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ABSTRACT. Fusion proteins were constructed between a recombinant human a2A-adrenoceptor and either a
rat wild-type Gai1 or putative pertussis toxin-resistant form of the Gai1 protein (Gai1Cys351Gly). [3H]2-[2-(2-
Methoxy-1,4-benzodioxanyl)]imidazoline hydrochloride (RX 821002) saturation binding experiments demon-
strated that both fusion proteins were expressed at a similar level as the a2A-adrenoceptor co-expressed with
either a wild-type Gai1 or mutant Gai1Cys351Gly protein in COS-7 cells, and displayed a ligand binding profile
similar to that for the a2A-adrenoceptor protein. In a2A-adrenoceptor-transfected COS-7 cells, 5-bromo-6-(2-
imidazolin-2-yl-amino) quinoxaline tartrate (brimonidine, 10 mM) induced stimulation (151 6 28%) of
adenosine 39,59-cyclic monophosphate (cAMP) formation which was prevented by cholera toxin treatment,
demonstrating a direct coupling of the a2A-adrenoceptor to an endogenous Gas protein in COS-7 cells.
Expression of either the wild-type Gai1 or mutant Gai1Cys351Gly protein in co-expression or fusion with the
a2A-adrenoceptor in COS-7 cells suppressed the brimonidine-induced stimulation of cAMP formation, both in
the presence and absence of pertussis toxin pretreatment. Hence, the Gai1 protein apparently blocks the
Gs-coupled a2A-adrenoceptor-mediated pathway in a pertussis toxin-non-sensitive way. BIOCHEM PHARMACOL
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a2-Adrenoceptors act mainly by inhibiting neuronal firing
and release of catecholamines and other neurotransmitters
in the central nervous system, but they are also involved in
a wide range of functions in peripheral tissues, including
aggregation of platelets, release of insulin from the pan-
creas, and inhibition of lipolysis [1, 2]. Pharmacologically,
a2-adrenoceptors can be subdivided into three defined
subtypes, a2A, a2B, and a2C, corresponding to three distinct
genes, a2C10/A, a2C2/B, and a2C4/C, that have been
isolated in man and characterized in heterologous expres-
sion systems [3]. a2-Adrenoceptors, via interaction with the
pertussis toxin-sensitive Gi/G0 subclass of G proteins,
modulate multiple effector systems, including suppression
of cAMP† accumulation, inhibition of voltage-activated
Ca21 current, and activation of K1 channels [4]. Eason et
al. [5] and Federman et al. [6] have demonstrated paradox-
ical a2-adrenoceptor-mediated increases in cAMP level via
coupling to a Gs protein. The degree of Gs protein coupling
initially depends on the agonist’s structural features, and
ligands that act as full agonists for Gi coupling are not
necessarily full agonists for Gs coupling [7]. a2-Adrenocep-

tors may also couple to other intracellular pathways involv-
ing Na1/H1 exchange and phospholiphase A2 and phos-
pholipase C activation [8, 9].

Recently, receptor: Ga subunit fusion proteins have been
developed as a new strategy to examine the intrinsic
activity of ligands at receptors covalently coupled to a
specific Ga protein subunit [10] in which the stoichiometry
of the receptor to Ga protein is fixed at 1 to 1. Bertin et al.
[11] linked the b2-adrenoceptor to a GaS subunit; the
agonist-dependent activation of the adenylyl cyclase was
more potent and more efficacious in transfected than in
control mouse lymphoma S49 cells. Wise et al. [12] reported
on a fusion protein between a porcine a2A-adrenoceptor
and a pertussis toxin-resistant rat GailCys351Gly protein to
study agonist efficacy by measuring either high-affinity
GTPase activity or [35S]GTPgS binding responses. Wise et
al. [13] also reported the capacity of the a2A-adrenoceptor:
Gai1Cys351Gly fusion protein to interact with a bg com-
plex, which increased agonist-mediated GTPase activity. In
experiments performed by co-expression of the porcine
a2A-adrenoceptor and a pertussis toxin-experiments resis-
tant GaiCys351Gly mutant, Wise et al. [14] showed that
functional interaction of the a2A-adrenoceptor with the wt
Gail protein was greater than with the pertussis toxin-
resistant mutant GailCys351Gly proteins. However, func-
tional evidence that a2A-adrenoceptor fusion proteins in-
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hibit cAMP formation has not been clearly demonstrated
[15]. The situation is rendered even more complex by the
fact that agonist occupation of the a2A-adrenoceptor: Gai1

fusion protein results in activation of both receptor-fused
and endogenous Ga proteins [15].

