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Abstract

The hypothesis that different signalling may be mediated via a siagjeadrenoceptor «,, AR) subtype was investigated by
challenginge, AR ligands in combination with diverse recombinant wt, mutant, and chimeyiprGteins. Possible coupling of,, AR
to endogenous G, -proteins in CHO-K1 cells was excluded by measuring pertussis toxin (PTX)-resi$&taiG [ PyS-binding responses
as a common functional responseatg, AR activation. ()-Adrenaline (10uM) displayed the highest magnitude GP§]GTPyS-binding
response in the co-presence of a PTX-resistapi08s>>Yile protein, whereas a decreased response was obtained with the mutant
G.i1/2-proteins. Replacement of the last six amino acids at the C-terminal portion of therGein by the corresponding amino acid region
of either the G-, G5, G.q OF G,;5-protein and co-expression with the, AR resulted in similar maximal-)-adrenaline-mediated
[*5S]GTPyS-binding responses with these chimerig,@roteins. The ligands-medetomidine, BHT 920 (6-allyl-5,6,7,8-tetrahydrbi-4
thiazolo[4,5d]azepin-2-ylamine) and#)-RX 811059 (2-(2-ethoxy-2,3-dihydro-benzo[1,4]dioxin-2-yl)-4,5-dihydté-inidazole) were
weakly active or virtually inactive at the chimeric,Gs, G,o» and Gasproteins in contrast to the (,-protein. Furthermore,
combining the constitutively active mutant PAfLys a,, AR with these chimeric G,-proteins enhanced the apparent intrinsic activity of
d-medetomidine and BHT 920. A similar observation was made using the corresponding fusion proteins, where the stoichiometry of tf
mutanta,, AR to the chimeric G,-protein was fixed at 1.0. These data indicate that a single ligand may display different magnitudes of
activation at thex,, AR subtype coupled to chimeric Gproteins under controlled conditions @, AR: G_-protein expression. © 2001
Elsevier Science Inc. All rights reserved.
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1. Introduction de-binding proteins [(G-proteins); 4]. The, AR subtypes
exhibit different cellular and tissue distributions, suggesting
a, ARs mediate many of the physiological effects of the that they may be endowed with distinct physiological func-
native catecholamines adrenaline and noradrenaline in thetions and pharmacological activity profiles. The physiolog-
central nervous system as well as in the periphery [1,2]. ical significance of this diversity is not fully understood,
Three distincta, AR subtypes have been described [, mainly because of the lack of subtype-selective ligands.
a,g, anda,c AR) based on molecular and pharmacological Initial studies indicated that, ARs transduce their sig
criteria [3]. These receptor subtypes belong to a superfamily nal through PTX-sensitive (g-proteins [5,6]. Whereas the
of receptors that transmit their signals via guanine nucleoti- a,, anda,g AR subtypes have been shown to preferentially
activate G;-proteins in NIH 3T3 cells, the,,c AR couples

. . to the G, -protein [6,7]. Activation of the threex, AR
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43-63. subtypes stably expressed in CHO cells leads to a biphasic
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Abbreviations a, AR, a,-adrenoceptor; BHT 920, 6-allyl-5,6,7,8«et  phase mediated by;@ctivation at low agonist concentra
rahydro-41-thiazolo[4,5d]azepin-2-ylamine; PCR, polymerase chain re-  tions and a stimulatory phase mediated hyaGtivation at
action; PTX, Bordetella pertussigoxin; RX 811059, 2-(2-ethoxy-2,3- higher agonist concentrations [8,9]. The maximum response
dihydro-benzo[1,4]dioxin-2-yl)-4,5-dihydroH-imidazole; RX 821002, S .
2-(2-methoxy-2,3-dihydro-benzo[1,4]dioxin-2-yl)-4,5-dihydreHimida- to G activation Iarggly depends on the agonist s structural
zole; and UK 14304, 5-bromo-6-(2-imidazolin-2-ylamino)quinoxaline tar- features [10], and ligands that act as full agonists for G
trate. coupling are not necessarily full agonists fog &@upling.
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Other studies have also suggested #haAR can mediate by 1% agarose gel electrophoresis, purified using a Gene-

multiple distinct cellular responses such as activation 6f K clean Il kit, and subsequently cloned into 50 ng of a pCR3.1

channels, phospholipase (PL) C [5], PLAnd PLD besides  expression vector. Sequencing was performed automatically

inhibiting the activation of C& channels [11,12]. on an ABI Prism 310 Genetic Analyser using a Big Dye
Assuming that thex,, AR subtype couples to different terminator cycle sequencing kit. The wt @rotein gene

effector pathways physiologically [5,13-15], we explored nucleotide sequences were identical to those of the Genbank

the ligand-mediated responses occurring at thepttein database.

level via a singlex,,» AR subtype. Thereforey, AR ligands

exhibiting a range of intrinsic activities from full agonistto  2.2. Construction of mutant and chimerig (&proteins

inverse agonist [16] were assayed at this receptor subtype in

combination with either PTX-sensitive (- or PTX-insen The mutant G,Cys**!le and G,,Cys*™**Tyr and the chi

sitive G,,-, G,s~y Goq» @and G,y5-proteins in CHO-K1 cells. meric G,,-protein genes were generated by PCR on a lin

PTX-resistant, agonist-dependent, and agonist-independenearised pCR3.1/G-plasmid using a sense primer contain

binding of the stable radiolabelled GTP analogue ing a Notl restriction site and a mutagenic reverse primer

[*°S]GTPyS was measured as a common functional param carrying the respective mutation; their sequences are indi-

eter. In order to avoid potential coupling of,, AR to cated in Table 1. The amplification conditions were similar

endogenous G,-proteins in CHO-K1 cells, the recombi  to those described above. The PCR fragments were cloned

nant G,,,-proteins were rendered resistant to PTX by-mu into a pCR3.1 vector and sequenced to confirm the presence

tation of a cysteine at either position 351 or 352 into an of the respective mutation.

