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ABSTRACT. HEK293T cells were transiently transfected to express either the humadehosine receptor
together with pertussis toxin-resistant cysteine-to-glycine forms ofutlsebunits of G (C351G), G
(C352G), and G (C351G) and wild-type Ga or fusion proteins comprising the;Aadenosine receptor
and these (3 G proteins to compare Yadenosine receptor agonist-mediated activation of thetm@y

G proteins upon coexpression of individual,& proteins and receptor versus expression as receftor
protein fusion proteins. Addition of the adenosine receptor agori$teihylcarboxamidoadenosine (NECA)

to membranes of pertussis toxin-treated cells resulted in a concentration-dependent stimul&®j of [
GTPyS binding with comparable amounts of NECA required to produce half-maximal stimulation following
transfection of A adenosine receptor angd& proteins either as fusion proteins or as separate polypeptides.
However, the magnitude of agonist-mediated activation of £ Binding was greatly enhanced by
expressing the Aadenosine receptor and family G proteins from chimaeric open reading frames. This
observation was consistent following the study of more than 40 agonists. No preferential activation of
any G protein was observed with more than 40réceptor agonists following cotransfection of receptor
with G protein or transfection of recepto6 protein fusion proteins. These studies demonstrate the utility
of using fusion proteins to study receptd® protein interaction, show that the; Adenosine receptor
couples equally well to the 6 G proteins Ga, G i2a, Gisa, and Gsa, and demonstrate that for a range
of agonists there is no selectivity for activation of any particularadlenosine recepteiGi, G protein
combination.

Heterotrimeric G proteins of the;&family play a pivotal with the exception of @, can be modified by pertussis
role in the transduction and amplification of extracellularly toxin-catalyzed transfer of an ADRibose moiety onto a
derived signals serving as membrane-bound mediatorscysteine residue four amino acids from their C-termini to
between many seven transmembrane-spanning G proteinfesult in the attenuation of receptor coupling to the G protein
coupled receptors (GPCRsg)Nnd intracellular effectors such  (2). To examine the specificity of coupling between a
as adenylyl cyclase and MAP kinasB.(Six members of  receptor and a particular; G protein, we 2) and othersg,
the G family of G proteins have been characterized to date: 4) have generated modified versions of these G protein
Giio, Gea, Gaa, Gua, Gz, and Ga. These G proteins,  subunits in which this cysteine residue has been mutated to
serine B) or glycine @, 4). Such modification renders the G
T G.M. thanks the Biotechnology and Biological Sciences Research protein resistant to pertussis toxin exposure. Pertussis toxin

Council for financial support. _ treatment of cells expressing a particular pertussis toxin-
(014C1?rg%%ﬂ°6n2d5h%?;t;ﬂr' ; %ﬁﬁgggggé%ﬁgﬁfﬁggw' Faxtad resistant G protein precludes coupling between GPCRs and
* Receptor Systems Unit. endogenous G5 proteins to allow isolated study of receptor

¥ Receptor Pharmacology Unit. coupling to the modified (L.
! University of Glasgow. Agonist stimulation of the Aadenosine receptor leads to

1 Abbreviations: GPCR, G protein-coupled receptor; G protein, dulati f int il . i ¢ h
guanine nucleotide-binding protein; ORF, open reading frame; DMEM, Modulation of numerous intracelflular signaling events suc

Dulbecco’s modified Eagle’s medium?®®g]GTPy'S, guanosine '§y- as pertussis toxin-sensitive inhibition of adenylate cyclase,
35Sltriphosphate; ECL, enhanced chemiluminescence; SPA, scintillation stimulation of phosphoinositidase C, activation of inwardly

proximity assay; Cys-Gly, mutated G protein in which a C-terminal e + il ;
cysteine residue is replaced with glycine; NECANsethylcarboxa- rectifying K* channels, and inhibition of neuronal calcium

midoadenosine; CPA\E-cyclopentyladenosine; GR79236X;[(19)- Cha_-nnels as a consequence of COUP"ng to multiple pertussis
trans-2-hydroxycyclopentylJadenosine; CCl402®:-phenyladenosine;  toxin-sensitive Gx family G proteins $—7). Indeed, a
Srfé‘r;?r?;l’eﬁ'sfgéc’?rgjs'%&'é’giﬂgf'ggggﬁi'g'égmgm!ﬂgg'ggﬁgig' number of studies have demonstrated that thedenosine
enosine; GR66683°-cyclopentyl-2-methyladenosine; R-PIAR)NE- receptor is capable of signaling to various family G
phenylisopropyladenosine; S-PIAS){NS-phenylisopropyladenosine;  Proteins, coupling preferentially to particulafoGsubunits
CHA, Né-cyclohexyladenosine; AR, A; adenosine receptor. (8—10). For example, following affinity chromatography of
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bovine brain, A adenosine receptors copurified with &
Gixa, and Gsa (8). In another study, Aadenosine receptors
purified from bovine brain have been shown to interact with
similarly purified Go. or Gy, or with recombinantly
expressed @ G proteins fromEscherichia colj to recon-
stitute high-affinity agonist bindinddj. In this study, species
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TCGCCGCCATGCCGCCCTCCATCTCAGCTTTC{3ense)
and 3-AAGAATTCCATGGCATCAGGCCTCTCTTCTGG-
GAGATC-3 (antisense) (restriction sites facaRl andNcd
underlined), and the product was ligated to PCR-Script
(Stratagene) according to the manufacturer’s instructions with
a unique vectoXhd site 3 to the receptor insert. Introduc-

