anti-G/G, antisera, the RM/1 antiserum failed to affect the
carbachol-stimulated [2*S]guanosine 5’-O-(3-thiotriphosphate)

binding to membrane G proteins, whereas it curtailed the
[®°S]guanosine 5'-O-(3-thiotriphosphate) binding stimulated by
pituitary adenylate cyclase-activating peptide. Exposure to ei-
ther pertussis toxin or the anti-G,_, antiserum 9072 but not to
cholera toxin or the anti-G,, antiserum 1191 reduced the high-
affinity binding of oxotremorine M to muscarinic receptors.
Moreover, the labeling of a 45-kDa protein catalyzed by cholera
toxin was markedly stimulated by pituitary adenylate cyclase-
activating peptide but not by carbachol. These data indicate
that in rat olfactory bulb membranes, muscarinic receptors
interact with both G, and G, and that these G proteins mediate
the stimulation of adenylyl cyclase. Although this response
appears to require G, activity, no evidence was found for the
direct coupling of muscarinic receptors to G,.

In membranes of rat olfactory bulb, cholinergic agonists
increase basal adenylyl cyclase activity and potentiate the
stimulation of the enzyme elicited by other neurotransmit-
ters, such as corticotropin-releasing hormone and vasoactive
intestinal peptide (1, 2). These effects appear to be predom-
inantly mediated by activation of a receptor pharmacologi-
cally equivalent to the m4 gene product (3, 4) and to occur
independent of phospholipid hydrolysis (5). As activation of
m4 muscarinic receptors generally results in inhibition of
cAMP formation (6, 7), the observation of adenylyl cyclase
stimulation suggests the occurrence of a new mode of recep-
tor/effector coupling. An important step toward the under-
standing of the molecular mechanisms mediating this stim-
ulatory response is the identification of the G protein that is
involved. Reconstitution experiments have demonstrated
that muscarinic receptors have the ability to activate differ-
ent G proteins, such as G;, G,, G, G;;, and G, (8-11).
Previously, it was shown that injection of pertussis toxin into
the olfactory bulbs prevents the muscarinic stimulation of
adenylyl cyclase, suggesting that G proteins of the G,/G,
family may play a role (1). However, because hormonal stim-

ulation of adenylyl cyclase generally occurs through the ac-
tivation of the stimulatory G protein G, (12), the possibility of
a direct interaction of muscarinic receptor with this G protein
must be considered. Recent studies have shown that in mem-
branes of cells transfected with either the m1 or m4 musca-
rinic receptor gene, carbachol increases adenylyl cyclase ac-
tivity, probably by promoting the coupling of the receptors to
G, (13, 14).

A method widely used to investigate the receptor/G protein
coupling in cell membranes uses selective antibodies raised
against the carboxyl terminus of the a subunit of the G
proteins (G,) (15). This domain has been demonstrated to be
a major site of receptor/G protein interaction (16), and G,
carboxyl-terminal antibodies have been shown to selectively
disrupt G protein activation by receptors, thus constituting a
sensitive tool for identifying the G proteins mediating a spe-
cific receptor-induced signaling event (17-20). In the present
study, the nature of the G proteins involved in the muscarinic
stimulation of adenylyl cyclase in rat olfactory bulb was
investigated by examining the ability of specific G, carboxyl-
terminal antisera to inhibit this response.

ABBREVIATIONS: PACAP, pituitary adenylate cyclase-activating peptide; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophore-
sis; P°S]GTPYS, [**S]guanosine 5’-O-(3-thiojtriphosphate; [PHINMS, 1-[N-methyl-*H]scopolamine methyl chloride; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid; KIU, kallikrein-inactivating units; BSA,

bovine serum albumin; oxo M, oxotremorine M.
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Materials and Methods

[«-*2PJATP (30-40 Ci/mmol), [2,8-*H]cAMP (25 Ci/mmol), [ade-
nylate-*?PINAD (800 Ci/mmol), [3**S]GTPS (1426 Ci/mmol), and an-
tisera RM/1, AS/7, EC/2, GO/1, and QL were obtained from DuPont-
NEN. The antisera 1191 and 9072 were kindly provided by Dr. David
Manning, University of Pennsylvania. The antiserum 1191 was spe-
cific for the carboxyl terminus of G,,, whereas the antiserum 9072
recognized sequences held in common between G,,, and Go,,. Car-
boxyl-terminal peptides of G,, (amino acids 384-394) and of G;,, and
Gz, (amino acids 347-354) were synthesized by Gramsch Laborato-
ries (Schwabhausen, Germany). [*HINMS (83 Ci/mmol) was ob-
tained from Amersham (Buckinghamshire, UK). Recombinant G;,,
(immunoblot standard), pertussis toxin, and unlabeled GTPyS were
purchased from Calbiochem. PACAP 38 was obtained from Penin-
sula (Merseyside, UK). We purchased oxo M from Research Biochem-
ical. Materials used for SDS gel electrophoresis and immunoblotting
were obtained from Bio-Rad. Cholera toxin, carbachol, L-isoprotere-
nol, and the other reagents were obtained from Sigma Chemical Co.