The present study was undertaken to measure the
cAMP* responses of the fusion protein made up of a
recombinant human a2A-adrenoceptor and a rat Gai1

protein in order to demonstrate its utility in monitoring at
the effector level, as has been shown for the b2-adrenocep-
tor [11, 16]. cAMP formation was compared in COS-7 cells
expressing the fusion protein made by combining the
a2A-adrenoceptor with either the wt Gai1Cys351 protein or
a putative pertussis toxin-resistant rat Gai1Cys351Gly pro-
tein, and upon co-expression of the a2A-adrenoceptor and
each of the Gai1 proteins. The receptor expression level of
the various constructs was estimated by [3H]RX 821002
binding. Since a2A-adrenoceptor-mediated agonist responses
appear to depend on the agonist’s structural features [7], three
structurally different agonists were selected: the catecholamine
(2)-adrenaline, the imidazoline brimonidine (UK 14304),
and the azepine talipexole (BHT 920). This study demon-
strates that a2A-adrenoceptor: Gai1 fusion proteins are cor-
rectly expressed, although they attenuate endogenous Gs-
coupled cAMP formation in a pertussis toxin-non-sensitive
way.

MATERIALS AND METHODS
Materials

The ABI PRISM 310 Genetic Analyzer and the dichloro-
rhodamine terminator cycle sequencing kit were from
Perkin Elmer. The pCR3.1 vector was from Invitrogen. The
Geneclean II kit was purchased from Bio 101 Inc. The
Expand Long Template PCR kit was from Boehringer
Mannheim. COS-7 cells were obtained from ATCC. All
materials for cell culture were supplied by Life Technolo-
gies. The cAMP radioimmunoassay kit was purchased from
Immunotech. [3H]2-[2-(2-Methoxy-1,4-benzodioxanyl)]
imidazoline hydrochloride ([3H]RX 821002) (56.5 Ci/
mmol) was from Amersham. 6-Allyl-2-amino-5, 6, 7, 8-tet-
rahydro-4H-thiazolo[4, 5-d]azepine dihydrochloride (BHT
920, talipexole) was a gift from Boehringer Ingelheim.
5-Bromo-6-(2-imidazolin-2-yl-amino)quinoxaline tartrate
(UK 14304, brimonidine) and (1)-(8aR, 12aS, 13aS)-3-
methoxy-12-(methylsulphonyl)-5, 8, 8a, 9, 10, 11, 12, 12a,
13, 13a-decahydro-6H-isoquino[29, 1-g][1, 6]naphthyridine
(RS 15385) were prepared intra-muros. All other chemicals
were from Sigma.

Cloning of a2A-Adrenoceptor, Gai1 Protein, and Gas

Protein Genes

The wt rat G protein a subunit i1 gene (Gai1), the wt rat
G protein a subunit s gene (Gas), and the human a2A-
adrenoceptor (RC: 2.1.ADR.A2A) gene were cloned by
PCR as previously described [17]. The mutant rat
Gai1Cys351Gly protein was amplified in a similar way,
except that the reverse primer carried the mutation TGT
instead of GGT. The PCR mixture (50 mL) consisted of
250 ng of reverse-transcribed poly(A1) RNA from rat total
brain, 350 mM of each dNTP, 400 nM of each primer, and
1 mL of Expand Long Template DNA polymerase mix in
PCR buffer [16 mM (NH4)2SO4, 1.75 mM MgCl2, 50 mM
Tris–HCl (pH 9.2)]. The PCR program consisted of 30
repetitive cycles with a strand separation step at 96° for 30
sec, an annealing step at 60° for 1 min, and an elongation
step at 68° for 1.5 min. The PCR fragments were separated
by 1% agarose gel electrophoresis, purified using a Gene-
clean II kit, and subsequently cloned into 50 ng of a
pCR3.1 vector. Sequencing, performed automatically on an
ABI PRISM 310 Genetic Analyzer using a dichloro-rhoda-
mine terminator cycle sequencing kit, confirmed the cor-
responding sequences.