differences were observed in the G protein selectivity of the tion of theNcd site at the 3end of the ORF resulted in the

human and bovine Aadenosine receptors sinceé&Gwas

C-terminal amino acid of the receptor being altered from

found to be more potent at reconstituting high-affinity agonist aspartic acid to alanine and the removal of the stop codon.

binding to bovine membranes than other family G
proteins, whereas (&, Gpo, and Gso. were equipotent in

Rat Cys~GlyGj,a. possesses thrédcd sites: one straddling
the ATG start codon and the other two 260 and 402 bp

human membranes. More recently, recombinant bovipe A downstream from this. AlNcd fragment of Cys>GlyGi,a
adenosine receptors expressed in Sf9 cell membranes wereomprising the initial 260 bp of the ORF was cloned into

shown to reconstitute with recombinant& Gpa, Gia,
and Go and varioug8y combinations purified from bacu-
lovirus-infected Sf9 cells1(0). These workers demonstrated
that the bovine Aadenosine receptor coupled equally well
to Gaia, Gpa, Gia, and Go. in combination with3y subunits
containingfl andB2 andy1 andy?2. Since the Aadenosine
receptor has been demonstrated to interact with, @&,
and Gz, we were interested in comparing the ability of this
receptor to activate each of these family G proteins
following either expression as constrained recep®r

the Ncd site at the 3end of the A adenosine receptor in
PCR-Script, thus forming an in-frame fusion whereby the
3 end of the A adenosine receptor ORF and tHeehd of
Cys—GlyGi,o. were exactly adjacent. CysGlyGpa. also
harbors a uniqu&co47lll site 43 bp downstream from the
start codon. Hencé;cod 711l was used in concert witkhd

to generate a fragment consisting of the final 1022 bp of the
ORF of Cys~GlyGi;a which was subsequently cloned into
the existing A adenosine-Cys—GlyGj,a construct to form

a full in-frame fusion. Cys-GlyGi;a, Cys—GlyGia, and

protein fusion proteins or as separate signaling molecules.rat G,;o. possesdlcd sites straddling their ATG start codons
To address this issue, we have both coexpressed the Aand also an additional site about 260 bp downstream from
adenosine receptor with the various pertussis toxin-resistantthis. Hence, fusions between the @denosine receptor and
forms of Ga. and expressed fusion proteins comprising the Cys—GlyGj;a, Cys—GlyGiza, and wild-type Gio were

A; adenosine receptor and theseG3oroteins in HEK293T
cells and studied receptefs protein interactions following

simply formed by excising the CysGlyGi,a ORF from the
A, adenosine receptelCys—GlyGi;a. fusion by digestion

pertussis toxin treatment. Furthermore, to investigate the with Ncd—Xhd and replacement with equivalently digested

possibility that different agonist ligands may be able to
selectively activate different @ G proteins following

fragments of Cys-GlyGj;a, Cys—GlyGiza, and G;a. Full
fusion constructs were excised from pCR-Script viEtORI

receptor activation, we have examined the ability of more and Xhd and ligated into the eukaryotic expression vector

than 40 agonist ligands to activate each recepto G

PCDNAS3.

protein combination. We demonstrate that each ligand is able Cell Culture and TransfectiotHEK293T cells (HEK293
to activate each receptor G protein combination with similar cells stably expressing the SV40 large T-antigen) were
concentration dependence and with similar maximal stimula- maintained in DMEM containing 10% (v/v) newborn calf

tion. This study further demonstrates the utility of recep-
tor—G protein fusion proteins in studying recept@s protein
interaction and indicates that there is no selectivity for
activation of any particular Aadenosine recepteiGy, G
protein combination.