Membrane preparation. Male Sprague-Dawley rats (200-300 g)
were killed by decapitation, and olfactory bulbs were homogenized by
hand with a Teflon/glass tissue grinder in 10 volumes (w/v) of ice-cold
buffer containing 10% (w/v) sucrose, 10 mM HEPES-NaOH, and 1
mM EGTA, pH 7.4. The homogenate was diluted 2-fold and centri-
fuged at 1000 X g for 5 min at 4°. The supernatant was aspirated and
stored at ice-bath temperature. The pellet was resuspended, reho-
mogenized, and centrifuged as above. The supernatant was com-
bined with the previous supernatant and centrifuged at 11,000 X g
for 20 min at 4°. The pellet was resuspended in 40 volumes of
hypotonic buffer containing all the constituents of the homogeniza-
tion buffer except sucrose. The tissue was then centrifuged at 27,000
X g for 20 min at 4°, and the final pellet was resuspended in the same
buffer and used immediately for the incubation with the antisera.

Membrane treatment with antisera. Olfactory bulb mem-
branes (8-12 pg of protein) were incubated for 2.5 hr at ice-bath
temperature with the G, carboxyl-terminal antisera in a incubation
medium containing 10 mM HEPES-NaOH, pH 7.4, 1 mM MgCl,, 1
mM EGTA, 100 KIU/ml aprotinin, 100 ug/ml bacitracin, and 2 mg/ml
BSA. Antiserum dilutions were prepared in incubation medium con-
taining 5% normal rabbit serum. Control samples were incubated in
the presence of this vehicle. Unless otherwise indicated, 10 ul of
antiserum dilution or vehicle was mixed with 30 ul of membrane
suspension. Receptor agonists were added at the end of the incuba-
tion. The final incubation volume was 50 ul.

ADP-ribosylation of membrane G proteins by bacterial tox-
ins. Cholera toxin was activated by incubation at 37° for 10 minin a
buffer containing 25 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 20
mM dithiothreitol, and 250 ug/ml toxin. Unless otherwise specified,
the ADP-ribosylation reaction mixture (final volume 100 ul) con-
tained 26 mM HEPES-NaOH, pH 7.4, 1 mM ATP, 100 uM GTP, 10 mM
thymidine, 15 uM [3?PINAD (6000 cpm/pmol), 10 ug of activated
toxin, and 100 ug of membrane protein. Incubations were carried out
at 25° for 2-3 hr. ADP-ribosylation by pertussis toxin was performed
as previously described (1). The reactions were stopped by the addi-
tion of 10 volumes of ice-cold HEPES-NaOH buffer, and the samples
were centrifuged at 15,000 X g for 5 min. The pellets were resus-
pended in a solution containing 10 mM Tris-HCI, pH 8.0, 1 mM EDTA,
1% SDS, 6% B-mercaptoethanol, and 50% glycerol (sample buffer);
heated at 100° for 5 min; and subjected to SDS-PAGE using a slab gel
made of 10% (w/v) acrylamide/0.25% bisacrylamide (resolving gel).
The electrophoresig, was performed as described by Laemmli (21). At
the end of the electrophoresis, the gel were stained with Coomassie
Brilliant Blue, dried, and exposed to Kodak X-Omat AR film with
intensifying screen for 48-72 hr at —70°. The autoradiograms were
analyzed by using a computer-assisted image-analysis system (Im-
age Pro Plus Media Cybernetics, Silver Spring, MD).

When [3HINMS binding assays were to be performed, the buffers
used for the membrane preparation contained 1 mmM EDTA, 0.1 mM
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phenylmethylsulfonyl fluoride, 10 ug/ml soybean trypsin inhibitor,
100 KIU/ml aprotinin, and 30 uM unlabeled NAD substituted for
[®?PINAD in the ADP-ribosylation mixture. After incubation with
either vehicle or the activated toxins, membranes were washed three
times by centrifugation and resuspension in 50 mM sodium phos-
phate buffer.