Construction of a2A-Adrenoceptor Fusion Proteins

The fusion proteins between the human a2A-adrenoceptor
and either the rat Gai1 protein or mutant Gai1Cys351Gly
protein were constructed by a modified PCR-based overlap
extension technique [18]. The a2A-adrenoceptor gene was
PCR-amplified by adding to its 39 end a 12-base pair
sequence (underlined) corresponding to the 59 end of the
Gai1 protein gene, thereby mutating its stop codon into a
glycine (GGA) codon (TCTGCAGCCCATTCCCAC
GAT-CCGCTTCCTGTCCCC). Similarly, the wt or mu-
tant Gai1 protein genes were PCR-amplified separately by
adding to their 59 end a 12-base pair sequence (underlined)
corresponding to the 39 end of the a2A-adrenoceptor gene
(CGGATCGTGGGAATGGGCTGCA-CACTGAGCG
CTGAG). The a2A-adrenoceptor gene and the respective
G protein gene were subsequently fused in a second PCR
step, and the fusion product was amplified in a third PCR
reaction as described [18]. Sequencing confirmed the se-
quence of the respective fusion proteins.

Cell Transfection

For transient transfection, 10 mg of either a2A-adrenocep-
tor plasmid or fusion protein plasmid or the same amount of
a2A-adrenoceptor plasmid with either 10 mg of wt Gai1

protein or Gai1Cys351Gly protein plasmids, with or without
10 mg of wt Gas protein, were transfected with 1 3 107

exponentially growing COS-7 cells using a Bio-Rad elec-
troporator (250 mV, 250 mF) in 200 mL PBS supplemented
with 1% DMSO. The total amount of plasmid in the
transfection experiments was kept constant by adding

* Abbreviations: cAMP, cyclic AMP, adenosine 3959-cyclic monophos-
phate; PCR, polymerase chain reaction; DMEM, Dulbecco’s modified
Eagle’s medium; and wt, wild-type.
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carrier pCR3.1 vector plasmid. The efficiency for the
electroporation procedure was about 10%. Cultures were
grown in 24-well tissue culture plates in 1 mL complete
DMEM supplemented with 10% heat-inactivated foetal
bovine serum and 1% DMSO for 72 hr. Pretreatment of
cells with either pertussis toxin (100 ng/mL) or cholera
toxin (100 ng/mL) was performed 16 hr before the cAMP
experiments. Radioligand binding experiments were per-
formed on membrane preparations of transfected cells
grown for 72 hr in complete growth medium.

Radioligand Binding Assay to a2A-Adrenoceptor

Membrane preparations of COS-7 cells were done in 50
mM Tris–HCl pH 7.6 as described [19]. Binding assays were
performed with 2 nM [3H]RX 821002. Incubation mixtures
consisted of 0.4 mL cell membranes (5 mg protein), 0.05 mL
radioligand, and 0.05 mL compound for inhibition or 10
mM phentolamine to determine nonspecific binding. The
reactions were stopped after a 30-min incubation at 25° by
adding 3 mL ice-cold 50 mM Tris–HCl pH 7.6 followed by
rapid filtration over Whatman GF/B glass fiber filters using
a Brandel harvester, after which the filters were washed and
counted as described [19]. Data were analyzed graphically
with inhibition curves, and IC50 values (concentrations of
the compounds producing 50% inhibition of specific bind-
ing) were derived and converted to pKi values (pKi 5 2log
Ki; Ki 5 IC50/[1 1 (concentration/Kd)]. Saturation binding

experiments were performed with 0.15 to 20 nM of [3H]RX
821002 as described [19].

Western Blotting

Membrane preparations of COS-7 cells containing the
a2A-adrenoceptor co-expressed with either the rat Gai1

protein or rat Gai1Cys351Gly protein were done as described
above. Total proteins were separated by SDS/PAGE
(12.5% (w/v) gel), as described [20]. Thereafter, the pro-
teins were blotted on a nylon membrane by semi-dry
electrotransfer (23 V, 45 min) in 190 mM glycine/20%
(v/v) methanol/25 mM Tris–HCl buffer (pH 8.3). Proteins
were probed with a polyclonal antibody raised against a
peptide corresponding to residues 159–168 of the rat Gai1

protein. The incubation was performed in PBS containing
0.1% (w/v) Tween 20, 5% (w/v) BSA, and the antibody at
a dilution of 1:2000. Proteins were detected with an
anti-rabbit immunoglobulin G antibody coupled to alkaline
phosphatase by using a colorimetric reaction [0.12 mM
5-bromo-4-chloroindol-3-yl phosphate p-toluidine salt/5
mM MgCl2 in 100 mM diethanolamine (pH 9.6)].