isoleucine or tyrosine [17]. Since the non;fg-proteins did

not display a measurable®5]GTPyS-binding response,  2.3. Construction of TR3Lys a,, AR: G,-fusion

chimeric G,-proteins were constructed by exchanging the proteins

last six amino acids of a rat &protein with those of the

non-G,;,-protein. This allowed us to monitor the same  The mutant Tht"Lys a,, AR was modified by PCR by

functional parameter for each mutant and chimerig, & mutating its stop codon into an alanine and simultaneously

protein. By comparing severat, AR ligands, we found adding aNotl restriction site in frame with thex,, AR

similar levels ofa,, AR-dependent activation by the ehi  coding sequence. The fusion of the Thtys a,, AR with

meric G,,,,-protein as by the mutant GCys***Tyr protein. the above described mutant and chimerjg@roteins was

In contrast, almost no stimulation 6PB]GTPyS binding to achieved afteiNotl digestion of both plasmids and subse-

chimeric G5y G0/ @aNd Goisproteins was observed  quent ligation. The resulting constructs consisted of the

with d-medetomidine and BHT 920. Enhanced resolution mutant Thf"Lys a,, AR, in which the stop codon was

was observed between the intrinsic activities for both li- mutated into an alanine followed by two additional alanine

gands when the chimeric Gproteins were co-expressed or residues generated by thetl site, and by the entire mutant

fused to a constitutively active mutant PhiLys a,, AR or chimeric G-protein gene sequence. Each fusion product

[18]. These results are discussed in terms of the potential towas fully sequenced, confirming the respective nucleotide

explore agonist trafficking of,, AR-mediated responses. sequences.

2.4. Transient expression of humag, AR with wt,

2. Materials and methods mutant G-, and chimeric G,-proteins
2.1. Cloning of wild-type G-protein-subunits The CHO-K1 cell line (ATCC, CCL 61) was cultured in
Petri dishes (50 cA) with Ham’s F12 nutrient mixture
The cloning of rat G,-, G-, and G, and mouse G- supplemented with 10% heat-inactivated foetal bovine se-

and G,,s-protein genes was performed by PCR using-spe rum. Cells grown to 60—80% confluency were used for
cific primers designed at the start and stop codons of eachtransfection using a lipofectamine plus kit. Three micro-
gene according to the published nucleotide sequence (se@rams of pCR3.1 plasmid containing either the wt (RC:
Genbank accession numbers in Table 1). For each PCR2.1.ADR.A2A) or mutant Tht"*Lys a,, AR gene [19]
reaction, the amplification mixture (5€L) consisted of 250  supplemented with three micrograms of pCR3.1 plasmid, or
ng of reverse-transcribed poly{A RNA from rat or mouse  three micrograms of wt or mutant THiLys a,, AR gene
total brain, 350uM of each dNTP, 400 nM of each primer, and three micrograms of either wt, mutant, or chimeric
and 1ulL of Expand long-template DNA polymerase mix in  G_-protein gene was mixed with 10L lipofectamine plus
PCR buffer [(NH,),SO, 16 mM, MgCl, 1.75 mM, Tris— reagent in 0.2 mL of Opti-MEM and incubated at room
HCI 50 mM, pH 9.2]. The PCR program consisted of 30 temperature for 15 min. Fusion protein genes were trans-
repetitive cycles with a strand separation step at 96° for 30 fected at six micrograms. Subsequently, twenty microliters
sec, an annealing step at 60° for 1 min, and an elongationof lipofectamine reagent diluted in 0.2 mL of Opti-MEM
step at 68° for 1.5 min. The PCR fragments were separatedwas added for 15 min and exposed with 5 mL of Opti-MEM
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Table 1

Sequence characteristics of the C-terminal portion of the wild-type, mutant, and chimgsrdeins

G,-protein Reverse primer C-terminal last Genbank
six amino acids accession number

wt G, Cys*™* 5" TCAGTACAAGCCACAGCCCCGGAGATT 3 RGCGLY M17526

G, Cys®lle 5 TCAGTACAAGCCAAT GCCCCGGAGATT 3 RGIGLY

G0 Cys®Tyr 5 TCAGTACAAGCCATAGCCCCGGAGATT 3 RGYGLY

Goolz 5 TCAGCAAAGGCCAATGTACTT GAGATTGTTGGCAATGATG 3 KYI GLC J03773

Goors 5 TTAGAGCAGCTCGTAAAGGCG GAGATTGTTGGCAATGATG 3 RQYELL M12676

Gorq 5 TTAGACCAGATTGTACTCCTT GAGATTGTTGGCAATGATG 3 KEYNLV M55412

G5 5 TCACAGCAGGTTGATCTCGTC GAGATTGTTGGCAATGATG 3 DEINLL M80632

G, [truncated] 5 TCAGAGATTGTTGGCAATGATGATGTC3  —-----

G, J[Ala] g 5 TCAGGCGGCGGCGGCGGCGGCGAGATTGTTGGCAATGATG 3 AAAAAA

G,J/[Clu-Ala-Tyr-(Ala)4] 5" TCAGGCGGCGGCGTAGGCCTC GAGATTGTTGGCAATGATG 3 EAYAAA

The last six C-terminal amino acids of the rat&rotein (Arg**°to Tyr*>*) were exchanged with the equivalent residues of either far&@ G, -mouse
G, OF mouse G, s-proteins. This rat G, portion was also fully deleted (Gtruncated]), exchanged for six alanine residueg,([@la]¢) and for arbitrary
amino acid insertion (G/[Glu-Ala-Tyr-(Ala),]). The arrow indicates the position of the PTX-mediated ADP-ribosylation site. The mujg@y&>tle,
G,.Cys®*Tyr, and the chimeric G-proteins were constructed as described in Methods using the indicated mutagenic reverse primers. The nucleotides o
amino acids indicated in bold are those that are modified according to the wi Jgir@ein gene. The respective Genbank accession number for the wt rat
G,z rat G,s, mouse G-, and mouse G s-protein genes is indicated.

to CHO-K1 cells for 3 hrs at 37°. Thereafter, cells were of incubation [16]. Maximal stimulation of*PS]GTPyS
further incubated with 10 mL of complete growth medium binding was defined in the presence of AM (—)-adren-
and harvested 48 hr after transfection. Treatment with PTX aline and calculated versus bas&i§JGTPyS binding, un
(20 ng/mL) was performed overnight before membranes less otherwise indicated. Each of the compounds was inves-

were prepared. tigated at a maximally effective concentration: UK 14304,
10 uM; d-medetomidine, 10uM; BHT 920, 10 uM;

