
ABBREVIATIONS: G protein, guanine nucleotide-binding protein; AR, adrenergic receptor(s); bromoxidine, UK14,304 [5-bromo-6-N-(2,4,5-dihydroim-
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SUMMARY

a2-Adrenergic receptor (a2-AR) responses are mediated by the
pertussis toxin-sensitive guanine nucleotide-binding protein (G
protein) G. Because all three known G subtypes are inactivated
by pertussis toxin, it has been difficult to determine which of the
subtypes are involved in a2-AR responses. In order to investigate
a2-AR/G coupling, we perlormed binding and adenylyl cyclase
experiments in membranes from CHO-Ki cells transfected with
the human a2A-AR. Antisera directed against the carboxyl-ter-
minal region of the Gi/Ga or the G0 proteins were used to
determine which subtypes were importantfor high affinity agonist
binding and inhibition of adenylyl cyclase. The CHO-Ki cell
membranes exhibited immunoreactivity at an apparent molecular
mass of 40-41 kDa for both G1/G� and G3 antisera. Western
blot analysis, using purified bovine brain G proteins for compar-

son, demonstrated that the transfected CHO-Ki cells possess
G2 and G0. High affinity guanosine 5’-(f.�y-imido) tnphosphate-
sensitive binding of the a2-AR agonists [3H]bromoxidine and p-
[1251]iodoclonidine ([1251]PIC) was reduced by 30-50% by either
the G1/G� or G0 antiserum. Bromoxidine (1 MM) and PlC (1 MM)
inhibited membrane adenylyl cyclase by 34 and 27%, respec-
tively. G0 antiserum reduced the inhibition by 26% and 67% for
bromoxidine and PlC, respectively. The G1/G� antiserum re-
duced the inhibition by 56% and 63% for bromoxidine and PlC,
respectively. Furthermore, when both antisera were used to-
gether, there was a complete reversal of a2-AR-mediated inhibi-
tion. These observations provide evidence of a2A-AR coupling to
at least two subtypes of G proteins and the first evidence of
functional involvement of G0 in the inhibition of adenylyl cyclase.

G proteins are heterotrimeric proteins, with afry subunits,

that transduce signals from receptors to effector proteins (1).

At the present time, >80 receptors have been reported to couple

to G proteins (1). The initial classification of G proteins was

based on their ability to stimulate or inhibit adenylyl cyclase.

G proteins that stimulate adenylyl cyclase were termed G8,

whereas those that inhibited cAMP formation were termed G.

Advances in cloning techniques have led to the discovery of a

large family of G proteins. There are three known subtypes of

G (based on sequence differences of the a subunit), termed G1,

G12, and G�3, all of which serve as substrates for ADP-ribosyla-

tion by PTX. PTX also nibosylates a major brain G protein

(G0). The functional significance of the G, subtypes is not fully

understood, but G12 has been shown to be required for inhibition
of adenylyl cyclase in human platelet membranes (2), #{244}-opioid
receptor stimulation of GTPase in NG1O8 cells (3), and agonist
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binding to the a2H-AR in NG1O8 cells (4). All three subtypes of

recombinant G can activate K� channels (5) in reconstitution

assays, but it is not known whether multiple G1 proteins couple

to adenylyl cyclase or other signaling pathways.

The a2-AR has been used as a model to study G-receptor

interactions and generation of second messengers (6, 7). Inhi-

bition of adenylyl cyclase is the most well known a2-AR mech-

anism, but the a2-AR has been reported to activate other signal

transduction systems (8). Three subtypes of the ce2-AR have

been described pharmacologically and structurally (9), but the

distribution and function of a2-AR subtypes are not completely

understood.

This study tests the hypothesis that multiple G, proteins are

coupled to the a2A-AR. We used G subtype-specific antisera in

binding and adenylyl cyclase assays to examine coupling to the

receptor. By performing the experiments in transfected cells

that do not express endogenous a2-AR, we can unambiguously

assign coupling to the a2A-AR subtype. We report here that the

av�-AR does couple to more than one G protein, and we provide

the first evidence that the G,3 protein participates in the atten-

uation of adenylyl cyclase.
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1 The details of the preparation and characterization of MAG-2 cells will be

published elsewhere.

Materials and Methods

[‘2511P1C, [3H]bromoxidine, [3H]cAMP, and the specific antisera
against G1/G12 (AS/7) and G3 (EC/2) were obtained from Dupont!