[35S] GTPgS Binding Responses

Basal and agonist-dependent [35S]GTPgS binding [21] to
the above-mentioned membrane preparation was per-
formed in 20 mM HEPES (pH 7.4) supplemented with 30

TABLE 1. Kd and Bmax values for [3H]RX 821002 binding to COS-7 cells transfected with a2A-adrenoceptor and Gai1 proteins

Kd (nM)
Bmax (pmol/
mg protein)

a2A-Adrenoceptor 0.95 6 0.10 7.19 6 2.16
a2A-Adrenoceptor 1 Gai1 protein 1.07 6 0.20 7.52 6 1.58
a2A-Adrenoceptor 1 Gai1Cys351Gly protein 0.99 6 0.16 16.54 6 5.18
a2A-Adrenoceptor: Gai1 fusion protein 0.90 6 0.28 3.26 6 2.20
a2A-Adrenoceptor: Gai1Cys351Gly fusion

protein
0.91 6 0.38 2.73 6 0.86

Saturation binding experiments were performed as described in Methods. a2A-Adrenoceptor 1 Gai1 protein or a2A-adrenoceptor 1 Gai1Cys351Gly protein corresponds to the
co-transfection experiments. Values represent the means 6 SD of two independent experiments, each one performed in duplicate. The corresponding Hill coefficients were
between 0.940 6 0.014 and 0.970 6 0.014.

TABLE 2. pKi and Hill coefficient values of a2A-adrenergic agonists for COS-7 cells transfected with a2A-adrenoceptor and Gai1
proteins

(2)-Adrenaline Talipexole Brimonidine

pKi nHill pKi nHill pKi nHIll

a2A-Adrenoceptor 6.01 6 0.00 0.950 6 0.014 6.76 6 0.24 0.990 6 0.000 7.15 6 0.02 0.955 6 0.007
a2A-Adrenoceptor 1 Gai1 protein 5.98 6 0.06 0.910 6 0.071 6.70 6 0.22 0.960 6 0.028 7.04 6 0.14 0.980 6 0.014
a2A-Adrenoceptor 1 Gai1Cys351Gly

protein
6.05 6 0.00 0.910 6 0.085 6.71 6 0.02 0.990 6 0.000 7.05 6 0.00 0.985 6 0.021

a2A-Adrenoceptor: Gai1 fusion protein 6.24 6 0.18 0.975 6 0.021 6.90 6 0.20 0.970 6 0.014 7.53 6 0.20 0.975 6 0.007
a2A-Adrenoceptor: Gai1Cys351Gly

fusion protein
6.45 6 0.06 0.860 6 0.127 6.92 6 0.04 0.945 6 0.007 7.51 6 0.24 0.955 6 0.007

Inhibition of [3H]RX 821002 binding was performed as described in Methods. a2A-Adrenoceptor 1 Gai1 protein or a2A-Adrenoceptor 1 Gai1Cys351Gly protein corresponds to
the co-transfection experiments. Values represent the means 6 SD of two independent experiments, each one performed in duplicate.
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mM GDP, 100 mM NaCl, 3 mM MgCl2, and 0.2 mM
ascorbic acid. Maximal stimulation of [35S]GTPgS binding
was defined in the presence of 10 mM brimonidine and
calculated versus basal [35S]GTPgS binding.

cAMP Formation

Cellular cAMP formation was measured as described [19].
Cultures were incubated for 5 min at 37° with 1 mL of
controlled salt solution (CSS: 120 mM NaCl, 5.4 mM KCl,
0.8 mM MgCl2, 5 mM glucose, 25 mM Tris–HCl pH 7.4)
containing 1 mM isobutylmethylxanthine, with or without
10 mM forskolin and with 10 mM of agonist and/or
antagonist. The reaction was stopped by the addition of 0.1
mL HC1O4 to a final concentration of 0.04 M and
afterwards neutralized. The cellular cAMP content was
assayed using a radioimmunoassay kit. Results were ex-
pressed in percentage relative to basal cAMP values ob-
tained in the absence of agonist.

Statistical Analysis

Statistical differences between the amount of cAMP for-
mation were determined using a Student’s t-test.

RESULTS
Binding Properties of a2A-Adrenoceptors in the
Presence of Gai1 Proteins

In a first series of experiments, the expression level of the
a2A-adrenoceptor: Gai1 and a2A-adrenoceptor: Gai1Cys351

Gly fusion proteins was compared to that of the a2A-adreno-
ceptor protein co-transfected with either control plasmid, Gai1

protein, or Gai1Cys351Gly protein. Saturation binding exper-
iments with [3H]RX 821002 on membrane preparations were
compatible with the presence of a single nanomolar affinity
binding site for [3H]RX 821002 (Table 1). The maximal
binding capacity for [3H]RX 821002 was similar for the
a2A-adrenoceptor protein and the a2A-adrenoceptor co-trans-
fected with the Gai1 protein. Two-fold variations in binding
site density were apparent with the fusion proteins. Binding
affinities for the agonists brimonidine, talipexole, and (2)-
adrenaline were not modified in any of the constructions
compared to the values obtained with the a2A-adrenoceptor
protein (Table 2).