EXPERIMENTAL PROCEDURES

Materials [3S]GTP/S (1175 Ci/mmol) was purchased
from Amersham, anc®H]DPCPX (120 Ci/mmol) and®H]-
CCPA (30 Ci/mmol) were from New England Nuclear.

serum and 2 mM glutamine. Cells were seeded in 60 mm
culture dishes and grown to 680% confluency (1824

h) prior to transfection with pCDNAS3 containing the relevant
DNA species using Lipofectamine reagent. For transfection,
3 ug of DNA was mixed with 1QuL of Lipofectamine in

0.2 mL of Opti-MEM (Life Technologies Inc.) and the
mixture incubated at room temperature for 30 min prior to
the addition of 1.6 mL of Opti-MEM. For cotransfection
experiments, 1..xg of each cDNA species was used. Cells
were exposed to the Lipofectamine/DNA mixture for 5 h,

Lipofectamine was obtained from Life Technologies Inc., and 2 mL of 20% (v/v) newborn calf serum in DMEM was
and all other cell culture reagents and pertussis toxin (50 then added. Following transfection, growth medium was
ug/mL) were purchased from Sigma. All other chemicals supplemented with adenosine deaminase (2 units/mL). Cells
were from Fisher Scientific or Sigma and were of the highest were harvested 48 h after transfection. Where relevant, cells
purity commercially available. were exposed to pertussis toxin (50 ng/mL) for 24 h prior
Construction of AAdenosine ReceptelPertussis Toxin-  to harvest to occasion ADP ribosylation of endogenous G
Insensitve Ga. Fusion Proteins Construction of pertussis  family G proteins 2) and thus preclude potential interactions
toxin-insensitive Cys-Gly variants of rat Go, Gpa, and between these and the fusion proteins.
Gisa. is described in reR. All Gia constructs were subse- Membrane Preparation®lasma membrane-containing P2
quently cloned into thécaRl site of pPCDNA3 such that  particulate fractions were prepared from cell pastes that had
they were 5to a uniqueXhd site in the multiple cloning been stored at-80 °C following harvest, as described
region of the vector. Initially, the human ;Aadenosine previously @).
receptor was fused to CysGlyG,a using a PCR-based Radioligand Binding StudiefRadioligand saturation bind-
approach. The open reading frame (ORF) of the receptoring experiments were carried out in 96-well plates using 50
DNA was amplified using oligonucleotides-BAGAAT- mM HEPES buffer (pH 7.4) containing 2 units/mL adenosine
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deaminase and, for the agonist radioligand only, 10 mM Cys >Gly
MgCl,. The radioligands used weré]-8-cyclopentyl-1,3-
dipropylxanthine JH]JDPCPX, 120 Ci/mmol, New England
Nuclear), an antagonist ligand used to measure the total
receptor population, and®H]-2-chloroNé-cyclopentylad-
enosine (fH]CCPA, 30 Ci/mmol, New England Nuclear),
an agonist ligand used to measure the population of receptor
in a high-affinity (presumably G protein-coupled) state. -IDEDLPEEKAED  |MGCTLSAEDK...
Nonspecific binding was defined using 4M NECA. Plates
were incubated at room temperatureg fo h and filtered
through Whatman GF/B filters using a Brandel harvester.
Data were analyzed by nonlinear regression to deterBjne

NH,*] A, G __Coo-

A
andKo values. Ficure 1: Construction of A adenosine recepteiCys—GlyG
. . . . 108
Immunological StudiesAntisera SG111) and I13C (2) fusion proteins. Fusion of the N-terminus of pertussis toxin-resistant

were produced in New Zealand white rabbits, using conju- forms (Cys~Gly) of Gya, Ga, and Gso to the C-terminus of the
gates of synthetic peptides and keyhole limpet haemocyaninA; adenosine receptor resulted in the receptor C-terminal amino
(Calbiochem) as antigens. Antisera SG1 and I3C were raisedgcid aspartate (D) being converted into alanine (A) and maintenance
against peptides corresponding to the C-terminal decapeptide%f_&he methionine (M), which normally functions as the initiator in
of Giypae and Gga, respectively. Membrane samples were '
resolved by SDSPAGE using 10% (w/v) acrylamide gels.
Proteins were subsequently transferred to Hybond ECL
nitrocellulose membrane (Amersham), probed with the A, ARG, Ol— * —
relevant antiserum, and visualized using ECL according to —
the manufacturer’s instructions.
High-Affinity [3*S]GTP/S Binding Assays were performed
in the 96-well format using a method modified from that
described in rel 3. Membranes (g per point) were diluted
to 0.083 mg/mL in assay buffer [20 mM HEPES, 100 mM Go— eweE——yy
NaCl, and 10 mM Mgd (pH 7.4)] supplemented with
saponin (10 mg/L) and preincubated with 401 GDP.
Agonist and *S]GTPyS (1170 Ci/mmol, Amersham) at 0.3
nM was added (total volume of 1Qd.), and binding was
allowed to proceed at room temperature for 30 min.
Nonspecific binding was determined by the inclusion of 0.6
mM GTP. Wheatgerm agglutinin SPA beads (Amersham) 1 2
(0.5 mgq) in 25uL of assay buffer were added, and the whole 3 4 5
mixture was incubated at room temperature for 30 min while FIGURE 2: Expression of A adenosine recepteiCys—GlyGia
it was agitated. Plates were centrifuged at k9 5 min, fusion proteins. HEK293T cells were either mock-transfected (lanes