NEN. PlC was purchased from Research Biochemicals, Inc. Bromoxi-
dine was a gift from Pfizer. [a-32PJATP and ‘251-labeled donkey anti-

rabbit antibody were purchased from Amersham. All other reagents

and materials were obtained from standard suppliers.

Cell culture. The MAG-2 cell line was derived from CHO-Ki cells

by transfection with PSVa2-neo (10) and selection of stable clones

with G418. MAG-2 cells possess about 1-2 pmol of a2 receptor/mg of

membrane protein (11).’ When confluent, cell membranes were pre-
pared as described by Huang et at. (10), except that membranes were

pelleted at 100,000 x g and resuspended in either TME (50 mM Tris,

10 mM MgCl2, 1 mM EGTA) or TE (50 mM Tris, 10 mM MgCl2) buffer

at pH 7.5.
Western blots. MAG-2 membrane proteins were separated on a

10% (Fig. 1A) or 11% (Fig. 1B) sodiumdodecylsulfate-polyacrylamide

gel. Proteins were transferred to Immobilon, and a Western blot was

performed with G protein antisera at 1/1000 dilution. In Fig. 1A,

incubation with biotin-IgG complex and ExtrAvidin preceded visuali-
zation by dye precipitation (nitro-blue tetrazolium and 5-bromo-4-

chloro-3-indoyl phosphate). In Fig. 1B, the Western blots were incu-
bated with 1 MCi of 1251 anti-rabbit antibody. The autoradiograms were

exposed at -70�.
Binding and functional assays. Binding and adenylyl cyclase

assays were performed as described (12), except that membranes were

incubated at room temperature for 45 mm with buffer alone, with G
antisera, or with nonimmune rabbit serum, before the assay was started.

Incubations with serum were at 1/100 dilution unless otherwise speci-
fled. The protein concentration during incubation with antisera ranged

from 0.04 to 0.16 mg/ml.

Statistical analysis. p values were calculated from paired, one-

tailed, t tests of the results with specific serum compared with a

nonimmune serum control. Data are expressed as mean ± standard

error unless otherwise indicated.

Results

In order to determine which G subtypes were present in
MAG-2 cells, we performed a Western blot with the G-specific
antisera (Fig. 1A). The a subunits of G1 and G:3 are 41-kDa

proteins, whereas that of G2 is a 40-kDa protein (1). Specific

immunoneactivity was defined as bands that were detected with

the G antisera but not with the nonimmune rabbit serum.

Specific immunoreactivity was detected at the 40-41-kDa level

with both G,3 and G1/G12 antisera. Nonimmune rabbit serum

did not reveal any immunoreactivity at 40-41 kDa (data not

shown). A comparison of the immunoreactivity in MAG-2 cells

with that of purified bovine brain GO/GI permitted a more

definitive identification of the G proteins. Bovine brain G0/G1

contains primarily G1 (41 kDa) and G0 (39 kDa). The immu-

noreactivity of MAG-2 membrane proteins, when probed with

the G1/G2 antiserum, appeared as a single band at the 40-kDa

level (Fig. 1B, top).The immunoreactivity of bovine brain G0/

G had a higher molecular weight, which would correspond to

G11. When probed with the G3 antiserum, MAG-2 membranes

exhibited a single band of immunoreactivity at 41 kDa, but

there was no staining at the 39-kDa level (Fig. 1B, bottom).

The G3 antiserum did weakly react with the 39-kDa G0 protein

of bovine brain (Fig. 1B, bottom). Thus, the transfected CHO-

Ki cells (MAG-2 cells) contain primarily G,2 and G3.
In order to discern which G1 subtypes couple to the a2A-AR,

Fig. 1. Western blot of G proteins in MAG-2 membranes. A, MAG-2
membrane proteins (75 Mg/lane) were separated on a 10% sodium
dodecyl sulfate-polyacrylamide gel. After transfer to lmmobilon-P, the
blot was probed with antisera (1/1 000 dilution) directed against the
carboxyl-terminal region of G0 a subunit or the G1/G2 a subunits. Open
arrows, molecular mass markers, in kDa. Solid arrow, G, a subunits (40-
41 kDa). Nonimmune serum did not react with the 40-41 -kDa band but
did show immunoreactivity to the other bands seen (not shown). B,
MAG-2 membrane proteins (35 �g/Iane) or purified bovine brain GJG
proteins (0.1 Mg/lane) were separated on an 11% sodium dodecyl sulfate-
polyacrylamide gel and probed as described for A.

we tested the effects of antisera on binding of the a2-AR full
agonist [3Hjbromoxidine and the a2-AR partial agonist [1251]

PlC (Fig. 2). When compared with the nonimmune control,

specific [3H]bromoxidine binding was decreased 25% by G1/

G2 antiserum, G13 antiserum, or both antisera together.

