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Abstract

The impact of G-protein expression on the coupling specificity of the humgmdrenergic receptorgs-AR) was studied in Sf9 cells.
The a,5-AR was shown to activate both coexpresseddhd G-proteins in a °S]GTPyS binding assay. Noradrenaline and the synthetic
agonist UK14,304 were equally potent and efficacious in stimulatingc@vation. At the effector level (adenylyl cyclase), both ligands
stimulated cAMP production. In the presence of forskolin, the effects of the agonists were more complex. Noradrenaline stimulated cAM
production, while UK14,304 showed a biphasic concentration—response curve with inhibition of stimulated cAMP production at low agonis
concentrations and further stimulation at high agonist concentratiQqreeXpression caused a monophasic stimulatory response with both
ligands. Coexpression with,@esulted in a biphasic concentration—-response curve for noradrenaline and a monophasic inhibition with
UK14,304. Experiments with a panel of agonists demonstrated that the more efficacious an agonist is in stimulating cCAMP production, tf
weaker is its ability to couple to inhibition of cCAMP accumulation via exogenous G be able to explain the mechanistic consequences
of dual G-protein coupling described above, we developed a mathematical model based on the hypothesis that an agonist induces diffel
conformations of the receptor having different affinity for different G-proteins. The model reproduced the profiles seen in the concentration
response curves with &nd G coexpression. The model predicts that the affinity of the receptor conformation for G-proteins as well as
the availability of G-proteins will determine the ultimate response of the receptor. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction ectopic expression of,-ARs in different cell lines has
revealed a pertussis toxin-insensitive increase rather than a
The a,-adrenergic receptorsaf-ARS), represented by decrease in cAMP production in responsexpAR activa-
three genetically distinct subtypes,, asg, anda,c, con- tion [6-9]. In many cell lines, this can be seen as a biphasic
trol the function of different organs via central and periph- concentration—response curve with inhibition at low and
eral mechanisms. The effects can be either inhibitory or stimulation at high agonist concentrations [7,10,11]. In
stimulatory depending on the organ in question [1]. This is some systems, in particular with thgg subtype, an exclu-
likely to be due to the ability of these receptors to activate sively stimulatory concentration—response curve is obtained
multiple signal transduction pathways [2]. The classical [7-9,11], suggesting a productive receptor-H&eraction.
cellular response observed upon activation of endogenouslyA large number of G-protein-coupled receptors have been
expresseda,-ARs is an inhibition of stimulated cAMP  shown to interact with multiple G-proteins [12]. The pro-
production [3] or inhibition of voltage-gated €achannels miscuity can occur not only within one class of G-proteins,
in neuronal cells [4,5]. Both of these responses are mediatedsuch as Gand G, but also with G-proteins from different
by G,,-type pertussis toxin-sensitive G-proteins. However, classes. Using immunoprecipitation, it has been shown that
the a,5-AR interacts with both ¢ and G-proteins [10].
Promiscuous G-protein coupling has often been ascribed to
* Corresponding author. Tel+46-18-471-4195; fax:+46-18-506357. high expression levels of receptors, but this does not always