Expression Level of Endogenous and Recombinant Gai1
Proteins and Their Coupling to a2A-Adrenoceptors

The expression of endogenous and co-expressed Gai1 pro-
teins was analyzed by Western blotting. No Gai1 protein
could be detected upon expression of the a2A-adrenoceptor
in COS-7 cells (Fig. 1). On the other hand, a strong and
equivalent expression of Gai1 protein was detected upon
co-transfection of the a2A-adrenoceptor with the Gai1 or
the Gai1Cys351Gly protein (Fig. 1). [35S]GTPgS binding
experiments were performed to estimate a2A-adrenoceptor
coupling to the endogenous and co-expressed Gai1 proteins.
A stimulation of [35S]GTPgS binding of about 47 6 12%
was observed with brimonidine (10 mM) in the absence of
recombinant Gai1 protein (Table 3). This effect is likely the
result of a2A-adrenoceptor coupling to endogenous Gi/G0

proteins. An enhanced [35S]GTPgS binding was observed
upon co-transfection of the Gai1 or Gai1Cys351Gly protein
(113 6 22% and 66 6 18%, respectively). In the case of
the expression of Gai1Cys351Gly protein, the cells were
treated with pertussis toxin. This result suggests that both
Gai1 proteins couple to the a2A-adrenoceptor, but that the
wt Gai1 protein is more efficacious in its coupling than the
mutant Gai1Cys351Gly protein.

FIG. 1. Western blot of Gai1 protein expression in COS-7 cell
expressing a2A-adrenoceptor with either wt Gai1 or
Gai1Cys351Gly protein. Total membrane proteins (80 mg) of
COS-7 cells transfected with either 10 mg of a2A-adrenoceptor
with 10 mg of Gai1Cys351Gly protein (B), 10 mg of a2A-
adrenoceptor with 10 mg of wt Gai1 protein (C), or 10 mg of
a2A-adrenoceptor with 10 mg pCR3.1 plasmid vector (D) were
analyzed by SDS/PAGE. Immunodetection was performed as
described in Methods with an antibody raised against a peptide
corresponding to residues 159–168 of the rat Gai1 protein.
Protein molecular-mass markers are indicated in the left margin
(A).

TABLE 3. [35S]GTPgS binding responses by a2A-adrenoceptor co-expressed with either wt Gai1 protein or Gai1Cys351Gly protein
in COS-7 cells

[35S]GTPgS binding response (Emax, %)

a2A-Adrenoceptor a2A-Adrenoceptor 1 Gai1 protein
a2A-Adrenoceptor 1 Gai1Cys351Gly protein

1 PTX (100 ng/mL)

Brimonidine (1 mM) 47 6 11.7 113 6 21.8 65.9 6 18.3

Cells were transfected and [35S]GTPgS binding to membrane preparation was performed as described in Methods. Values represent the means 6 SEM of four independent
experiments, each one performed in duplicate.
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cAMP Formation by a2A-Adrenoceptors in the Presence
of Gai1 Proteins

Following transient expression of the a2A-adrenoceptor in
COS-7 cells, the imidazoline derivative brimonidine (10
mM) and the native agonist (2)-adrenaline (10 mM)
stimulated cAMP formation by 151 6 28 and 633 6 35%,
respectively versus the basal cAMP level (Fig. 2A). In
contrast, the azepine derivative talipexole (10 mM) neither
stimulated nor inhibited basal cAMP formation. No stim-
ulation by brimonidine could be observed on forskolin (10
mM)-stimulated cAMP formation (data not shown). The
cAMP-mediated stimulation by brimonidine was dose-
dependent EC50: 300 6 50 nM) with a maximal effect at 10
mM (Fig. 2B). This effect was specific to the recombinant
a2A-adrenoceptor: it was absent in non-transfected cells
and could be fully blocked by the a2A-adrenoceptor antag-
onist RS 15385 (10 mM). RS 15385 (10 mM) did not
modify the basal cAMP level. The (2)-adrenaline-medi-
ated stimulation of cAMP formation could not be blocked
by RS 15385 (10 mM). This effect is likely mediated by an
endogenous b-adrenoceptor subtype in COS-7 cells. The
b-adrenoceptor antagonist propranolol (10 mM) blocked
the cAMP effect of (2)-adrenaline, while it was without
effect on basal cAMP formation and brimonidine-stimu-
lated cAMP accumulation. Pertussis toxin pretreatment
(100 ng/mL) did not significantly modify either bri-
monidine or (2)-adrenaline-mediated cAMP formation
compared to untreated COS-7 cells. To control the efficacy
of pertussis toxin, C6 glial cells permanently expressing
a2A-adrenoceptors were treated with this toxin and assayed
for cAMP formation [17]. In non-treated cells, brimonidine
inhibited (273 6 2%) forskolin (100 mM)-induced stim-
ulation of cAMP formation. When these cells were pre-
treated overnight with 100 ng/mL of pertussis toxin, an
activation (1 52.3 6 4.2% above forskolin stimulation)
of cAMP formation by brimonidine was observed. There-
fore, we conclude that the batch of pertussis toxin used
in this study was effective. Cholera toxin (100 ng/mL)
pretreatment decreased both brimonidine-and (2)-
adrenaline-mediated cAMP formation in COS-7 cells by
79 6 7 and 84 6 1%, respectively versus the basal cAMP
level (Fig. 2A).