. 1 and 4) or transfected with,Aadenosine recepteiCys—GlyGia
and the amount offS|GTP/S bound was determined by  fsion protein cDNAs harboring @ (lane 2), G (lane 3), and

scintillation counting on a Wallac 1450 microbeta Trilux Gga (lane 5) in pPCDNA3. P2 particulate fractions were prepared

scintillation counter. as described in Experimental Procedures, andd0f protein was
resolved by SDSPAGE and immunoblotted: lanes-B, immu-
RESULTS noblotted with Ga- and Gyo-specific antiserum, SG1; and lanes

4 and 5, immunoblotted with gix-specific antiserum (13C). In the
Construction of fusion proteins of the humanadenosine P2 particulate fractions of cells expressing each fusion protein, a
. : ) . polypeptide of approximately 80 kDa was detected, which was not
receptor and_prewpusly describe?) C-terminal Cys>Gly present in mock-transfected cells.
pertussis toxin-resistant mutant forms of rafcG Go, and

Gisa is depicted i'_" Figure 1. _ levels of receptor expression were achieved following
The A, adenosine receptor was expressed in HEK293T cotransfection of HEK293T cells with the ;Aadenosine
cells as fusion proteins with CysGly versions of G-sa receptor and the various pertussis toxin-resistant forms of

(Figure 2). Expression of the individual ;Aadenosine G0 or following transfection with Aadenosine recepter
receptor-Gio. fusion proteins as polypeptides of approxi- Ga fusion proteins (512 pmol/mg).Ky values for the
mately 80 kDa was detected by immunoblotting membrane interaction between SHIDPCPX and the A adenosine
fractions of transfected cells with antisera specific fofG receptor were of high affinity and were also comparable
or Gea (SG1) and @Ga (I3C) (Figure 2). Both mock- and  following either coexpression of receptor with individual G
fusion protein-transfected cells expressed detectable levelsG proteins or the expression of recept@® protein fusion
of endogenous .o and Gsa, which migrated as 4642 proteins (Table 1). No specific binding GH]DPCPX was
kDa polypeptides; however, only those expressing fusion demonstrated in membranes from cells transfected with
proteins yielded immunoreactivity at 80 kDa. empty vector.

The level of expression of the,Aadenosine receptor was In all experiments involving expression of Cy&ly forms
assessed by saturation analysis of specific binding of the A of Gia, cells were exposed to pertussis toxin (50 ng/mL) for
adenosine receptor antagon#{]JDPCPX (Table 1). Similar 24 h prior to harvest to preclude interaction between the
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Table 1: Expression Levels of;AAdenosine Receptor with 14000 -

Cys—GlyGio. G Proteins and as Fusion Proteins with €Gly
Variants of Ga2 12000

antagonist dissociation constardy agonist
binding of antagonist binding  binding
transfection  (pmol/mg) (nM) (pmol/mg)

mock 0.3+0.2 - 0

AjAR and G» 5.8+0.3 0.68+ 0.07 1.1+ 0.4
AiARand G» 6.3+0.7 0.78+£0.18 1.8+:0.4
AiARand G 6.1+0.3 0.64+ 0.10 1.0+0.6
AIAR—G;P 9.6+ 3.7 1.40+£ 0.55 3.2+1.3
A1AR—G;? 7.9+ 2.8 0.90+ 0.53 1.4+ 1.0
AIAR—G;? 79+£1.2 0.96+ 0.26 1.6+:1.0

aHEK?293T cells were transfected withy&adenosine receptor with
either Cys~Gly variants of Go. or as fusions with such G proteins. P2 2000 -
particulate membrane fractions were prepared and subjected to satura-
tion binding studies using the antagon®#i[DPCPX and the agonist
[BH]CCPA as described in Experimental Procedures. The values shown 0
are the meang SD of a representative experiment of three that were n
performed? A;AR and G, denote A adenosine receptor and Cy&ly v KOOI
variants of Gu, respectively. L S

10000 |

8000 -

6000 -

4000 -

[35S]GTPyS Bound (cpm)

introduced A adenosine receptor and endogenoua@ily Transfections
G proteins ). Agonist binding studies demonstrated specific, Ficure 3: Agonist-mediated stimulation of$5]GTPy'S binding
high-affinity binding of the A adenosine receptor agonist to A; adenosine recepteiCys—GlyGia and wild-type G fusion