Gpp(NH)p (10 MM) reduced binding by 49%. The effect of G3

antiserum, G1/G12 antiserum, or both antisera used together

was statistically significant, compared with the nonimmune

control (p = 0.002, 0.03, and 0.01, respectively). Binding exper-

iments performed with [‘2�I]PIC produced similar results (Fig.

2). When compared with nonimmune control, specific [‘251]PIC
binding was decreased 16-27% by G1/G12 antiserum, G13 anti-

serum, or the combination of antisera. Again, Gpp(NH)p (10

MM) reduced binding by 62%. Statistically, the results were
similar to those described above. G13 antiserum treatment was

different from the nonimmune control (p < 0.0001), as was

treatment with both antisera (p = 0.03). G1/G2 antiserum

treatment did not achieve a statistical difference. Agonist bind-

ing in MAG-2 cells is only partially inhibited by Gpp(NH)p

(65% versus 90% in platelet membranes) (12). Because we

would not expect antisera to affect the Gpp(NH)p-insensitive

component of agonist binding, it is appropriate to express the

effects of antisera as a percentage of the Gpp(NH)p-sensitive

binding. When compared with nonimmune control, G13 anti-

serum abolished 50% and 31% of Gpp(NH)p-sensitive binding

for [3H]bromoxidine and [‘25I]PIC, respectively. For G1/G12

antiserum, the respective values were 53% and 49% and, for

both antisera together, 52% and 51%.

The ability of G to couple to the a2A-AR in a binding assay
does not necessarily mean that those G1 proteins are utilized in

a functional response. Reduction of the alA-AR-mediated in-

hibition of adenylyl cyclase by the G1/G12 antiserum and the

G,3 antiserum is shown in Fig. 3. Forskolin (10 MM) routinely

stimulated cAMP formation 10-fold over basal, and the antisera

had little if any effect on forskolin-stimulated adenylyl cyclase

(data not shown).
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Fig. 2. Effects of Ga-specific antisera on arAR agonist binding. MAG-2
membranes were incubated for 45 mm at room temperature with buffer
(C), 10 MM yohimbine (Y), 1/1 00 nonimmune serum (NI), 1/1 00 G0
antiserum (3), 1/1 00 G1/G0 antiserum (1/2), 1/1 00 G1/G0 plus 1/1 00 G0
antisera (3 + 1/2), or 10 MM Gpp(NH)p (G). The binding assay was initiated
by the addition of 1 nM [3H]bromoxidine (top) or 1 n� [125l]PIC (bottom).
Data for [3H]bromoxidine represent six experiments, except G1/G0 plus
G0, which is from three experiments. Data for [1251]PIC represent four
experiments, except G1/G0 plus G0, which is from three experiments.
Data are presented as the mean ± standard error of experiments
performed in triplicate. *, Statistically significant difference from the
nonimmune control (p < 0.05); ns, no statistically significant difference
(p>0.05).

The full agonist bromoxidine inhibited forskolin-stimulated
cAMP formation slightly but consistently more than did the
partial agonist PlC (34 ± 3% versus 27 ± 3%), under these

assay conditions. Both G11/G12 and G3 antisera blocked a2A-

AR-mediated inhibition. For bromoxidine (Fig. 3, left), the

percentage of inhibition was reduced from 34 ± 3% in control

and 31 ± 3% with nonimmune serum to 25 ± 5% with G3

antiserum, 15 ± 3% with G11/G12 antiserum, 9 ± 4% with twice
as much G1/G12 antiserum (1/50 dilution), and 0 ± 3% with

both antisera. Statistically, both G13 antiserum (p = 0.04) and

4U

30

20

10

C

1�
�

�
�

--�

�I

�

T”

“
--____

V

!

G1/G2 antiserum (p = 0.0006) treatments were different from

the nonimmune control. The effect of G,3 antiserum was addi-

tive to that of G1/G2, in that addition of both antisera showed
significantly greater inhibition than G1/G12 antiserum alone (p

= 0.002).