E-mail addressJohnny.Nasman@fysiologi.uu.se (J. Nasman). hold true [9]. It is of course possible that promiscuous
Abbreviations:a,-AR, a,-adrenergic receptor; AC, adenylyl cyclase; _ . . . .
GTPyS, guanosine 50-(3-thiotriphosphate): IBMX, 3-isobutyl-1-methyl- G-protein coupling seen in heterologous expression systems
xanthine; UK14,304, 5-brombk-(4,5-dihydro-1H-imidazol-2-yl)-6-quin- could be an artefact due to altered processing of the recep-
oxalinamine. tors. The molecular basis for receptor—G-protein coupling
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promiscuity is, however, not well understood and a more pVL1392, andp;vy, [23] in pVL1393 were cotransfected
likely explanation is that overexpression reveals secondarywith linearized baculovirus DNA (Pharmingen) and the
coupling pathways also utilized by endogenous receptors. resultant virus stocks were subjected to one round of plaque
Data from analysis with chimeric or mutated-ARs purification before generation of high-titer virus stocks.
receptors suggests that the/& coupling requires largely For expression of tha,-AR in this study, Sf9 cells were
separate receptor domains for interaction with the two G- plated on plastic tissue culture dishes (diameter 94 mm) and
proteins [13-15]. In addition, certain agonists can selec- allowed to attach for at least half an hour. Thereafter, the
tively direct the coupling of thex,,-AR to either inhibition culture medium was removed and 5 mL of a high-titer virus
[16] or stimulation [17], indicating agonist-directed signal stock was added. After 30—60 min, the virus stock was re-
trafficking. The above-mentioned issues strongly suggestmoved and the culture medium re-added. The infection was
that the two responses depend upon different conforma-then allowed to proceed for the indicated time. In the case of
tional changes in the receptor protein altering the avidity for coexpression with G-proteins, high-titer stocks ofd®ibunit
different G-proteins. A factor that also influences the ad- virus andBy subunits virus (ratio 1.5:1) were added together
enylyl cyclase activity is the receptor expression level [10], for 30 min whereafter receptor virus was added for another
suggesting that the stoichiometry between receptor and G-30 min. Using this procedure with wild-type polyhedrin-
protein may influence coupling. producing virus and a virus expressing green fluorescent
To gain insight into these issues, we chose to study the protein, we could observe coexpression of polyhedrin crys-
regulation of cAMP production in Sf9 cells by the human tals and green fluorescent protein in over 90% of the cells.
a,5-AR expressed either alone or coexpressed together with
G-proteins. Insect Sf9 cells have been used successfully2.3. Membrane preparation andHfJRX821002 binding
earlier as a cellular reconstitution system for determining
receptor—G-protein interactions [18-20]. The human Infected cells were washed and harvested in a buffer
a,g-AR produces a monophasic stimulatory cAMP- re containing 1 mM NaHPQ,, 10.5 mM KH,PQ,, 140 mM
sponse when expressed in these cells [8]. Our aim was toNaCl, and 40 mM KCI, pH 6.2. Homogenization was con-
find out how altered levels of G-proteins affect the receptor- ducted on ice with an Ultra-Turrax homogenizator in a
mediated cCAMP response and in this context to get insights buffer of pH 7.4 containing 20 mM HEPES, 1 mM Mggl
into partial agonism in the light of G-protein accessibility. 100 mM NaCl, 1 mM EDTA, and 0.1 mM phenylmethyl-
sulfonyl fluoride. Unbroken cells were sedimented by low-
speed centrifugation and the supernatant was centrifuged for