3H PA in pertussis toxin-treat lls expressing the A Proteins and to coexpressed @denosine receptor and CySlyGa
[PHICC PErLSsIS to eated cells expressing the and wild-type G;a G proteins. HEK293T cells were transfected

adenpsme re_cep_tor_ both with the various €>¥_SlyGi0L G with A, adenosine receptor alone, together with-€@&y variants
proteins and in similarly treated cells expressing the recep-of G,a, Guo, and Gsa, or as fusion proteins with each of these
tor—G protein fusions (Table 1). Such data suggested G; family G proteins. Cells were treated with pertussis toxin (50
coupling between expressed receptor and pertussis toxin-1g/mL) 16 h prior to being harvested. Cells transfected to express

resistant GG protein since levels of agonist binding in cells e A adenosine receptor with/@. either as separate proteins or
as a fusion protein were not exposed to pertussis toxin prior to

transfected with receptor alone were significantly reduced being harvestedS]GTPyS binding was assessed on P2 particulate

following pertussis toxin exposure (3£ 0.6 pmol mg* in fractions without (white bars) or with (black bars) exposure to
untreated cells and 08 0.1 pmol mg* following pertussis NECA (10xM) as described in Experimental Procedures. Asterisks
toxin exposure). Furthermore, similar levels 8H[CCPA denote a Cys-Gly variant of Go.. The data shown are the means

d.i SD of triplicate measurements and are representative of three

binding were observed on membranes from cells transfecte independent experiments.

to express the Aadenosine receptor both with the various
Cys—GlyGia G proteins and as recepto® protein fusions NECA to elevate PS|GTP/S binding was measured in
(Table 1) which suggested that the physical linkage of pertussis toxin-treated cells. This was found to be concentra-
receptor and G protein within the constraint of a fusion tion-dependent with E£ values for coupling of the A
protein did not appear to influence the level of precoupling adenosine receptor to the pertussis toxin-insensitive G
compared to the expression of receptor and G protein asproteins of (5.6+ 1.7) x 108 M (Cys—GlyGja), (4.2 +
separate entities. 0.6) x 108 M (Cys—GlyGpa), and (4.9+ 0.9) x 108 M
Addition of the adenosine receptor agonist NECA to (Cys—GlyGisa) (meanst SEM,n = 3) (Figure 4B). Similar
membranes of pertussis toxin-treated HEK293T cells trans-data were also obtained following coexpression of the A
fected to express the;fadenosine receptor did not result in  adenosine receptor withqgt [ECso = (4.5+ 1.5) x 10°8
activation of endogenous; & proteins as measured by the M, n = 3] (Figure 4B). We then proceeded to examine the
extent of P°S]JGTPyS binding (Figure 3). However, cotrans-  affinity of interaction between the fadenosine receptor and
fection of the A adenosine receptor with each of the the Cys—>Gly forms of Gia, Ga, and Gsa when the
Cys—Gly mutants of Ga, Gia, and Gso produced arobust  receptor-G protein interaction is constrained within the
pertussis toxin-resistant NECA-mediated stimulatior?t3]f fusion protein. Individual Aadenosine receptelCys—GlyGiau
GTPyS binding (Figure 3), demonstrating receptor interaction fusion protein constructs were transfected into HEK293T
with each of these G protein subtypes. Moreover, transfectioncells, and S]JGTP/S binding was assessed following
of the individual A adenosine receptolCys—GlyGia fusion exposure to increasing concentrations of NECA (Figure 4A).
cDNAs into HEK293T cells led to significantly greater This was again found to be concentration-dependent with
pertussis toxin-resistant NECA-induced elevation B8] similar EGy values of (12.8k 1.2) x 108 M (Cys—GlyG,0),
GTPyS binding (Figure 3). Similar results were also dem- (14.6+ 1.0) x 108 M (Cys—GlyGja), and (16.0+ 1.5)
onstrated in membranes of untreated cells transfected tox 1078 M (Cys—GlyGiza). EGs values for NECA stimula-
express the Aadenosine receptor and wild-typeg:& either tion of the receptorG protein fusions were approximately
as fusion proteins or as separate polypeptides (Figure 3). 3-fold less potent compared to those measured upon stimula-
To study the relative affinities of interaction between the tion of the A adenosine receptor when coexpressed with
A; adenosine receptor and the €ySly forms of Gia, Gpa, individual Cys—~GlyG; G proteins. Expression of aniA
and Gza, each of these polypeptides was coexpressed with adenosine recepteG,;a fusion protein also yielded an BE
the receptor and the ability of various concentrations of value for NECA stimulation [(17.2 3.2) x 108 M, n=
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FiIGURE 4. Dose-dependent agonist-mediated stimulatior?3&]{
GTPyS binding to A adenosine receptolCys—GlyGo. and—wild-
type Gyo fusion proteins and to coexpressegalenosine receptor
and Cys~GlyGia. and wild-type Gia G proteins. The ability of
varying concentrations of NECA to stimulate the binding 88]-
GTPyS in membranes of (A) pertussis toxin-treated HEK293T cells
transfected to express,Adenosine recepteiCys—GlyGia. fusion
proteins containing o (a), Gpo (<), and Ggzo. (H) or in