2.5. Membrane preparation and radioligand-binding (+)-RX 811059, 1uM; see [16]. Saturatlon3f$]GTPyS

experiments binding was determined as previously described [20] to

guantify the amount of-{)-adrenaline-mediated Gprotein

Membrane preparation steps were performed at 4°. Cellsactivation.
were washed twice with PBS and stored-&0°. Cells were
then scraped mechanically in Tris-HCl 10 mM supple- 2 7. jmmunological detection of Sprotein expression
mented with EDTA 0.1 mM (pH 7.5) and centrifuged for 10
min at 45,000g9. The pellet was homogenised in the same  Membrane fractions of CHO-K1 cells transiently co-
buffer USing a POlytron and recentrifUQEd. The final pellet expressing theXZA AR in the presence of wt, mutant, or
was dispersed in aliquots of 0.5 mL of Tris/EDTA buffer chimeric G,,-proteins were prepared as described above.
(0.5to 1.5 mg/mL of protein) and stored-a80° untilused.  Total proteins were separated by using SDS, 12.5% (w/v)
Membrane preparations were diluted in Tris—=HCI 50 mM polyacrylamide gel electrophoresis [SDS—PAGE; 21]. After
(pH 7.7) containing CaGl4 mM, pargyline 10uM, and electrophoresis, the proteins were blotted onto a nylon
ascorbic acid 0.1%, and used fOH|RX 821002 (2 nM)-  membrane by semi-dry electrotransfer (23 V, 45 min) in
binding experiments as described previously [19]. Ten mi- Towbin buffer (glycine 190 mM, methanol 20% (v/v), Tris—
cromolar of phentolamine was used to determine non-spe-Hc| 25 mM, pH 8.3). Proteins were probed using a mono-
cific radioligand binding. Saturation®fi]RX 821002-  clonal antibody raised against a peptide corresponding to
binding experiments and Scatchard analysis were performedamino acids 18 to 33 of the Gprotein. The incubation was

as described [19]. performed in PBS buffer containing 0.1% Tween 20 (W/v),
5% dry non-fat milk, and the antibody at a dilution of
2.6. [**S]GTPyS-binding responses 1:1000. Proteins were visualised with an anti-mouse immu-

noglobulin G antibody coupled to alkaline phosphatase us-
Agonist-independent (basal) and agonist-dependenting a colourimetric reaction (4-nitroblue tetrazolium chlo-
[*°*S]GTPyS-binding [16] were also measured using the ride monohydrate 0.12 mM, 5-bromo 4-chloro
above-described membrane preparation in HEPES 20 mM3-indolylphosphatg-toluidine salt 0.12 mM, MgGl5 mM
(pH 7.4) supplemented with GDP 3oM, NaCl 100 mM, in diethanolamine 100 mM, pH 9.6). Densitometric analysis
MgCl, 3 mM, and ascorbic acid 0.2 mM. Steady-state was performed using a computer-based image analysis sys-
[*°S]GTPyS binding was achieved within the 30-min period tem (Imagena 2000).
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2.8. Protein content wt aop AR

Membrane protein concentrations were estimated using a " . BASAL
Bio-Rad dye-binding kit. BSA was used as a standard [22]. 1.2 1 % g;‘;??&%"““ L
2.9. Statistical analysis ;': J

Statistical analysis of the ligand’s maximaf§]GTPyS- 0:6

binding responses was performed by comparing the values
for the wt or mutant Th'3Lys a,, AR and G,Cys*™lle
protein (either co-expression or fusion condition) versus the
indicated mutant and chimeric Gprotein conditions using

a one-way ANOVA, followed by an all pairwise multiple

*°s]GTPyS BINDING RESPONSE
(pmol/mg protein)

Tl il | ﬂuﬁn i

comparison procedure (Tukey’s test). A B c
2.10. Materials G
o - - i i2 i3 o
The ABI Prism 310 Genetic Analyser and the Big Dye PTX - + + + + +

terminator cycle sequencing kit were from Perkin EIMer. rig 1. coupling of wta,s AR to Gy, proteins. CHO-K1 cells were
The pCRS3.1 expression vector was from Invitrogen. The transfected with either empty plasmid, ,@ys5lle, G,,Cys*3le,
Geneclean Il kit was from Bio 101 Inc. The Expand long- G.isCys™ile, or G,,Cys™le protein and treated or not with PTX (20
template p0|ymera3e mix was from Boehringer Mannheim. ng/mL) as ingicated.3FS]GTPyS-binding respo'nses were measured in the
The Imagena 2000 software was from Biocom. CHO-K1 2absence of ligand (basal), JaM (—)-adrenaline, and 1M (+)-RX
. . 811059. Bar graphs were constructed using mear&EM values of 2—6
cells were obtained from ATCC. The monoclonal anfsG  jyqependent transfection experiments, each one performed in duplicate. A:
(mono3E7) antibody and*H]RX 821002 (50 Ci/mmol)  wta,, AR: B: Wt ays AR + PTX; C: Wtays AR + G, Cys=lle + PTX;
were obtained from New England Nucleaf*$]GTPyS D: Wt aza AR + G,,Cys™le + PTX; E: Wtazs AR + G;5Cys™le +
(1035-1163 Ci/mmol) was obtained from Amersham. The PTX; F: wtazs AR + G, ,Cys™ile + PTX.
lipofectamine plus kit, cell culture media, foetal bovine
serum, culture plates, anBordetella pertussigoxin (50 recombinant G-protein. The basaPPS]GTPyS-binding re
na/mL) were obtained from GIBCO Biocult Laboratories. sponse was slightly (27%) enhanced upon co-expression of
The Emulsifier-Safe was obtained from Packarek)-( the G,,Cys™lle protein; this enhancement could be re
Adrenaline and the substrates for the immunological colou- versed by 1QuM (+)-RX 811059. Further analysis of the
rimetric reaction were from RBI-Sigma. d-Medetomidine maximum responses i@, AR agonists showed that in the
was purchased from Smith Kline Beecham. UK 14304 and co-presence of the GCys**lle protein, the partial agonists
(+)-RX 811059 were preparadtramuros BHT 920 was a d-medetomidine and BHT 920 could be made to behave as
gift from Boehringer Ingelheim. Stock solutions of ligands full agonists with a maximal response similar to that of
were prepared at IG M. Serial dilutions were made inthe  (—)-adrenaline. This was in contrast to the mutant forms of
respective incubation buffers. either the G;;- or G,,-protein or upon activation of en
dogenous G,,-proteins in CHO-K1 cells (Fig. 2).
Co-expression of tha,, AR with either awt G-, G,
3. Results Gaqs Or Gy5-protein did not produce a significant moelifi
cation in P°S]GTPyS-binding by either 1uM (—)-adren
Wild-type a,, ARs displayed a weak{S]GTPyS-bind aline or (+)-RX 811059 as compared to the basal
ing response to 1@M (—)-adrenaline (47% versus basal) [**S]GTPyS-binding level (Table 2)Replacement of the
upon transient expression in CHO-K1 cells. This response last six amino acids at the C-terminal portion of the G
was fully blocked by PTX (20 ng/mL) and therefore is protein by the corresponding amino acid region of either the
likely to be mediated by endogenous;fzproteins (Fig. 1). Gazs Guss Guqrr OF G,qs-protein yielded )-adrenaline-
Co-expression of the,, AR with recombinant G,,-pro- induced f°S]GTPyS-binding responses that were of a sim
tein subtypes mutated at their cysteine residue in eitherilar magnitude (Table 3). These responses were weaker as
position 351 or 352 into an isoleucine yielded PTX-resistant compared to those mediated by mutaniGys**!ile and
[3*S]GTPyS-binding responses to-j-adrenaline. This re  G_,Cys*>'Tyr proteins, which correspond to the amino acid