Adenylyl cyclase assay. The enzyme activity was assayed by
mixing the membrane suspension (8-12 ug of protein) with an equal
volume of a reaction mixture containing (final concentrations) 50 mM
HEPES-NaOH, pH 7.4, 2.3 mM MgCl,, 0.2 mM [a-32P]ATP (60 cpm/
pmol), 1 mm [*H]cAMP, 0.5 mM EGTA, 1 mM 3-isobutyl-1-methyl-
xanthine, 100 uM GTP, 5 mM phosphocreatine, 50 units/ml creatine
phosphokinase, 10 ug of bacitracin, and 10 KIU of aprotinin. Imme-
diately after mixing, the samples were incubated at 30° for 10 min.
[32P]cAMP was isolated according to the method of Salomon et al.
(22).

[®*S]IGTPvS binding assay. The binding of [**S]IGTPyS was as-
sayed in control and antisera-treated membranes (3-5 ug of protein)
by adding an equal volume of reaction mixture containing (final
concentrations) 50 mM HEPES-NaOH, pH 7.4, 4 mM MgCl,, 2.0 nM
[®*SIGTPS, 1 mm EGTA, 100 mM NaCl, 50 uM GDP, and 10 KIU of
aprotinin. Samples were incubated at 30° for 10 min, and the incu-
bations were terminated by the addition of 5 ml of ice-cold buffer
containing 10 mM HEPES-NaOH, pH 7.4, and 1 mM MgCl,, followed
by the rapid filtration through glass-fiber filters (Whatman GF/C)
presoaked in the same buffer. The filters were washed two times
with 5 ml of buffer, and the radioactivity trapped was determined by
liquid scintillation spectrometry. Nonspecific binding was deter-
mined in the presence of 100 uM GTP+S.

[*H]NMS binding. The binding of [PHINMS to muscarinic recep-
tors was assayed in 50 mM sodium phosphate buffer, pH 7.4, using
20-30 pg of membrane protein and 0.5-1.0 nM [PHINMS in a final
volume of 1 ml. The incubation was carried out at 30° for 50 min.
Preliminary experiments indicated that under these conditions the
[*HINMS binding reached a steady state in 15-20 min, and this
plateau remained stable up to 90 min. When the effects of G protein
antisera were examined, the assay volume was 0.1 ml, the tissue
membrane protein was 10-12 ug, and the incubation time was 20
min. To terminate the incubation, 4 ml of ice-cold 50 mM sodium
phosphate buffer was added to each sample, followed by immediate
filtration through GF/C glass-fiber filters presoaked in 0.5% polyeth-
ylenimine. The filters were washed twice with the same buffer and
dried, and the bound radioactivity was counted by liquid scintilla-
tion. Nonspecific binding was determined in the presence of 5 uM
atropine and corresponded to <3% of the total bound [*H]NMS.

Immunoblotting. Olfactory bulb membranes (100-140 ug of pro-
tein/sample) were solubilized in sample buffer and subjected to SDS-
PAGE. The proteins were electrophoretically transferred to a nitro-
cellulose sheet according to the method of Towbin et al. (23). The
efficiency of the transfer was controlled by staining of the gel with
Coomassie Brilliant Blue and by following the transfer of prestained
protein standards purchased from either Sigma or Amersham. The
nitrocellulose sheet was incubated with TBS buffer (10 mMm Tris-HCI,
150 mM NaCl, pH 7.5) containing 3% BSA for 2 hr at room temper-
ature. After washing with TBS, the sheet was incubated with the G
protein antisera (each at 1:1000 dilution) overnight at room temper-
ature. The antibody bound to nitrocellulose sheet was detected by
alkaline phosphatase-conjugated goat anti-rabbit IgG.

Protein content was determined according to the method of Brad-
ford (24), using BSA as the standard.

Statistical analysis. Results are reported as mean * standard
error. Competition curves were analyzed by a least-squares curve-
fitting computer program (GraphPad, ISI, Philadelphia, PA).The
goodness of fit of the data to a one- versus a two-site model was
evaluated by the F test of the sum of squares of residuals from both
fittings considering a level of significance of p < 0.05. The statistical
significance of the difference between mean values was determined
by Student’s ¢ test.
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Fig. 1. Detection of G proteins in membranes of rat olfactory bulb.
Lanes 1-3, 5, and 7, membrane proteins separated by SDS-PAGE and
transferred to a nitrocellulose sheet were incubated with antiserum
AS/7 (lane 1), EC/2 (lane 2), GO/1 (lane 3), RM/1 (lane 5), and QL (lane
7), each at 1:1000 dilution. Lane 8, immunoblotting of recombinant G,
standard with AS/7 antiserum. Lanes 4 and 6, autoradiograms of mem-
brane proteins ADP-ribosylated with either pertussis toxin (lane 4) or
cholera toxin (lane 6). The results are representative of four experi-
ments.