2. Materials and methods 30 min at 30,000x g at +4°. The pellet was washed once
in the same buffer and finally resuspended in the same
2.1. Reagents and cell culture buffer containing 1 mM dithiothreitol at a concentration of

1-2 mg protein/mL. For receptor-stimulatetP$]|GTPyS
[®*H]Adenine, [“C]cAMP, and PH]RX821002 were  binding to G-proteins, the membranes were washed two
purchased from Amersham Corp°$]GTPyS was from additional times in the same buffer. Protein amounts were
New England Nuclear. Noradrenaline, 3-isobutyl-1-methyl- determined with the Bradford dye reagents (Bio-Rad).
xanthine (IBMX), and forskolin were from Sigma. 5-bro- Membranes were stored at80° until use.

mo-N-(4,5-dihydro-H-imidazol-2-yl)-6-quinoxalinamine Saturation binding experiments were performed on mem-
(UK14,304) was from RBI. Other chemicals used were of brane preparations using{]JRX821002 as radioligand. Mem
analytical grade quality. brane preparations were diluted to a final concentration of 200

Sf9 cells were grown in glass spinner bottles at 26° in ug protein/mL in NaPQ buffer, pH 7.4. Membranes (10g
Grace’s insect medium supplemented with lactalbumin hy- protein) were incubated with 0.1-100 nRHJRX821002 in a
drolysate and yeastolate (Life Technologies). Additional total volume of 150uL for 40 min at 22° with agitation.
supplements were 8% (v/v) fetal bovine serum (Life Tech- Non-specific binding was determined with 1O phentol-
nologies), 100 U/mL of penicillin (Sigma), and 80 U/mL of amine. The reactions were terminated by rapid filtration
streptomycin (Sigma). The cultures were maintained at a through prewashed GF/B filters with five subsequent washes

density of 1-3x 1P cells/mL. with cold buffer containing 180 mM NacCl, 25 mM Mggl
and 20 mM HEPES, pH 7.4, in a microplate harvester
2.2. Recombinant baculovirus and expression (Packard Instrument). The radioactivity was determined in a

microplate scintillation counter (Packard Instrument).
The generation of recombinant baculoviruses for the
human a,g- and a,,-ARs has been described in detail 2.4. Immunoblotting
previously [8]. Baculovirus transfer vectors harbouring the
genes for G, Gajq, and B,y,, all of bovine origin, were SDS/polyacrylamide electrophoresis was performed ac-
gifts from Dr. T. Haga (University of Tokyo, Tokyo, Japan). cording to [24]. Membrane proteins were solubilized and
The cDNA for Gug [21] in pVL1392, Gy; [22] in subjected to electrophoresis in a gel containing 10% (w/v)
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acrylamide. Gel-separated proteins were transferred ontoconcentration—response data was performed using Sig-
Hybond-P membranes (Amersham) and allowed to react maPlot for Windows 4.00 (Jandel Scientific).

with rabbit anti-Gx, 1IgG or rabbit anti-G; 1gG (Calbic

chem) according to the manufacturers’ instructions. Immu-

noreactive bands were visualized with donkey anti-rabbit Ig
F(ab)? fragment coupled to horseradish peroxidase (Amer

sham), and an ECL Western blotting system (Amersham)

The agonist activation of the receptor was modeled ac-
cording to the

_ [agonisi[R],ctmax
~ [agonis] + ECso

[R]act

was used to stain the bands before exposure to Hyperfilm([R],., = concentration of activated receptor®] L. max=

x-ray films (Amersham).
2.5. [**S]GTPyS binding

Membranes were diluted to a final concentration of 50
©g protein/mL in binding buffer containing 100 mM NacCl,
3 mM MgCl,, 1 mM EDTA, 20 mM HEPES, and 1 mM
dithiothreitol, pH 7.4. Diluted membranes (2.4 protein/
well) were preincubated with LM GDP for 10 min before
addition of 0.2 nM £°S]GTPyS and agonist or vehicle for
determination of the basal binding. The binding mixture in
a total volume of 15QuL was incubated for 60 min at 22°
with agitation. The reactions were terminated by rapid fil-
tration through prewashed GF/B filters (Packard Instru-
ment) with five subsequent washes with cold buffer con-
taining 180 mM NacCl, 25 mM MgCl and 20 mM HEPES,

pH 7.4, in a microplate harvester (Packard Instrument). The

radioactivity was determined in a microplate scintillation
counter (Packard Instrument).

2.6. Measurement of cellular cAMP production

The cells were incubated with BCi/mL of [*H]adenine

in culture medium for 2—3 hr before they were washed and

harvested in 2N-morpholino) ethanesulfonic acid (MES)-
buffered medium (MBM) composed of 130 mM NacCl, 5.4
mM KCI, 1 mM EGTA, 10 mM glucose, 1.2 mM MggGl|
4.2 mM NaHCQ, 7.3 mM NaHPQO,, 63 mM sucrose, and
20 mM MES, pH adjusted to 6.3. The pelleted cells were
resuspended in MBM containing 0.5 mM IBMX. The cells
were preincubated with 0.5 mM IBMX for 10 min at 25°
after which stimulants were added. After another 10-min