sponse was highest in the co-presence of 20gs>ile pro- at the —4 position away from the C-terminal extremity of
tein and wassignificantly lower with the G,,Cys*®****1le G, Or G5 and of G,¢- or G,4-proteins, respectively. The
proteins. The {)-adrenaline-mediated GCys**!ile pro- wt a,, AR and chimeric G, -protein expression levels (not

tein-dependent®PS]GTPyS-binding response was not sta  shown) were similar in these various, @rotein construc
tistically different from that observed in the absence of tions. A trend toward an enhanced basas|GTPyS-bind
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Fig. 2. Ligand-mediatec®PS]GTPyS-binding responses by wi,, AR in either the absence or presence of recombinggg-Broteins. CHO-K1 cells were
transfected with the wir,, AR and recombinant PTX-resistant 3-proteins and treated with PTX (20 ng/mL) except for the co-expression with empty
plasmid, as indicated in the legend to Fig.*P|GTPyS-binding data were expressed in percentage of the respective maXi&]@TPyS-binding responses
(absolute values in fmol/mg protein are shown in Fig. 1) as obtained wifllM.Q—)-adrenaline. Bar graphs were constructed using mea8&M values

of 3—6 independent transfection experiments, each one performed in duplicate. Statistical analysis was performed as described in sectionr@jliieompa
ligand’s maximal responses in the presence of,gdgs**%le protein vs empty plasmid or G,,Cys*****le proteins. P < 0.05.

ing response was observed upon co-expression with,a-G =~ 14304, displayed more than 20% positive intrinsic activity
protein, as was also the case with thg Gys*®lle and upon co-expression of thg,, AR with either a Gy, G o5
G,.Cys®'Tyr proteins. Control experiments performed or GoiProtein. UK 14304 attained only 60% of the intrinsic
with a truncated G,-protein deleted of its last six amino  activity of (—)-adrenaline at these last three chimerig,-G
acids, a G,-protein containing six alanine residues at its proteins, whereas it acted as a full agonist af,&and
C-terminal portion, or a G,-protein with an arbitrary se- G, Cys™le/Tyr proteins. The fact that we could not differ-
gquence of the last six amino acids generated either no or aentiate between these three chimerjg-@roteins led us to set
weak (<36%) (—)-adrenaline response (Table 3). In Fig. 3, up similar experiments with a mutant PhiLys a,, AR that

a comparison between the ligands’ maximaS|GTPyS- had previously been shown to be constitutively active [18].
binding responses is summarised for each of the chimericFig. 4 illustrates the amount of wt, mutant, and chimeric
G,.-proteins along with the GCys*™>ile and G,,Cys™*Tyr G,-Pprotein expression in the co-presence of the*Thys
proteins. Co-expression af,, AR with a chimeric G- aya AR. Though a small variation was apparent in the G
protein yielded an agonist and inverse agonist pattern of protein expression level, the magnitude of thg-@drenaline-
[3°S]GTPyS-binding responses not statistically different from mediated °S]GTPyS-binding responses of the different chi-
that obtained with a GCys**lile protein. Otherwise, none of  meric and mutant G-proteins appeared to be only slightly
the ligands, with the exception of-)-adrenaline and UK  affected when the wt,, AR (Table 3) and ThLys a,, AR
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Table 2

Receptor amount and¥5]GTPyS-binding responses of wi,, AR co-expressed with various wt roteins in CHO-K1 cells

Co-expression SHIRX 821002 binding [*°S]GTPyS-binding response (fmol/mg protein)
(pmol/mg protein) basal ()-adrenaline £)-RX

811059

wt a5 AR + plasmid 5.28+ 0.77 134+ 11 196+ 25 130+ 12

wt a,n AR + G, [Lys-Tyr-lle-Gly-Leu-Cys] 3.95+ 0.65 145+ 10 155+ 6 139+ 12

Wt asp AR + G, JArg-GIn-Tyr-Glu-Leu-Leu] 2.73+ 051 106+ 29 137+ 24 139+ 37

Wt app AR + G,g[Lys-Glu-Tyr-Asn-Leu-Val] 3.72+0.12 153 141 156

wt a,n AR + G_,g/Asp-Glu-lle-Asn-Leu-Leu] 5.13+ 0.82 94+ 26 110+ 23 119+ 28

wt app AR + G, [Arg-Gly-Cys-Gly-Leu-Tyr] 5.39+ 0.83 148+ 19 692+ 93 138+ 18

Co-expression of the wt,, AR and respective Gprotein was performed as described in Methods. All conditions except th@@tein and the empty
plasmid were treated with PTX (20 ng/mL). Thg, AR receptor amount was estimated by measuring speéHiRX 821002 binding. Basal, 1a.M
(—)-adrenaline-, and 1AM (+)-RX 811059-mediated®}S]GTPyS-binding responses were performed with 0.5 ARE[GTPyS. Data represent mean values
(G, or mean values- SEM of 3 to 6 independent transfection experiments, each one performed in duplicate. The underlined amino acid corresponds t
the fourth last amino acid at the PTX-mediated ADP-ribosylation site of the C-terminal portion of, theo@in.