Results

Immunodetection of G protein a subunits in olfac-
tory bulb membranes. Inmunoblotting experiments were
performed to assess whether the anti-G protein antisera rec-
ognized the presence of the corresponding protein antigen in
rat olfactory bulb membranes. As shown in Fig. 1, the AS/7
antiserum, directed against the carboxyl termini of both G;,,
and G;,, (25), detected a single immunoreactive band of 41
kDa (lane 1), which corresponds to the molecular mass of G;,,
(25). In the same gel run, recombinant G;,,, used as a stan-
dard, displayed a molecular mass of 40 kDa (lane 8). The
EC/2 antiserum, which recognizes both G;;, and G,, (17),
and the GO/1 antiserum, which is more selective for G, than
for G,5,, (17), detected the presence of a broad protein band of
39—41 kDa (lanes 2 and 3, respectively), which may include
both G,, and G,;,. Moreover, the immunoreactive bands
recognized by the antisera AS/7, EC/2, and GO/1 displayed
an electrophoretic mobility similar to a protein band ADP-
ribosylated by pertussis toxin (lane 4), further supporting
their identification as the a subunits of G;/G,. On the other
hand, the QL antiserum, which is directed against the car-
boxyl termini of G,, and G,,, (26), detected two protein

bands of 41.5 and 42.5 kDa (lane 7). The molecular masses of
these proteins agree with the reported size of G, and G,
(10). Finally, the antiserum RM/1, raised against a carboxyl-
terminal peptide common to both G, and G, (18), detected
a major immunoreactive band of 45 kDa and a minor band of
~52 kDa (lane 5), which may correspond to the a subunits of
the small and large forms of G,, respectively, and to the «
subunit of G, (27). Accordingly, a protein band of 45 kDa
was also the major substrate ADP-ribosylated by cholera
toxin (lane 6), which is known to act on the a subunit of both
G, and G, (27).

Effect of G, carboxyl-terminal antisera on the mus-
carinic stimulation of adenylyl cyclase activity. Pre-
treatment of rat olfactory bulb membranes with AS/7, EC/2,
or GO/1 antiserum caused a concentration-dependent de-
crease of the adenylyl cyclase activity stimulated by a max-
imally effective concentration (1 mMm) of carbachol in the
presence of 100 uM GTP (Fig. 2). Under the same experimen-
tal conditions, the enzyme activity stimulated by a maxi-
mally effective concentration (10 uM) of the B-adrenergic
agonist L-isoproterenol was not affected, whereas the basal
activity assayed in the presence of 100 um GTP was signifi-
cantly reduced only by the highest concentration of the anti-
sera. Both the EC/2 and GO/1 antisera (1:40 dilution) also
failed to significantly affect the enzyme stimulation produced
by a submaximal concentration (0.5 uM) L-isoproterenol (re-
sults not shown).

On the other hand, pretreatment of the membranes with
the RM/1 antiserum caused a marked reduction in basal
adenylyl cyclase activity and in the enzyme activities stimu-
lated by either carbachol or L-isoproterenol (Fig. 3). Con-
versely, the exposure to the QL antiserum failed to affect
adenylyl cyclase assayed under each condition. The inhibi-
tory effects of the RM/1 and AS/7 antisera (each at 1:80
dilution) were reduced by 84% and 60%, respectively, after
coincubation with the cognate carboxyl-terminal peptide
(each at 10 uM) (results not shown).
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Fig. 2. Effect of antisera AS/7, EC/2, and GO/1 on basal (O) and carbachol-(®) and L-isoproterenol-(A) stimulated adenyfyl cyclase activities.
Membranes were preincubated with either normal rabbit serum (control) or the indicated antiserum dilutions. At the end of the preincubation, either
vehicle, carbachol, or L-isoproterenol was added, and the adenylyl cyclase assay was immediately started. The final concentrations of carbachol
and L-isoproterenol were 1 mm and 10 um, respectively. The basal activity is that determined in the presence of 100 um GTP, whereas the
agonist-stimulated activity represents the net increase above basal activity. One hundred percent control enzyme activities (expressed as pmol
of cAMP/min/mg of protein * standard error) were basal, 110.4 * 5.3; L-isoproterenol-stimulated, 28.2 *+ 2.1; and carbachol-stimulated, 51.2 =
4.8. Values are the mean + standard error of four experiments for each antiserum. *, p < 0.05, **, p < 0.01 versus control by comparing the actual