Expression of the a2A-adrenoceptor: Gai1 and a2A-
adrenoceptor: Gai1Cys351Gly fusion proteins in COS-7
cells induced a significant decrease (292 6 12 and 2
115 6 4%, respectively, Fig. 3A) in brimonidine-mediated
cAMP formation compared to COS-7 cells expressing the
a2A-adrenoceptor protein. Pretreatment with either pertus-
sis toxin or cholera toxin did not modify this effect. A
comparison between the cAMP responses mediated by the
a2A-adrenoceptor protein co-expressed with either the rat
Gai1 or rat GailCys351Gly protein is shown in Fig. 3B. A
significant decrease in brimonidine-mediated cAMP forma-
tion (269 6 9 and 2 78 6 11%, respectively) was
observed in this case compared to COS-7 cells expressing
the a2A-adrenoceptor protein. The attenuation was not as

great as that observed in the expression of the correspond-
ing fusion proteins. No modification in cAMP formation by
brimonidine was observed by either pertussis toxin or
cholera toxin pretreatment. Expression of the rat Gas

protein together with the a2A-adrenoceptor co-expressed or
fused with either the rat Gai1 or rat Gai1Cys351Gly protein
also did not modify any of the cAMP responses.

FIG. 2. (A) cAMP formation by a2A-adrenoceptor ligands in
COS-7 cells transiently transfected with the a2A-adrenoceptor
gene. Transfection and cAMP formation were assessed as
described in Methods. Results are expressed in percentage
relative to basal cAMP values obtained in the absence of agonist.
Data are means 6 SEM of five individual experiments, each one
performed in triplicate. The ligands are 10 mM brimonidine (A),
10 mM (2)-adrenaline (B), 10 mM talepixole (C), 10 mM RS
15385 (D), 10 mM brimonidine 1 10 mM RS 15385 (E), 10
mM (2)-adrenaline 1 10 mM RS 15385 (F), 10 mM propran-
olol (G), 10 mM (2)-adrenaline 1 10 mM propranolol (H), and
10 mM brimonidine 1 10 mM propranolol (I). Cells were either
not treated (empty bars) or pretreated with 100 ng/mL of
pertussis toxin (o) or with 100 ng/mL of cholera toxin (f).
Statistical analysis of the basal cAMP level and ligand cAMP
responses was performed using a Student’s t-test. *P < 0.05,
**P < 0.01, ***P < 0.001. (B) Concentration–response curve
of brimonidine for stimulation of cAMP formation in COS-7
cells transiently transfected with the a2A-adrenoceptor gene.
cAMP formation was measured as described in Methods. Results
are expressed in percentages relative to cAMP values obtained in
the absence of brimonidine. The curve was constructed with
mean values 6 SEM of three independent experiments, each one
performed in triplicate.
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DISCUSSION

The present study reports on measuring the functional
expression of a2A-adrenoceptor: Gai1 fusion proteins as
followed by cAMP responses. A mutant Gai1Cys351Gly
protein was used to obtain putative resistance to pertussis
toxin [12] so as to be able to differentiate between a2A-
adrenoceptor responses mediated by endogenous Gai/Ga0

proteins. Therefore, the wt and mutant Gai1Cys351Gly
protein’s were systematically compared to each other. The
a2A-adrenoceptor fusion proteins were expressed at a sim-
ilar level as the wt a2A-adrenoceptor protein in COS-7
cells, indicating that the fusion of the a2A-adrenoceptor
with Gai1 protein does not interfere with correct folding
and membrane targeting of the fusion protein. Similarly,
the binding affinities of the investigated a2 agonists were
unchanged by the fusion protein approach.