membranes of untreated HEK293T cells transfected to express ang_pia

A; adenosine receptoelG,;a fusion protein ©) and (B) coexpressed
A; adenosine receptor and Cy§ly variants of Ga (a), Gpa
(<), Giza (M), and wild-type G,o (O) was measured as described

in detail in Experimental Procedures. Results are means from three

separate experiments.

3] comparable to those observed with the other fusion GR79236X

proteins.
To expand these studies and to attempt to identify A

adenosine receptor agonists capable of preferential activationGR66683

of particular receptorG protein combinations, a range of
40 adenosine receptor and Adenosine receptor-specific
agonists were compared to NECA for their ability to promote
elevation of f°S]GTP/S binding in cells transfected with
each of the Aadenosine receptolCys—GlyGia and -G;o

or efficacy for any ligand were observed between cells

expressing fusions composed of €y8ly forms of Gia,
Giea, and Gza and wild-type Gaa (Table 2 shows repre-

with each of the Cys-Gly forms of Ga, and the potency

and efficacy of the same series of agonists were assesse

following pertussis toxin treatment. Similar studies were
conducted on untreated cells coexpressing thadenosine

Wise et al.

Table 2: Potency (A) and Efficacy (B) Measurements of Ligands at
the A, Adenosine Receptor When Coexpressed with-©@sy

Variants of Ga. and Wild-Type Gia (Top Half of Each Section) or
as Fusion Proteins with These G Proteins (Bottom Half of Each

Sectiony
A
potency (EGo in nM)
ligand AAR and G A1AR and G,* AJAR and Gs° AjAR and G
NECA 56.4+ 17 42.0+ 6 49.2+ 9 45.6+ 14.9
CPA 53+1.2 145+ 5.5 7.8+ 2.8 17.0+ 7.4
GR79236X 19.G: 4.5 22.0+ 6.3 21.0+6.2 18.2+0.6
CCl4019 46.6t 3.6 63.7+ 6.1 66+ 7.5 55.5+ 11.9
GR56071 7.# 0.9 11.8+ 2.7 10.8+1.3 6.5+ 2.6
GR56072 3.5:1.1 3.5+1.6 45+25 6.9+ 24
GR66683 33.25.4 52.1+ 13.4 46.0+- 6.4 52.6+ 6.4
S-PIA 3004+ 39 357+ 80 320+ 41 2244+ 31.3
R-PIA 85+1.2 9.3+ 2.3 10.9+1.7 57+ 15
CHA 119+ 3.1 23.4+ 3.1 10.3+ 1.8 6.6+ 4.1
potency (EGpin nM)
ligand AAR-Gi1?  AAR—GpP A1AR—Gz?  A1AR-G,
NECA 128+ 11.7 145.8+10.1 159.8+15.3 171+ 32.2
CPA 31.6+1.6 41.3+£ 3.5 39.74£2.0 22.1+24
GR79236X 96.6- 5.6 129+ 10.0 125+ 9.6 87.4+ 6.8
CCl4019 317 38 340+ 18 3124+ 10.9 175+ 23.2
GR56071 46+ 2.8 56+ 1.6 65+ 2.8 64.7£ 5.9
GR56072 20.A4 2.8 252+ 1.2 255+ 4.0 222t4.4
GR66683 214t 18.6 2474+ 13.8 241+ 15.0 166+ 24.0
S-PIA 18504+ 300 1330+ 167 14704+ 147 685+ 81.2
R-PIA 53.6+4.1 64.3+ 3.3 73.3£3.7 429+ 45
CHA 64.2+ 6.0 90.2+ 8.6 98+ 6.7 73.4+ 35
B
efficacy to activate (% of NECA)
ligand AAR and G A1AR and G;* A1AR and Gs° A;AR and G
CPA 90+ 29 113+ 10 96+ 10 107+ 11
GR79236X 127 119+ 8 125+ 8 127+ 15
CCl4019 114+2 119+ 3 112+ 3 98+ 9
GR56071 1154 125+ 7 107+ 4 97+5
GR56072 125+ 10 126+ 15 105+ 19 109+ 6
GR66683 1145 116+ 3 107+ 4 83+ 10
S—PIA 136+ 2 141+ 7 117+ 4 96+ 3
118+ 4 156+ 6 123+ 6 100+ 4
CHA 110+ 8 129+ 4 129+ 5 98+ 8
efficacy to activate (% of NECA)
Iigand AlAR*Gilb AlAR*Gizb AlAR*Gi;;b AlAR*GO
CPA 98+ 1 102+ 2 103+ 1 110+ 3
100+ 2 105+ 2 97+ 2 100+ 2
CCl4019 96+ 3 100+ 2 95+ 1 101+ 4
GR56071 1012 104+ 1 103+ 1 116+ 3
GR56072 103+ 4 106+ 1 99+ 3 113+5
103t 2 101+ 2 96+ 2 107+ 4
- 102+ 9 85+ 4 103+ 1 95+ 4
R-PIA 95+ 2 103+ 1 103+ 1 108+ 3
CHA 96+ 3 111+3 104+ 2 115+ 1