For PlC (Fig. 3, right), the percentage of inhibition was

reduced from 27 ± 3% (control) and 28 ± 7% with nonimmune

serum to 9 ± 7% with G13 antiserum, 10 ± 6% with G1/G12

antiserum, and -8 ± 8% with both antisera. Statistically, a2-

AR-mediated inhibition of adenylyl cyclase in the presence of

either G11/G12 or G,3 antisera was significantly less than for the

nonimmune control (p = 0.03). The effect of addition of G3

antiserum with G1/G12 antiserum was significantly greater (p

= 0.03) than that of G11/G�2 antiserum alone.

Discussion

This study tests the hypothesis that multiple G proteins are

coupled to the a2A-AR. Antisera directed against specific G

protein subtypes were evaluated in both binding and functional
assays. The data demonstrate that at least two G1 subtypes, G3

and G2, are involved in high affinity agonist binding and

inhibition of adenylyl cyclase. The ability of PTX to disrupt
the binding and functional activities of the a2-AR is well known

(13). However, PTX has at least four substrates (G1, G2, G3,

and G0), and it is not clear which of these proteins are coupled

to the a2-AR. This study demonstrates that the a2A-AR inter-
acts with at least two of the PTX substrates, G2 and G3.
Simonds et at. (2) proposed a role for G,2 in the a2-AR-mediated

inhibition of adenylyl cyclase in platelets, and our results show
evidence for a similar role for G2 in transfected Chinese ham-
ster ovary cells. Birnbaumer and co-workers (5, 14) have re-

ported that all three subtypes of G stimulate K� channels. This

study is the first to describe a role for Gj:1 in inhibition of

adenylyl cyclase in any system.

Western blot analysis of the MAG-2 cell membranes dem-

onstrates the presence of Gj:; and G12. Only a single band of

immunoreactivity was detected on Western blot, at the 41-kDa
level, with the G13 antiserum.2 The distinct molecular weight of

the G1 from bovine brain G0/G1 demonstrates that G1 is not

detected in MAG-2 cells by the G11/G12 (AS/7) antiserum. It is
not surprising that G1 was not detected in MAG-2 membranes.

G#{149}1has a very limited distribution, primarily in neural tissue,

2 The immunoreactive bands detected by the G,/G,2 and the C,3 antisera could

not be resolved into a clear doublet in our hands, but the staining by G� antiserum

consistently ran higher than the staining by the anti-G,/G,2 antiserum (data not

shown).

4 0 Fig. 3. Effects of G, antisera on inhibition of adenylyl
cyclase. MAG-2 membranes were incubated for 45 mm

30 � with vehicle (C), 1/100 G0 antiserum (3), 1/100 G1/G2
� antiserum (‘/2), 1/50 G,1/G0 antiserum (‘/2 + 1/2) 1/1 00 G,1/
�-1 G� plus 1/100 G0 antisera (1/2 + 3), or 1/1 00 nonimmune

2 0 � serum (NI). The assay was initiated by the addition of
� reaction cocktail, forskolin, and 1 MM bromoxidine (left) or

1 0 H� � MM PlC (right). Data are presented as mean ± standard
� error. Left, data represent three to five experiments; right,

data represent three experiments. Individual experiments
0 were performed in duplicate or triplicate. �, Statistically

significant difference from nonimmune control (p < 0.05);
ns, no statistically significant difference (p > 0.05). Non-
immune treatment was compared with control (C). V,
Significant difference, compared with the result with G,,/
G2 alone.
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whereas G2 is nearly ubiquitously distributed in tissues (1).

Therefore, the GIl/GO antiserum effects on high affinity binding

and adenylyl cyclase can be attributed to G2.

The role of G subtypes has been examined previously by the

use of specific carboxyl-terminal anti-G1 antisera. Spiegel, Mil-

ligan, and co-workers (2-4) reported that antiserum to G12

blocks 1) inhibition of adenylyl cyclase in human platelet

membranes (2), 2) stimulation of high affinity GTPase by the

5-opioid receptor in NG1O8 cells (3), and 3) high affinity

norepinephrine binding to the a25-AR in NG1O8 cells (4). In

the platelet studies (2), the anti-G12 antiserum blocked 51% of

the a2-AR-mediated adenylyl cyclase inhibition, but the G3

antiserum did not have any effect. The authors did not test the

G:t and G11/G12 antisera in combination. A combination may

have resulted in complete inhibition of the a2 response, as

observed here (Fig. 3). McClue and Milligan (4) used a different

antibody (13B) against G3 in studies of norepinephrine binding

to the a2H subtype of the a2-AR in NG 108-15 cells. Also, they

used an indirect method (agonist competition for [3H]yohim-

bine binding), which is not as sensitive as direct agonist binding

(15). The differences in cell and antibody type and assay

methods may account for the differences between the results

of McClue and Milligan and those reported here.