changes in enzyme activities.
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Fig. 3. Effect of RM/1 and QL antisera on basal (O) and carbachol-(®)
and L-isoproterenol-(A) stimulated adenylyl cyclase activities. Mem-
branes were preincubated with either normal rabbit serum (control) or
the indicated antiserum dilutions. Then, either vehicle, carbachol, or
L-isoproterenol was added, and the adenylyl cyclase assay was imme-
diately started. The final concentrations of carbachol and L-isoproter-
enol were 1 mm and 10 um, respectively. The agonist-stimulated activity
was calculated as the net increase of enzyme activity elicited by the
agonist above basal activity. One hundred percent control enzyme
activities (expressed as pmol of cAMP/min/mg of protein + standard
error) were basal, 115.1 * 7.4; L-isoproterenol-stimulated, 30.4 + 4.7;
and carbachol-stimulated, 53.1 + 3.8. Values are the mean * standard
error of three experiments for each antiserum. *, p < 0.05, *+, p < 0.01
versus control by comparing the actual changes in enzyme activities.

Effect of G, carboxyl-terminal antisera on the recep-
tor-stimulated [3*S]GTP+S binding. In rat olfactory bulb,
carbachol (1 mM) maximally stimulated the binding of the
stable GTP analogue [3*S]IGTP+S to membrane G proteins by
2.5-3.0-fold. The ECg, of this effect (3.5 + 0.3 uM from three
experiments) was close to that reported for the stimulation of
adenylyl cyclase activity (0.92 um; Ref. 28). Atropine (2 uM)
completely antagonized the stimulation of [**SIGTPvS bind-
ing by 1 mM carbachol (result not shown). As reported in Fig.
4, preincubation of rat olfactory bulb membranes with the
AS/7, EC/2, and GO/1 antisera significantly reduced the car-
bachol-stimulated [3*SJGTPyS binding, whereas the RM/1
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and QL antisera were without effect. In contrast, the RM/1
antiserum greatly reduced the stimulation of [35S]GTPyS
binding by 10 nMm PACAP 38. In a separate set of experi-
ments, PACAP 38 displayed a similar potency in stimulating
[3®SIGTP+S binding and adenylyl cyclase activity (ECg, val-
ues were 120 * 10 and 100 * 11 pM, respectively, from three
experiments). The PACAP 38-stimulated [**S]GTPyS bind-
ing was unaffected by membrane pretreatment with the
AS/7,EC/2, GO/1, and QL antisera. The treatment with each
antiserum had no significant effect on basal [3°S]GTPyS
binding.

Effect of bacterial toxins and G, carboxyl-terminal
antisera on oxo M displacement of [*H]NMS binding.
Increasing concentrations of the muscarinic agonist oxo M
yielded a biphasic displacement curve of [PHINMS bound to
rat olfactory bulb membranes (Fig. 5). Computer-assisted
analysis indicated that the oxo M curve was better fitted (p <
0.05) to a two-site competition model, with 54% and 46% of
the sites displaying low and high affinity for the agonist,
respectively (EC;, values were 14.2 + 1.7 uM and 9.5 + 1.3
nM, respectively, from three experiments). The addition of
100 um GTP+S to the binding assay medium markedly en-
hanced the EC;, of oxo M at the high affinity site (90.5 + 11.1
nM) without affecting that at the low affinity site (15.5 + 1.1
uM). Pretreatment of membranes with cholera toxin did not
significantly change the affinities of oxo M for the two bind-
ing sites. EC,, values were 16.1 + 1.2 uM and 11.*+ 1.0 nm for
vehicle-treated membranes and 20.0 + 1.8 umand 12.1 = 1.5
nM for cholera toxin-treated membranes, respectively. In
these membranes, the effectiveness of cholera toxin-induced
ADP-ribosylation of G, was documented by a 2.5-3-fold in-
crease of adenylyl cyclase activity (result not shown). Con-
versely, exposure to pertussis toxin significantly enhanced
the ECy, of oxo M at the high affinity site (vehicle-treated,
5.8 *+ 0.7 nM; toxin-treated, 25.1 + 2.8 nM; results from three
experiments; p < 0.05), with no change in that at the low
affinity site (vehicle-treated, 12.1 + 0.8 uM; toxin-treated,
13.2 + 1.2 pm).

As shown in Fig. 6, the displacement of [*PHINMS binding
by 30 nM oxo M was significantly reduced by pretreatment of
the membranes with the antiserum 9072, which recognizes
the carboxyl terminus of G, but not by the antiserum 1191,
directed against the carboxyl terminus of G,.,.