(Table 4) were compared. The basal response was increased ipotency of these two ligands was decreased 5- to 37-fold in a
the case of the G,,, G,,Cys™>le, and G,,Cys™>*Tyr proteins  similar manner as that observed for UK 14304 (Fig. 5).

and was statistically different from the basdPqJGTPyS- Because the co-expression experiments could not ex-
binding level at the chimeric G/15, G,o/q @and GosPro- clude differences in receptor: Grotein ratios, another set
teins. The pattern for most of the ligands’ responses at theof experiments was performed with fusion proteins com-
mutant Th?"3ys «, AR was very similar for the G, posed of the THY3Lys a,, AR and each of the mutant or

G,.Cys™lle, and G,,Cys™*Tyr proteins. The inverse agonist chimeric G,-proteins. Our aim was to verify the ligand-
activity of (+)-RX 811059 was highest at the mutant mediated responses under controlled expression conditions
Thr¥"3ys a, AR in the co-presence of a @Cys>™le protein. at a receptor: Gprotein stoichiometry of 1.0. Analysis of
A trend toward a {)-RX 811059-mediated decrease (not (—)-adrenaline-specific saturatiod*§]GTPyS binding in
significant) in the basal®*}S]GTPyS-binding level was ob dicated a single class of high-affinity°5]GTPyS-binding
served in the case of the, G, and GCys®*Tyr proteins. It sites for each of the investigated @roteins (Table S5with
was free of intrinsic activity in the presence of the chimeric the exception of the TAFLys a,, AR: G o/ fusion pre
Geoigr Cuorsr @aNd Gopzproteins. UK 14304 yielded a max  tein, which could not be evaluated. A 4-fold attenuation in
imal response that was not statistically different in the six the F°S]GTPyS dissociation constant was observed with
mutant G-proteins. Its potency was 12- to 54-fold decreased the chimeric G5 and G,proteins. Otherwise, the
at the chimeric Gy/s, G,o/» @and G sproteins as compared  maximal ()-adrenaline-mediatedJS]GTPyS-binding ca

to the G- and mutant G,Cys™lle/Tyr proteins (Fig. 5) pacity of each of these fusion proteins was very similar; it
BHT 920 and d-medetomidine displayed similar partial agonist varied between 2.66 and 4.02 pmol/mg protein. In addition,
properties inferior to those of the GCys™lle protein, except  these values were virtually similar to the maximal
for d-medetomidine in the case of the {3 protein. The Thr¥”3Lys a, AR binding capacity as estimated BYHJRX

Table 3

Receptor amount and¥8]GTPyS-binding responses of wit,, AR co-expressed with either mutant or chimerig,@roteins in CHO-K1 cells

Co-expression SH]RX 821002 binding [®°S]GTPyS-binding response (fmol/mg protein)
(pmol/mg protein) basal ()-adrenaline {£)-RX 811059

Wt a,p AR + G/, [LYyS-Tyr-lle-Gly-Leu-Cys] 5.06 = 1.06 139+ 26 627+ 132 120+ 25

Wt aop AR + G,g/15 [ASp-Glu-lle-Asn-Leu-Leu] 4.68* 0.95 117+ 19 517+ 117 116+ 19

Wt ays AR + G, Cys®lle 5.28+ 0.77 170+ 22 1095+ 267 137+ 19

Wt a,p AR + G,os [Arg-GIn-Tyr-Glu-Leu-Leu]  4.26* 0.60 108= 19 481+ 118 126+ 21

Wt a0 AR + G,o/q [Lys-Glu-Tyr-Asn-Leu-Val]  4.34=* 0.59 105= 20 499+ 101 115+ 18

Wt a,p AR + G, Cys™®*Tyr 5.03+ 0.56 158+ 12 848+ 134 137+ 9

wt a,o AR + G, [truncated] 3.33=0.53 115+ 8 128+ 1 127+ 11

Wt app AR + G, [Alag] 3.15+ 0.88 112+ 2 135+ 19 109+ 5

wt a0 AR + G, [Glu-Ala-Tyr-(Ala),] 2.96+ 0.80 129+ 7 175+ 13 135+ 7

Co-expression of the wt,, AR and respective modified G-proteins was performed as described in Methods. All conditions were treated with PTX (20
ng/mL). Thea,, AR receptor amount and basal, M (—)-adrenaline-, and 1@M (+)-RX 811059-mediated®}S]GTPyS-binding responses were
performed as described in the legend to Table 2. Data represent mean va8e%! of 4 to 6 independent transfection experiments, each one performed
in duplicate. The underlined amino acid corresponds to the fourth last amino acid of the C-terminal portion of the mqgifieate®.
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Fig. 3. Ligand-mediated?fS]GTPyS-binding responses by wit,, AR in the presence of chimeric and mutang,@roteins. CHO-K1 cells were transfected
with the wta,, AR and chimeric or mutant G-proteins and treated with PTX (20 ng/mL) as indicated in the legend to Fi§>3]JTPyS-binding data

were expressed as percentage of the respective maxirB3G[T PyS-binding responses (absolute values in fmol/mg protein are summarised in Table 3) as
obtained with 10uM (—)-adrenaline except fort)-RX 811059, which was expressed versus its respective bESMETPyS-binding value. pcg, values
(meanst SD) were determined for the,, AR in the co-presence of a chimerig G,-protein: UK14304 (8.44- 0.12), d-medetomidine (8.3# 0.26), and

BHT 920 (7.29+ 0.15). Bar graphs were constructed using meanSEM values of 4—6 independent transfection experiments, each one performed in
duplicate. Statistical analysis was performed as described in Methods by comparing the ligand’s maximal response in the presg@esthiE@rotein
versus the other mutant and chimerig &roteins. P < 0.05.
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Fig. 4. Immunological detection of Gprotein expression. CHO-K1 cells were transfected with®*Thys «,, AR and either wt, mutant, or chimeric
G,o-proteins. Two hundred micrograms of total cellular membrane proteins of CHO-K1 cells co-expressitigyshe,, AR and either wt G.-(A), mutant
G,,Cys™lle (B), mutant G,Cys*>'Tyr (C), chimeric G,o/-(D), Guo/s(E): Guor(F), Guons(G) proteins, or empty plasmid (H) were separated by 12.5%
SDS-PAGE, blotted onto a nylon membrane, and immunodetection performed as described in Methods using a selecjjvargibindy. Molecular weight
markers are indicated in the left margin. Quantification (percentage versus lane A, upon subtraction of lane H) of the immunodetected signdlias: 100,
96, 65, 94, 76, 88 for lanes A to G, respectively. A rectangle covering the signal in lane A was identically reproduced as surface template fdidagoguanti

of the other lanes.