a Measurements were made using agonist-mediated stimulation of
[33S]GTP/S binding to membranes from transfected HEK293T cells.
Efficacy data are presented as the percentage of the stimulation produced

fusion proteins. No significant differences in either potency E),&l,gg'\gr’:ldngAdeRr?ostueltsA a;gelﬂzzinnsefrgget\&grin;r:%dpg;igr; Sgﬁzrrigents-
1

of Gia, respectively.

receptor and Go.. All of the agonists tested promoted
sentative data for 10 such compounds). For comparison, thenonselective activation of all three Cy&ly forms of Ga
A adenosine receptor was cotransfected into HEK293T cellsand wild-type Gia via the A adenosine receptor (Table 2).

{ISCUSSION

The pertussis toxin-sensitive G proteingds G, and
Gisa. are often coexpressed in cells. Hence, to study the
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specificity of interaction between a receptor and individual proteins were constructed between the receptor and each

members of this G protein family, w&) and others g, 4)

Cys—Gly variant of Gia, Gpo, and Gsa and wild-type

have mutationally altered these proteins such that they areGyo. Minimal disruption was caused to each polypeptide

refractory to pertussis toxin-catalyzed ADP ribosylation.
These pertussis toxin-insensitive €y&ly mutants of Ga,
G0, and Gza. can then be introduced into cells with a
receptor of interest. Specificity of interaction between
expressed receptor and Cy&lyGia can be studied in
isolation following exposure of cells to pertussis toxin to
eliminate any potential coupling to endogenougaiily G
proteins. More recently, weld—16) and others X7—19)

following manufacturing of the fusion with only the C-
terminal amino acid of the receptor being altered from
aspartic acid to alanine and the initiator methionine of the
G protein (which would normally be removed) remaining
in the new protein (Figure 1). Introduction of each fusion
protein into HEK293T cells led to robust agonist-mediated
stimulation of F5S]JGTP/S binding activity which exhibited

a magnitude significantly greater than that observed when

have adopted an alternative approach to studying the mech+eceptor and G protein were coexpressed (Figure 3). This is

anisms and specificities governing recept@ protein

probably due to more efficient coupling between receptor

interaction in which the two signaling entities are introduced and G protein when they are constrained within a fusion

into cells as a constrained fusion protein. Initially, we
generated a fusion protein between thg-adrenoceptor and
Cys—GlyGja. by simply fusing the N-terminus of the G
protein to the C-terminus of the recept@d). This construct

protein as opposed to being overexpressed in a cell as
separate entities. Certainly, such enhanced G protein activa-
tion cannot be attributed to altered levels of receptor
expression since saturatichl antagonist binding studies

has proved to be a useful tool for studying the enzymic revealed similar quantities of ;Aadenosine receptor in
capacity of Ga (14) and also as a means of measuring ligand membranes from cells transfected with cDNAs encoding
efficacy at defined GPCR-G protein tandems since the two receptor-G protein fusions and also cells transfected with
signaling polypeptides are expressed in a fixed stoichiometric receptor together with the individual; @&mily G proteins

ratio and are in close proximity to one anoth#b)( Seifert
et al. 19) used fusions between tifg-adrenoceptor and the
long and short splice variants ofito demonstrate subtle