Effect of carbachol and PACAP 38 on G protein ADP-
ribosylation by cholera toxin. Incubation of rat olfactory
bulb membranes with activated cholera toxin, low NAD con-
centrations (0.1-0.2 uM [32P]NAD), and no exogenous GTP
resulted in the predominant labeling of two bands, with one
major band migrating at 45 kDa and a minor band of 42.5
kDa (Fig. 7). The addition of 1 mM carbachol did not affect the
incorporation of [32P]JADP-ribose into either band. On the
other hand, PACAP 38 (10 nM) stimulated the labeling of the
45 kDa band by 2-fold. The incorporation of [32P]ADP-ribose
into the 42.5-kDa band was not significantly increased by
PACAP 38.

Discussion

In the present study, we attempted to identify the G pro-
teins involved in the muscarinic stimulation of adenylyl cy-
clase in membranes of rat olfactory bulb by using a panel of
anti-G protein antisera capable of interfering with receptor/G

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

26 Olianas and Onali

125
£ T
T 1001
£

(7))

>

o

-~ 75
G o
~ -

P <
I—lo

- Y s0
2%
L

S o~
ELC

“ 25
>

"

€

(-]

o

. o

RM/1 AS/7 EC/2 GO/1 QL
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columns). Membranes were preincubated with either normal rabbit serum (control) or the RM/1 (1:80), AS/7 (1:40) EC/2 (1:40), GO/1 (1:30), or QL
(1:40) antiserum. Vehicle or agonist was then added, and the [*S]GTPS binding assay was immediately started and continued for 10 min at 30°.
The concentration of [**S]JGTPyS was 2.0 nMm. Agonist-stimulated [*S]GTP+S binding was calculated as the net increase elicited by the agonist
above basal binding (1.15 * 0.05 pmol/mg of protein). One hundred percent control [**S]JGTP+S binding values (expressed as pmol/mg protein
+ standard error) were carbachol-stimulated, 1.02 = 0.11; and PACAP 38-stimulated, 0.25 + 0.02. Values are the mean * standard error of three
experiments for each antiserum. *, p < 0.05, *x, p < 0.01 versus control by comparing the actual changes in agonist-dependent [**S]GTPyS
binding.
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Fig. 5. Displacement of [PH]NMS binding by oxo M in rat olfactory bulb membranes. Membranes were incubated with 0.5 nM [PHJNMS in the
presence of the indicated concentrations of oxo M for 50 min at 30°. A, Assays were performed in the absence (O) and presence (@) of 100 um
GTP+S. B, oxo M competition curve in vehicle-(O) and cholera toxin-(®) treated membranes. C, oxo M competition curve in vehicle-(O) and
pertussis toxin-(®) treated membranes. One hundred percent control binding was A, 1.86 = 0.11 and 1.80 = 0.08 pmol/mg of protein with and
without GTPvS, respectively; B, 1.70 * 0.09 and 1.61 + 0.10 pmol/mg of protein for vehicle- and cholera toxin-treated membranes, respectively;
and C, 1.79 *+ 0.12 and 1.70 + 0.09 pmol/mg of protein for vehicle- and pertussis toxin-treated membranes, respectively. Values are the mean
+ standard error of three experiments.

protein interactions. As demonstrated by the results of im- L-isoproterenol. The inhibition produced by the AS/7 anti-

munoblotting experiments, the antisera recognized the ap-
propriate protein antigen in the membranes. The observation
of the presence in the rat olfactory bulb of G;, G, G/G,s and
G/G,, is consistent with the results reported by others (29—
31). When the antisera were used to investigate the nature of
the G protein involved in the muscarinic stimulation of ad-
enylyl cyclase, it was found that the anti-G,/G,, antisera
were able to impair the muscarinic stimulatory response in a
selective and specific manner. At concentrations effective in
reducing the carbachol stimulation of adenylyl cyclase, these
antisera failed to affect the enzyme stimulation elicited by