821002 saturation binding. This observation strongly indi-
cates a receptor: &Sprotein ratio close to 1.0 in accordance
with what would be expected for a fusion protein. Ligand-
mediated $°S]GTPyS-binding responses at the fusion pro
teins illustrated a pharmacological profile both for the po-
tency and maximal response (Fig. 6) which was very similar
to that found with the corresponding co-expression experi-
ments (Fig. 5). The maximal®JS]GTPyS-binding re

the effector activity remains largely unknown. Though the
ubiquitous coupling ofx,, AR to the inhibition of adenylyl
cyclase is mediated by PTX-sensitive,g-proteins [14],
controversy exists concerning the Gand/or G;,-subunits
involved in the PLC pathway and the resulting effects on
Ca&* mobilisation [24-26]. The G-protein has been
shown to couple te,, AR in addition toa,g anda, AR.
This activation is dependent on the agonist’s structural fea-

sponses of BHT 920 and d-medetomidine were statistically tures and occurs with a 100-fold decrease in ligand potency

inferior at the fusion proteins involving a chimeric, G-
and G, zprotein.

4. Discussion

A broad range of data demonstrates thatARs modu

late various effector systems such as inhibition and stimu-

lation of adenylyl cyclase, inhibition of voltage-gated*Ca
channels, activation of K channels, and stimulation of
phospholipases A C, and D [23]. The exact nature of the
G-protein subunits that are activated &y, AR following

compared to the activation of ¢ -protein subtypes [10]. In
the present study, modulation of ligand-mediated responses
ata,, AR by diverse mutant and chimeric,Gproteins was
investigated. T°S]GTPyS-binding responses as elicited by
the activation of a series of PTX-resistant, mutant,&

and chimeric G,-proteins in the co-presence of either a wt
a,5 AR or its constitutively active mutant THFELYS a,,

AR [18] were analysed. The mutant. - and chimeric
G,o-protein constructs exhibited PTX resistance because of
the modification of their ADP-ribosylation site four amino
acids away from the C-terminal extremity of the-@rotein

into either an isoleucine or tyrosine residue. Hence, cou-

stimulation by a given ligand and that subsequently regulate pling of thea,, AR to endogenous G,-proteins present in

Table 4

Receptor amount and¥8]GTPyS-binding responses of mutant PhiLys a,, AR co-expressed with either mutant or chimerig @roteins in CHO-K1

cells

Co-expression SHIRX 821002 binding

(pmol/mg protein)

[3°S]GTPyS-binding response (fmol/mg protein)

basal ()-adrenaline {£)-RX 811059
Th™Lys a,s AR + G, 0.96+ 0.37 199+ 52 670+ 115 150+ 32
Thr7Lys a,p AR + G5 1.50+ 0.59 112+ 26 552+ 171 121+ 35
Thr¥"™Lys a,, AR + G, ,Cys*™®lle 1.81+0.42 405+ 51 1286+ 234 189+ 17
Th™Lys a,a AR + G 1.34+ 0.80 125+ 36 532+ 251 118+ 37
Thr¥™Lys apa AR + Gy 1.59+ 0.72 124+ 31 657+ 235 120+ 31
Thr¥"Lys a,p AR + G, Cys™®*Tyr 1.74+ 0.60 192+ 19 881+ 126 154+ 3

Co-expression of the mutant THLys a,, AR and respective modified G-proteins was performed as described in Methods. All conditions were treated
with PTX (20 ng/mL). Thex,, AR receptor amount and basal, &M (—)-adrenaline-, and 1@M (+)-RX 811059-mediated®}S]GTPyS-binding responses
were performed as described in the legend to Table 2. Data represent meantv&lEdtof 3 to 9 independent transfection experiments, each one performed

in duplicate. No stimulation of*PS]GTPyS-binding was obtained by 1M (—)-adrenaline with wt G,-, G_,&, G

G, /[Alag] or G, /[Glu-Ala-Tyr-(Ala)4] proteins.

or G

g Proteins, Ggltruncated],

as™
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Fig. 5. Ligand-mediated®}S]GTPyS-binding responses by mutant ¥hitys a,, AR in the presence of chimeric and mutang roteins. CHO-K1 cells

were transfected with the THrPLys a,, AR and chimeric or mutant G-proteins and treated with PTX (20 ng/mL) as indicated in the legend to Fig. 1.
[®°S]GTPyS-binding data were expressed as percentage of the respective maxBi@ITPyS-binding responses (absolute values in fmol/mg protein are
summarised in Table 4) as obtained with LBl (—)-adrenaline except for+)-RX 811059, which was expressed versus its respective bRSAGTPyS-

binding value. Mean gc, values were determined for the mutant ¥hys a,, AR in the co-presence of a chimeric,G,, G,ons GooCyS > Hle, G o/cs

Gaor> and G,Cys™'Tyr protein, respectively: UK 14304 (9.11, 7.59, 9.06, 7.38, 7.66, and 8.70), d-medetomidine (9.20, 7.91, 9.19, 7.77, 8.00, and 8.72)
BHT 920 (8.08, 6.64, 7.91, 6.51, 6.64, and 7.43). Bar graphs were constructed using-m8&M4 values of 3—11 independent transfection experiments,
each one performed in duplicate. Statistical analysis was performed as described in Methods by comparing the ligand’s maximal response aethe prese
of a G,,Cys*®lle protein versus the other mutant and chimerig@roteins. P < 0.05.
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Comparison ofx,, AR binding capacity and-{)-adrenaline-activated @protein amount by THF3Lys a,, AR fused to mutant and chimeric