Stimulation of a2A-adrenoceptors by brimonidine in-
creased the formation of cAMP in COS-7 cells, likely due
to an interaction of these adrenoceptors with endogenous
Gs proteins. Eason and co-workers [5, 22] have identified a
sequence of 11 amino acids of the amino-terminal region of
the third intracellular loop (positions 218 to 228) of the
a2A-adrenoceptor capable of activating Gs. a2A-Adreno-
ceptor regulation of adenylyl cyclase in cells may be either
stimulatory or inhibitory depending on the relative levels of
expression of Gs versus Gi. The present study supports a
direct coupling of a2A-adrenoceptors to Gs, because the
stimulatory effect was not decreased upon a pertussis toxin
pretreatment. This observation excludes a possible stimu-
lation of type II or type IV adenylyl cyclases by bg subunits
released from activated Gi proteins [6, 23]. Pertussis toxin
pretreatment did not enhance brimonidine- and adrena-
line-stimulated cAMP formation. As adenylyl cyclase is
expressed at relatively low levels in many cell systems [24],
we hypothesize that the adenylyl cyclase expressed in
COS-7 cells is already maximally activated in the absence
of pertussis toxin. The stimulatory cAMP effect by bri-
monidine was sensitive to cholera toxin, which ADP-
ribosylates Gas proteins and consequently blocks the mod-
ulation of the Gs-coupled pathway [25]. Stimulation by the
agonist (2)-adrenaline induced a strong increase in cAMP
formation, but this effect was principally mediated by an
endogenous b-adrenoceptor in COS-7 cells, as suggested by
the blockage with the b-adrenoceptor antagonist propran-
olol and not by the a2A-adrenoceptor antagonist RS 15385.
The a2A-adrenoceptor agonist talipexole induced no effect
on cAMP formation. This observation is in agreement with
the study of Eason and co-workers [7], who reported that
the degree of a2A-adrenoceptor-mediated Gs coupling is
highly dependent on the chemical structure of the a2-
adrenoceptor agonist being investigated. The coupling of
a2A-adrenoceptor with the Gs pathway is not necessarily
due to the high level of expression of the a2A-adrenoceptor.
Fraser et al. [26] have demonstrated, for the a2A-adreno-
ceptor stably transfected in Chinese hamster ovary cells, an
increase in basal cAMP formation by adrenaline at various

FIG. 3. (I) The effect of brimonidine on cAMP formation
mediated by a2A-adrenoceptor: Gai1 fusion proteins. Bri-
monidine (10 mM) was tested in COS-7 cells expressing a2A-
adrenoceptor (A), a2A-adrenoceptor: Gai1 fusion protein (B),
or a2A-adrenoceptor: Gai1Cys351Gly fusion protein (C). cAMP
formation was measured as described in Methods. Values for
(A) were taken from Fig. 1, values for (B) and (C) represent
means 6 SEM of four independent transfection experiments,
each one performed in triplicate. Cells were either not treated
(empty bars) or pretreated with 100 ng/mL of pertussis toxin
(o) or with 100 ng/mL of cholera toxin (f). Statistical analysis
of the basal cAMP level and ligand cAMP responses was
performed using a Student’s t- test. **P < 0.01. Absolute basal
levels (nmol/well): a2A-adrenoceptor basal 8.6 6 1.9; pertussis
toxin 7.2 6 1.4; cholera toxin 112.6 6 9.6. a2A-adrenoceptor:
Gai1 fusion protein basal 12.4 6 1.4; pertussis toxin 12.7 6 1.5;
cholera toxin 102.5 6 6.4. a2A-Adrenoceptor: Gai1Cys351Gly
fusion protein basal 14.7 6 0.9; pertussis toxin 12.5 6 1.1;
cholera toxin 115.4 6 10.2 (II) The effect of brimonidine on
cAMP formation mediated by a2A-adrenoceptor co-expressed with
Gai1 proteins. Brimonidine (10 mM) was tested in COS-7 cells
expressing the a2A-adrenoceptor (A) or co-expressed with Gai1
protein (B) or Gai1Cys351Gly protein (C). cAMP formation was
measured as described in Methods. Values for (A) were taken from
Fig. 1, values for (B) and (C) represent means 6 SEM of four
independent transfection experiments, each one performed in trip-
licate. Cells were either not treated (empty bars) or pretreated with
100 ng/mL of pertussis toxin (o) or with 100 ng/mL of cholera
toxin (f). Statistical analysis of the basal cAMP level and the
different cAMP responses were performed using a Student’s t-test.
**P < 0.01. Absolute basal levels (nmol/well): a2A-adrenoceptor
basal 8.6 6 1.9; pertussis toxin 7.2 6 1.4; cholera toxin 112.6 6
9.6. a2A-Adrenoceptor co-expressed with Gai1 protein basal
13.1 6 0.5; pertussis toxin 14.1 6 1.4; cholera toxin 124.4 6
13.6. a2A-Adrenoceptor co-expressed with Gai1Cys351Gly protein
basal 13.0 6 1.4; pertussis toxin 13.0 6 3.3; cholera toxin
101.9 6 11.9.