serum was counteracted by coincubation with the carboxyl-
terminal peptide common to G;,, and G;,,, thus ruling out
the possibility of unspecific effects. Moreover, the exposure to
the QL antiserum was without effect on either basal or re-
ceptor-stimulated enzyme activities. The sensitivity to the
AS/7, EC/2, and GO/1 antisera and the lack of inhibition by
the QL antiserum indicated that G;/G,, but not G/G,,, me-
diated the muscarinic stimulation of adenylyl cyclase in the
olfactory bulb. These results were in line with the previous
observation (1) that the muscarinic stimulation of adenylyl
cyclase was markedly reduced by pretreatment of olfactory
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Fig. 6. Effect of antisera 1191 (anti-G,,,) and 9072 (anti-G,,,,) on oxo M
antagonism of [PHINMS binding. Membranes (10-12 ug of protein)
were preincubated for 60 min at 30° with either normal rabbit serum
lopen column), antiserum 9072 (1:20 dilution; filled column), antiserum
1191 (1:20 dilution; cross-hatched column), or 100 um GTPyS (shaded
column). PHINMS with or without oxo M was then added, and the
incubation was continued for 20 min. The final concentrations of
[PHINMS and oxo M were 2.0 and 30 nm, respectively. The antagonism
of oxo M is reported as percent reduction of control [PHINMS binding.
Control PHINMS binding values (expressed as pmol/mg of protein)
were normal rabbit serum, 2.95 * 0.15; normal rabbit serum plus
GTPS; 3.09 = 0.14; and membranes treated with antisera 1191 and
9072, 3.23 + 0.18 and 3.09 * 0.14, respectively. Values are the mean
+ standard error of four experiments. *, p < 0.05, **, p < 0.01 versus
normal rabbit serum.

bulb with pertussis toxin, which selectively ADP-ribosylates
G;/G, proteins and uncouples them from receptors (15).

However, the carbachol stimulation of adenylyl cyclase
was also significantly reduced by membrane treatment with
the anti-G,./G,;; antiserum RM/1. This effect appeared to be
specific because it was counteracted by coincubation with the
cognate carboxyl-terminal peptide and occurred at the same
antiserum dilutions that prevented the B-adrenergic stimu-
lation of the enzyme. These results indicated that G,, par-
ticipated in the muscarinic stimulation of adenylyl cyclase.
The possibility of a direct interaction of muscarinic receptors
with G,, in rat olfactory bulb membranes was investigated
by three different methods.

First, the muscarinic-stimulated [**SIGTP4S binding was
used as a direct index of receptor/G protein interaction. The
carbachol stimulation of [®**SJGTPyS binding was signifi-
cantly attenuated by membrane pretreatment with anti-
G,;/G, antisera but not with the RM/1 antiserum. The ade-
quacy of this treatment was evaluated by examining the
effect of the RM/1 antiserum on the [3®*SIGTPyS binding
stimulated by activation of the PACAP receptor, which is
effectively coupled to stimulation of adenylyl cyclase in rat
olfactory bulb (32). It was found that the RM/1 antiserum,
but not the anti-G,/G, antisera, caused a significant inhibi-
tion of the PACAP-stimulated [3°SJGTPyS binding. Thus,
these data, while clearly indicating the selective interaction
of PACAP receptors with G, failed to demonstrate the occur-
rence of a direct coupling of muscarinic receptor to this G
protein. With the exception of the QL antiserum, the anti-G
protein antisera failed to affect basal [>*SIGTPyS binding but
significantly reduced the basal adenylyl cyclase activity. This
differential effect was particularly evident with the RM/1
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Fig. 7. Effect of carbachol and PACAP 38 on cholera toxin-catalyzed
ADP-ribosylation of membrane G proteins. Membranes were incubated
for 60 min at 25° with activated cholera toxin and [*2PJNAD in the
absence (lane A) and presence of either 1 mm carbachol (lane B) or 10
nm PACAP 38 (/lane C). At the end of the incubation, membranes were
collected by centrifugation, resuspended in sample buffer, and sub-
jected to SDS-PAGE. Gels were stained, dried, and exposed to Kodak
X-Omat AR film for 48 hr. The autoradiogram is representative of three
experiments yielding similar results.

antiserum. A possible explanation of this discrepancy is that
basal [3®S]IGTPyS binding represents the interaction of
[®®SIGTPyS with a large pool of nucleotide binding proteins
of which only a small proportion may control adenylyl cyclase
activity and can be affected by the antiserum treatment.
Moreover, it should be considered that to detect an agonist
stimulation, the basal [**SJGTP4S binding had to be reduced
by the addition of GDP and NaCl (33). It is conceivable that
under these assay conditions, a further inhibition caused by
the anti-G protein antisera may not be detected.