G,o-proteins

Fusion protein fHJRX 821002 binding

[3°S]GTPyS-binding responses

pKy B, hax (PMol/mg protein) pPKy B hax (PMol/mg protein)
Thr¥"3Lys a, AR: G, 8.97 4.07 8.50 2.66
Thri"3Lys ayn AR: G,o/15 9.04 3.96 7.86 3.45
Thr¥"3Lys a, AR: G, Cys™®lle 8.95 3.79 8.53 4.02
Thr3"3Lys a,a AR: G,os 9.00 4.16 7.83 4.02
Thr¥"Lys a,, AR: G, Cys™® Tyr 9.04 3.89 8.55 3.62

Membranes of CHO-K1 cells transfected withu§ of fusion protein were analysed fotH]RX 821002 binding as described in Methods. Homologous
displacement and analysis GP$]GTPyS-binding was performed with 0.5 nM*5]GTPyS, 30uM GDP, and either without or with 0.1 to 3 nM unlabelled
GTPyS in the absence or presence of B (—)-adrenaline. BasaP{S]GTPyS binding was performed in the co-presence ofud (+)-RX 811059.
Analysis of saturation®H]RX 821002 and {)-adrenaline-specific saturatiof?$]GTPyS binding is shown for a representative experiment out of 2 to 4

independent experiments.

CHO-K1 cells could be blocked to assutg, AR activation

of the co-expressed recombinant-@otein. The largest
(—)-adrenaline-induced®}S]GTPyS-binding response was
observed with the GCys™®lle protein, whereas the
G,isCys™lle protein yielded almost no GDP/GTP -ex
change. The (35-protein also seems not to contribute to the
inhibition of adenylyl cyclase activity by activation of, 5
AR expressed in Rat-1 fibroblasts, whereas thg-@rotein

wt or mutant Th#"*Lys a,, AR. Several reports indicate
that the wta,, AR can activate these (Pproteins: the
G_,-protein has been shown to inhibit adenylyl cyclase
upon stimulation ofa,, AR by UK 14304 (10 nM) in a
PTX-resistant manner [31]. The,» AR is able to stimulate
adenylyl cyclase in a PTX-resistant and CTX-sensitive way
via its interaction with a G-protein [8]. Co-expression of
wt and mutant Th3Lys a,, AR with either a G4 or

does [27]. d-Medetomidine and BHT 920 behaved as partial G, s-protein stimulates the production of inositol phos

agonists when thex,, AR was co-expressed with the
G,1Cys™lle and G,,Cys**dle proteins, but yielded en
hanced efficacy in combination with the &ys**tile pro-
tein. A similar effect on efficacy for the partial agonists
oxymetazoline and clonidine was obtained in NIH 3T3 cells
stably co-expressing the,, AR and the wt G,-protein
instead of the G-protein family [28]. The increased ligand
efficacy at the G,Cys*™®!ile protein is unlikely to be due
only to the Cy$>ile mutation, but also to a higher activa
tion level of this G, protein by thea,, AR as compared to

phates [19,24]. The inability to measure enhanced
[*°*S]GTPyS-binding responses in our assay system isprob
ably due to a slow rate of GTP/GDP exchange for the
naturally PTX-resistant Gproteins as compared to the,G
o-proteins [32] rather than to a lack of interaction between
the a,, AR and these Gprotein subunits. To evaluate a
potential interaction between the,, AR and these G
protein subunits, chimeric proteins between thg-@rotein
and the last six C-terminal amino acids of either, GG, -,

Gaqs Or G,y5-protein subunits were constructed. This strat

the G,-proteins. The amino acid sequence of the three egy has already been successfully employed to switch the
G,i-protein subtypes shares between 85 and 94% identity,functional response of various G-protein-coupled receptors
dropping to 69% identity for the G3-protein. Nevertheless, (i.e. metabotropic glutamate, muscarinic and opioid recep-
restricted G, ,-protein domains such as their C-terminal tors) to a common effector system such as phospholipase C

portion may specifically interact with the,, AR [29]. This
portion is fully identical for the G;;- and G,,-proteins, and
most divergent between the G,- and G,-protein sub
types. The Gs-protein is almost identical to the (/.-
proteins with only two conservative differences, &fsp
and TyrP>*Phe, in their last six amino acids. These amino

[33]. The involvement of other Gprotein domains such as
the N-terminal portion, in modulation of the receptor: G-
protein selectivity as shown for a,G [34] and G,,- [35]
protein, was not evaluated.

The chimeric G/, Guo/sr Guoigs @Nd Go15Proteins
were able to strongly enhance theg]GTPyS-binding re

acid differences may be related to a reduced ability of the sponse to a similar level (380 to 520% over basal) by the

G,iz-protein to be activated by the w#t,, AR or may result

in distinct guanine nucleotide exchange properties [30],

resulting in a weak +)-adrenaline-elicited *PS]GTPyS-
binding response.

The a,, AR-mediated 1°S]GTPyS-binding response
was further investigated through its interaction with non-
G.iio-protein subtypes. None of the w{.G, G, G,4-, and
G, 1s-proteins induced agonist-independent or agonist-de
pendent stimulation of*PS]GTPyS-binding via either the

native agonist<)-adrenaline using membranes with the wt
a,5 AR. The imidazoline derivative UK 14304 was a partial
agonist at the wta,, AR when co-expressed with the
chimeric G5, Guo/qr @Nd G zproteins, but displays
full agonist properties in combination with the chimeric
G,o7Protein as is also the case whep, ARs are tran
siently or stably expressed in HEK 293 or CHO cells [this
study, 36,37]. Another imidazoline derivative, d-medetomi-
dine, being a partial agonist at gg-proteins, yielded vir
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Fig. 6. Ligand-mediatec®PS]GTPyS-binding responses by mutant ¥ht.ys a,, AR fused to either a chimeric or mutant Gprotein. CHO-K1 cells were
transfected with 6ug of the indicated THY3Lys a,, AR: G,,-fusion protein and treated with PTX (20 ng/mL) as indicated in the legend to Fig. 1.
[*°S]GTPyS-binding data were expressed as percentage of the respective maxB@PyS-binding responses as obtained withdd (—)-adrenaline

except for ¢+)-RX 811059, which was expressed versus its respective bRSaETPyS-binding value. Meangzs, values were determined for the mutant
Thri™Lys a,, AR fused to a chimeric G-, G015, G, o,CysHle, G,.s, and G,Cys*™*Tyr protein, respectively: UK 14304 (8.76, 7.62, 9.10, 7.22, and
8.39), d-medetomidine (8.91, 8.07, 9.20, 7.34, and 8.51), BHT 920 (7.75, 6.85, 8.03, 6.82, and 7.54). Bar graphs were constructed usiS§Meahses