It is extremely unlikely that cross-reactivity of the G,3 anti-
body with G,2 accounts for our results. Although cross-reactivity

between the anti-G13 (EC) antiserum and G2 has been reported

(2), our functional data are inconsistent with an effect of the

anti-G13 antiserum solely on G12. A striking and consistent

observation has been the complete block of adenylyl cyclase

inhibition by the combination of anti-G11/G12 and anti-G13 anti-

sera. The published effect of the G1/G12 antisera on platelet

adenylyl cyclase inhibition was never complete (51% block;

range, 29-69%) (2). However, in seven different experiments,

the combination of anti-G11/G12 and anti-G13 antisera resulted

in complete block of adenylyl cyclase inhibition. Because the

effects of 1/100 G11/G12 plus 1/100 G:1 antisera on adenylyl

cyclase inhibition are additive (Fig. 3, left) and are greater than

the effects of simply doubling the G1/G12 antiserum concentra-

tion (to 1/50), it can be concluded that cross-reactivity could

not account for our observations. Thus, G3, as well as G2,

couples to the a2A-AR and participates in inhibition of adenylyl

cyclase.

The role of G protein subtypes in different cell systems is

likely to depend on a variety of factors, including the relative

amounts of the subtypes in that cell or tissue, the existence of

receptor reserve, the efficiency of receptor/G protein coupling

and the ability of that G protein subtype to activate the effector

system. We do not understand why the a2A-AR in human

platelets does not appear to couple to G3 in addition to G12,

whereas the human a2A-AR couples to both G3 and G2 in

MAG-2 cells. One possibility is that spare receptors exist in

the MAG-2 system. We have reported that few if any spare

receptors are present for inhibition of adenylyl cyclase in hu-

man platelet membranes (6). The receptor content in MAG-2

cells (-1000 fmol/mg) is not markedly higher than that in

platelets (-500 fmol/mg) (12, 16). However, it is possible that

the receptor/G protein coupling is more efficient in the MAG-

2 system, which allows detection of a role for G13 in the binding

and adenylyl cyclase assays. This is suggested by the lower IC50

for bromoxidine [about 20 nM for MAG-2 cells (11) versus 1.9

MM for platelets (12)]. These possibilities will be examined in a
future study.

a2-AR agonists bind preferentially to the high affinity state

of the receptor, and our laboratory has reported that this is a

functionally relevant conformation (6). Because only 65% of

the agonist binding in MAG-2 cells is sensitive to Gpp(NH)p,

the maximum effect of antiserum on binding might be expected

to be 65%. When expressed as a fraction of the Gpp(NH)p-

sensitive agonist binding, 30-50% of the binding is abolished

in the presence of antisera.

It is intriguing that the antisera had greater effects on the

adenylyl cyclase response than in the binding assay. Two

mechanisms could account for this observation. First, the per-

centage of the G protein population that must be affected to

influence binding may be greater than that required to perturb

the inhibition of adenylyl cyclase. In functional responses,

receptors activate multiple G proteins (17); thus, 5-10 G pro-

teins may be required for each receptor to elicit a maximum

response. Reducing the amount of functional G, protein from a

10-fold to a 2-fold excess over receptor may have significant

effects on responses. In contrast, the high affinity receptor

state is a stoichiometric reaction of receptor and G protein, so

the G protein complement must be reduced to a substoichiom-
etric level to inhibit binding. Thus, inactivation of any given

fraction of the G population might have a more pronounced

effect in the functional assay than in binding. Second, it is

possible that, when bound to the G protein, the antisera may

sterically hinder G protein interaction with the effector protein,

in addition to their effects on receptor/G1 coupling. However,

it is unlikely that the antisera directly block the binding site.

For the a2-AR, at least three proteins are involved in signal

transduction, i.e., receptor, G protein, and effector. This study

demonstrates that the a2A-AR can couple to both the G2 and

G3 proteins when inhibiting adenylyl cyclase.3 It remains to be

determined whether these proteins are utilized in other a2-AR-

mediated cellular responses or whether they couple to the a2B

and a2c subtypes of the a2-AR. We provide here the first
evidence that G,3 can participate in the attenuation of adenylyl

cyclase.
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