Second, we examined the ability of cholera and pertussis
toxins to affect the displacement of [*SHINMS binding by the
muscarinic agonist oxo M. For G protein-coupled receptors,
reconstitution studies have demonstrated that the high af-
finity agonist binding state is dependent on the formation of
a receptor/G protein complex and that receptor/G protein
uncoupling induced either by guanine nucleotide or alter-
ations of the G, carboxyl terminus decreases agonist affinity
for the receptors (8, 34). Pertussis toxin decreases the high
affinity agonist binding state by uncoupling the receptors
from G;/G, as a result of ADP ribosylation of a cysteine
residue in the carboxyl terminus of the a subunits of the G
proteins (15). Conversely, cholera toxin, by inhibiting
GTPase activity of G,, (35), promotes the stable binding of
GTP and may induce receptor/G protein dissociation. For
example, in F-11 neuroblastoma-sensory neuron hybrid cells,
cholera toxin treatment has been found to decrease high
affinity opioid agonist binding, thus revealing a coupling of
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opioid receptors to G, (36). In rat olfactory bulb membranes,
oxo M displaced [PHINMS binding in a biphasic manner,
indicating the presence of a high and a low affinity binding
site for the agonist. The addition of GTPyS markedly reduced
the potency of oxo M in competing at the high affinity site,
indicating that this site represented the G protein-coupled
state of the muscarinic receptors. Treatment of the mem-
branes with cholera toxin did not significantly affect the
affinity of oxo M for either the high or low affinity site. In
contrast, pertussis toxin treatment modified the oxo M com-
petition curve in a manner similar to GTP+S in that it de-
creased the potency of the agonist for the high affinity site.
We also examined whether antisera 1191 and 9072, raised
against the carboxyl terminus of G,, and G,,, respectively,
could differentially affect the high affinity binding of oxo M.
We found that membrane pretreatment with the antiserum
9072, but not with the antiserum 1191, resulted in a signif-
icant reduction of the inhibition of [PCH]NMS binding by oxo
M. Collectively, this set of data supported the idea that in
membranes of rat olfactory bulb muscarinic receptors inter-
acted with G;/G, but not with G,.

Finally, we examined the effect of muscarinic receptor
stimulation on the ADP-ribosylation of membrane G proteins
catalyzed by cholera toxin. Previous studies have shown that
in the absence of GTP, agonist activation of G,-coupled re-
ceptors enhanced the incorporation of [32PJADP-ribose into
G,, (37, 38). It has been proposed that in cell membranes
lacking GTP, the agonist-occupied receptors induce the re-
lease of GDP from G,, and favor the formation of a nucleo-
tide-depleted, receptor-coupled conformation of the G pro-
tein, which becomes a better substrate for cholera toxin (37).
We therefore sought to use this response as a means of
investigating the possible coupling of muscarinic receptor to
G,. In agreement with previous results (38), in the presence
of a low NAD concentration and without exogenous GTP, the
major subtrates ADP-ribosylated by cholera toxin were two
protein bands of 42.5 and 45 kDa. These bands likely repre-
sented two forms of G, with distinct electrophoretic mobility
due to differing incorporation of multiple ADP-ribose mole-
cules (38). The addition of carbachol failed to alter the label-
ing of these two proteins, whereas stimulation of PACAP
receptors markedly enhanced the incorporation of [*?PJADP-
ribose into the 45-kDa cholera toxin substrate. Thus, this
type of experiment also yielded negative results regarding to
the occurrence of a G,-coupled muscarinic receptor in rat
olfactory bulb membranes.

Despite several lines of evidence indicating that a direct in-
teraction of muscarinic receptors with G, was unlikely, the
sensitivity of the carbachol stimulation of adenylyl cyclase to
the blocking effect of the RM/1 antiserum strongly indicated
that G, was somehow involved in this response. It is possible
that G, activation of adenylyl cyclase was necessary for the
muscarinic stimulation to occur. Unlike the other antisera, the
RM/1 antiserum caused a marked decrease in the basal enzyme
activity, possibly due to an impaired GTP-induced activation of
G,. This possibility is consistent with previous studies reporting
that antisera directed against the carboxyl terminus of G, not
only uncoupled receptors from G, but also inhibited direct acti-
vation of G, by either guanine nucleotides or fluoride (18, 39).
The requirement of G, activity is in line with the observation
that activation of G,-coupled receptors by either corticotropin-
releasing hormone or vasoactive intestinal peptide enhanced

the muscarinic stimulation of adenylyl cyclase (2) and further
supports the idea that this response may results from the action
of multiple G proteins on type II adenylyl cyclase (40). This form
of adenylyl cyclase, which is expressed in rat olfactory bulb (41),
has been shown to be stimulated by By subunits of G proteins,
a response markedly amplified by G, (42). It is possible that by
activating G,/G,, muscarinic receptors promote the release of By
subunits, which in turn stimulate type II adenylyl cyclase in
concert with G,,. The analysis of in situ coupling of muscarinic
receptors to G protein conducted in the present study supports
this mechanism and differentiates the muscarinic stimulation
of olfactory bulb adenylyl cyclase occurring in native mem-
branes from the G,-mediated increase of the enzyme activity
described in cells expressing cloned muscarinic receptors in
high density (13).
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