of 2—4 independent transfection experiments, each one performed in duplicate. PA&yEhr,, AR: G.oigfusion protein did not yield a detectable
(—)-adrenaline-mediated{S]GTPyS-binding response. Statistical analysis was performed as described in section 2 by comparing the ligand’s maximal
response in the presence of a ¥ftys a,, AR: G,,Cys®lle fusion protein vs the other mutant and chimerig,@erived fusion proteins.P < 0.05.
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tually no response with the chimeric,Gproteins, with the
exception of the G,,,-protein. Similar data were obtained
with the azepine derivative BHT 920. The putativeAR
antagonist ¢)-RX 811059 was unable to attenuate the
basal °S]GTPyS-binding response by the chimeric

s Gaorgsy @and Gepsproteins in contrast to the (g,

P.J. Pauwels et al. / Biochemical Pharmacology 61 (2001) 1079-1092

corresponds to a leucine in each of the reported mamma-
lian G_-protein subunits. The-6 residue is a basic amino
acid (Lys or Arg) except for the G=-protein, which
possesses an acidic aspartate. The most divergent residue
is the —5 position: it can be an acidic Glu as for & and
G,.15-proteins, a polar GIn as for the Gprotein, or a

protein. This compound has also been described as ahydrophobic Tyr residue as for the Gprotein. The—4

silent antagonist at wt and mutant PhiLys a,, AR
co-expressed with a wt Gs-protein by measuring the
formation of inositol phosphates [19]. It is likely that the
partial agonists d-medetomidine and BHT 920 are unable
to stabilise ana,, AR conformation that allows it to
interact productively with the chimeric Gs, G,o/q» and
G.oii5-Proteins. The partial agonists displayed higher in
trinsic activity at the mutant TRf*Lys a,, AR when
co-expressed or fused with either the chimerig,G,
Gaorgs OF Gyoi15protein. Almost no gain in the ligands’
intrinsic activity was observed for the chimeric -
protein; agonists were already highly efficacious at the
combination of wta,, AR with the G, ,-protein. Oth
erwise, the magnitude of the inverse agonist response of
(+)-RX 811059 was increased at the mutant *FArys
a,5 AR co-expressed or fused with the g-protein. It
remained a neutral antagonist in combination with the
Guorss Gaorgr» @Nd G,o15proteins. These results point to
a different ability of certainx,, AR ligands to stabilise a
wt and mutant Tht"3Lys a,, AR conformation that pref
erentially interacts with a given and specific chimeric
G,o-protein. We emphasise that the herein-describgd G
protein-dependeni, AR ligand effects were observed
under similar experimental conditions, at a receptoy: G
protein density ratio of 1.0 by using the fusion protein
approach. Hence, different activation of @roteins by
partial and full agonists may occur. Partial agonists will
activate one set of Gproteins submaximally, while full
agonists will do this more efficaciously and with multi-
ple, distinct G,-proteins. Consequently, partial agonists
may yield a more selective response, as they will only
activate a single effector pathway as opposed to full
agonists, which may mediate diverse signalling re-

residue (the PTX-mediated ADP-ribosylation site ip,G
o-proteins) is always a hydrophobic residue (Tyr or lle) at
the naturally PTX-resistant sprotein subunits, and their
[®°S]GTPyS-binding responses were compared to those
of the mutant G,Cys*!le/Tyr proteins. The facilitation

of a,, AR:G_;;1-protein and 5-HT, receptor:G,-protein
interactions by a non-polar amino acid at this particular
position has already been suggested [18,41,42]. Never-
theless, the presence of either a Tyr or Hd residue in
the chimeric G4-proteins is not sufficient to enhance the
efficacy of partial agonists at the wi,, AR with the
exception of the G,,-protein. The observed modulation
of ligand responses is unlikely to be influenced only by
this particular amino acid. Kostenget al. [43] reported

on the role of the—3 residue for muscarinic gV,
vasopressin, and gastrin-releasing peptide receptqrs: G
subunit interactions. None of these receptors was able to
interact with a wt G¢-protein, whereas the three reeep
tors productively couple to a mutant Gprotein contain

ing a Glu to Asn mutation at positior3 (Asn occurs in
the wt G,,-protein that preferentially couples to these
three receptors). The amino acid residue present at the
—3 position seems conserved within individual,-gro-

tein subtypes: a Gly residue for the £3,,-proteins, an
Asn residue for the G,/1,/15proteins, and a Glu residue
for the G,sprotein. It can, according to Kostenét al.
[43], predict favourable interactions between a wt, mu-
tant, or chimeric G-protein subunit and a given receptor
subtype. The last C-terminal amino acid of thg @otein
always seems to be a hydrophobic residue (Cys, Leu,
Val), but no clear link between the different classes of
G,-subunits can be extrapolated. Further mutational-anal

sponses. This scenario argues that diverse signalling byYSiS of the herein-described chimeric,&proteins may

ways than simple ligand:receptor:G-protein channelling
[38].

The nature of the last six C-terminal amino acid res-
idues of the G-subunit, which have been exchanged in
the different chimeric G,-proteins, seems to favour a
specific interaction between one particular conformation
of the wt and mutant TRf*Lys a,, AR when activated
by a given ligand. Molecular genetic and biochemical
studies have shown that the precise positions of the
C-terminal amino acids of the (protein subunits are
critical for determining the specificity of receptor: G-
protein interactions [39,40]. These last six amino acid
positions differ between the different functional classes
of G_-protein subunits except for the2 residue, which

and mutant Tht"*Lys a,, AR and a given G-protein
subunit. The relative importance of the rotein sub
unit C-terminal portion in permitting coupling to a given
receptor may also be influenced by the type of receptor
with which it is paired; certain combinations, for instance
the B, AR and the chimeric Gprotein, are unable to
signal via the inositol phosphate pathway in contrast to
the G-coupled \, vasopressin receptor [44].

In conclusion, our results suggest that certain AR
ligands may display a different Gorotein activation profile
at a singlea,, AR subtype. Thus, it is likely that pharma
cological diversity may not only be achieved between dif-
ferent receptor subtypes, but even occurs for a single recep-
tor subtype.
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