(Table 1). Moreover?H agonist binding studies provided
no evidence of altered levels of recept@ protein precou-
pling upon expression of the;Adenosine receptor together

differences in their coupling mechanisms. They concluded with the G family G proteins or constrained as recept@

that coupling of thgs,-adrenoceptor to @L but not to GaS
renders the receptor constitutively active.
Our primary aim in this study was to examine the

protein fusions (Table 1).
Recently, evidence has arisen implying that particular
agonists can interact with GPCRs in a defined manner to

possibility that agonist compounds may exhibit altered harness activation of specific G proteins (see B&fand21

efficacy at receptorG protein fusions versus coexpressed

for review). For example, Negishi et ak3) observed that

receptor and G protein combinations. We also wanted to the prostaglandin E receptor EP3D displayed agonist-

study the specificity of interaction of the ;Aadenosine
receptor with individual ¢za. G proteins following activation
by a variety of agonists since the; A&adenosine receptor
couples to the Gfamily of G proteins to produce a wide

dependent G protein coupling specificity. Furthermore, it was
recently reported that the relative efficacies of agonists acting
at 5-HT,» and 5-HT,c receptors differed depending on the
effector pathway that was activate®By. Thus, taken together

variety of second messenger-derived responses. Hence, inthese data provide evidence for the existence of multiple

this work, we have examined the ability of more than 40 A
adenosine receptor agonists to activate-€dy pertussis
toxin-insensitive variants of @, Ga, and Gsa. and wild-
type Gy1a upon coexpression with the;adenosine receptor
and in comparison to their expression as &denosine
receptor-Gj,a fusion proteins following transient transfec-
tion in HEK293T cells.

active receptor states. We thought it appropriate to study this
phenomenon of “agonist trafficking” since the Adenosine
receptor causes activation of a variety of intracellular
signaling pathways via interaction with @amily G proteins

and in this study was shown to couple to all foyiGsprotein
subtypes tested using the adenosine receptor agonist NECA.
Hence, a range of Aadenosine receptor agonists were

In all experiments, receptor interaction with coexpressed characterized for their ability to promote activation of a
Cys—Gly G; G protein was measured as a stimulation of particular G family G protein following expression of the

high-affinity [**S]GTPyS binding following agonist exposure

individual fusions in HEK293T cells. No preferential activa-

of membranes from pertussis toxin-treated transfected cells.tion of any expressed i G protein via the A adenosine

In such studies, all three;& proteins were able to interact
functionally with the A adenosine receptor (Figure 3)

receptor was observed with any of the compounds tested
(representative data for 10 compounds out of 40 studied are

following coexpression as separate entities. This was notshown in Table 2). We were aware that using the fusion
surprising since a number of reports have demonstratedapproach to investigate agonist trafficking at theaflenosine

interactions of this receptor with multiple ; Gamily G
proteins 8—10). The affinity of receptor interaction with
each coexpresseddwas also very similar (Figure 4). We

receptor may prove to be misleading since the physical
proximity of receptor to G protein may promote their
interaction and also that the linkage between them may

also observed such a phenomenon when examining interaceonstrain the capacity of agonist ligands to promote particular

tions between thexa-adrenoceptor andifé, Gia, and Gsa
(2). In addition, Ga. was also found to interact functionally
with the A; adenosine receptor with an affinity similar to
that observed with the other; G proteins (Figure 4).

To further explore the specificity of interaction between
the A; adenosine receptor and various&proteins, fusion

conformations within the GPCR requisite for specific G
protein activation. Therefore, we also recorded efficacy and
potency of the same series of ligands following coexpression
of the A, adenosine receptor with each €y&lyGia and
wild-type Gya. Table 2 demonstrates that all agonists tested
produced similar activation of each; @mily G protein,
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although the magnitude of each response was much lower
than observed using the fusion protein approach (data not
shown). The data presented in Table 2 also demonstrate that
the rank order of efficacy was unchanged between fusion
proteins and when expressing separated receptor and G
protein. This was not surprising as we had previously shown
similar findings using a fusion approach to study agonist
efficacy at thenpa-adrenoreceptor when expressed as a fusion
with Cys—GlyGja (15). Hence, we were unable to dem-
onstrate agonist-induced “channelling” of the human A
adenosine receptor that caused activation of distinct members
of the G family of G proteins. A more exhaustive study in
which a wider bank of agonist ligands was employed may

provide evidence for such a phenomenon at thadenosine

receptor. Alternatively, to investigate agonist trafficking, it
may be more pertinent to select GPCRs which are known to

couple to less closely related G proteins such ascthe

adrenoceptor which has been shown to interact with beth G

and G subtypes Z4).

In conclusion, these studies further demonstrate the

application of mutant Gike G proteins, in which the

C-terminal cysteine residue which serves as the substrate for
pertussis toxin-catalyzed ADP ribosylation has been replaced, 17.

as useful tools for the study of receptdd protein interac-

tion. In addition, they also illustrate the advantages of fixing
receptor and G protein stoichiometry and proximity in a

system through the use of recept@ protein fusions. We
expect that the use of receptd® protein fusion proteins

will improve the understanding of the complexities of GPCR-
mediated signaling and may provide a novel means of
identifying regulatory molecules interacting with specific

receptor-G protein fusions.
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