1536 I. Rauly et al.



receptor densities (50 to 1200 fmol of receptor/mg mem-
brane protein). Contrary to the results of Sautel and
Milligan [27], we did not observe a biphasic response for
cAMP formation by brimonidine. This apparent discrep-
ancy may be due to the experiments performed in different
cell lines (Rat-1 fibroblasts versus COS-7 cells) and the
porcine a2A-adrenoceptor versus the human a2A-adreno-
ceptor.

In contrast to expression of the a2A-adrenoceptor pro-
tein in the absence of recombinant protein, brimonidine
did not affect the cAMP formation with the fusion protein
between the a2A-adrenoceptor and either the wt Gai1 or
Gai1Cys351Gly protein. This effect was not modified by
either pertussis toxin or cholera toxin pretreatment. More-
over, similar results were obtained with both the wt and
mutant Gai1 proteins. These data are inconsistent with the
ability of the agonist-occupied a2A-adrenoceptor: Gai1

protein or a2A-adrenoceptor: Gai1Cys351Gly protein to
interact effectively with endogenous Gs proteins [15].
Whereas Sautel and Milligan [27] observed an inhibition of
cAMP formation by brimonidine for the fusion proteins, we
did not see such an effect. This may be due to the different
host cell type. Sautel and Milligan [27] suggested the
combined action of endogenous Gi proteins with the fused
Gail proteins.

To confirm the hypothesis that the agonist-occupied
fusion proteins could not interact with endogenous Gs

protein, COS-7 cells were co-transfected with the a2A-
adrenoceptor and either the wt Gai1 or Gai1Cys351Gly
protein. Brimonidine again did not increase the cAMP
formation. Small differences in cAMP levels were apparent
when compared to the fusion proteins and may be due to a
likely different receptor: G protein stoichiometry between
the co-transfection and fusion protein experiments. The
presence of a putative pertussis toxin-sensitive wt Gai1

protein prevents stimulation of cAMP formation in re-
sponse to occupancy of a2A-adrenoceptors with bri-
monidine, even after pertussis toxin pretreatment. In this
case, the lack of effect of pertussis toxin pretreatment
cannot be explained by the Cys351Gly mutation on the Gail

protein, which has been suggested by Wise et al. [14] to
block the interaction between the effector and the Gai

protein. Two hypotheses could explain the lack of pertussis
toxin effect. The first is that the increased activity of
adenylyl cyclase via Gas is blocked by over expression of
Gai1 proteins, as the cellular level of adenylyl cyclase may
be a quantitatively limiting element in the effector cascade
from the receptor via Gs to adenylyl cyclase [24]. In the case
of the Gai1 protein, the binding site is close to the catalytic
site, and the binding of the a subunit may disturb the
optimal alignment and consequently the adenylyl cyclase
activity [28]. A second hypothesis may involve the pertussis
toxin insensitivity of the wt Gai1 protein. The preferred
substrates of pertussis toxin are Gi/G0 a subunits associated
with bg complexes. Monomeric Ga subunits are known to
be very poor substrates for pertussis toxin [29]. The co-
expression of the Gai1 protein may not be sufficient, since

bg units are not at an optimal concentration. It is known
that bg units are only effective at two orders of magnitude
higher than the a subunit [30].

In conclusion, the Gai1 protein can modulate the Gs-
mediated cAMP response by co-expression or fusion with
the a2A-adrenoceptor. However, pertussis toxin treatment
did not alter the cAMP response. Therefore, it appears that
pertussis toxin sensitivity of a2A-adrenoceptor: Gai1 fusion
proteins has to be considered with caution.

We thank Frédérick Finana, Claudie Cathala, and Fabrice Lestienne
for excellent technical assistance and Stéphanie Cecco for secretarial
assistance.
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