incubation with the drugs, the reactions were stopped by
rapid centrifugation, removal of supernatants, and addition

of 0.33 M perchloric acid containing about 1000 cpm
[**C]cAMP. Cyclic AMP was isolated by sequential

maximum concentration of receptors that can be activated;
ECso.r = the concentration of agonist producing the half-
maximal receptor activation). The efficacy could be regu-
lated by changing theN] ....maxinN @n analogous fashion as
in [26] andEcsy . This activated receptor acts as an -acti
vator for two G-proteins, Gand G, according to

[Ract][Gi—max]

Gsma
[Ract] + ECSO—Q( 1+ [G—X])

[Gi—act] =
slsg

[Ract[Gsmax]

[Rucd + Ecso.c,s(l " [Gi‘max])

[Gsact] =

G

([Gj.act ] @nd [Gq o = concentrations of activated G pro
teins; [Gi_mad and [Gq.mad = Maximum concentrations of
G-proteins.that can bg activategtso.q and ECso.G, = the
concentrations of activated receptors producing the half-
maximal G-protein activation). ¥ [Gg na)/Gs. and 1+
[Gi-mad/Gi.i, are the factors by which the G-proteins can be
made to competitively inhibit the activation of each other
(Gs., and G, _ are the inhibitory constants of@nd G,
respectively, on activation of each other). The overall ad-
enylyl cyclase (AC) response to the &d G activation is
calculated from

i-lgg

responsge =
[s] reSPONSE:.max
Sos
[Gi] | [Gd  [Gi] [Gd]
1+ + +
E n Gios Gsos Gios Gsos
Sos [G] [G4] [Gi] [Gd
1+ g + ag + oo
Gio.s Gso.5 Gio.s Gsos

([S] = [substrate]; §5 = Ecs(Substrate) on AC; (G5

Dowex/alumina ion-exchange chromatography [25] and ra- Ecs¢(G;) on AC; G5 = EC5¢(Gg) on AC; o = maximum

dioactivity was determined in a liquid scintillation counter.
The conversion ofH]ATP to [?H]cAMP was calculated as
a percentage of total recoveretH[ATP and normalized to
the recovery of J'C]JcAMP. In cases where data is given as
percent of forskolin, the change in cAMP level is related to
the forskolin response=( 100%).

2.7. Data analysis and computer modeling

Student’s non-paired two-tailgetest was used to calcu-
late statistical significance and non-linear curve fitting of the

effect(Q); ag = maximum effect(@). This model is based
on an enzyme kinetic equation in [27]. In this modification,
we are using Gand G as allosteric modifiers, and we have
also simplified the equation by fixing the cooperativity fac-
tor for substrate binding to 1. Termg and « determine
whether the modifier is a positive modifiew (> 1) or a
negative modifier¢ < 1). The values of; andagwere thus
fixed always to be<1 and>1, respectively, in the simula-
tions. Also, the interaction of the G-proteins with the AC is
made independent of each other. The following arbitrary
constants were used:
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Fig. 1. Functional characterization of expressed G proteins. Sf9 cell mem-
branes coexpressing receptors and different G-proteins were assayed for

receptor-catalyze{S]GTPyS binding. The experiments were performed “ ' —

with membranes isolated from cells infected for 44—48 hr. The binding “‘ G1
was stimulated for 60 min with 10@M noradrenaline. Data are given as

stimulated $°S]JGTPyS binding in fmol/mg protein and represent the 30 “

means* SEM of three experiments. Observe different ordinates on right

and left panel. Basal binding was determined with vehicle addition. Sta- By o oty By o oA+Py
tistically significant changes are indicated with ** and *#;< 0.01 and

P < 0.001,respectively, compared to basdland™"; P < 0.01 andP <
0.001, respectively, compared to binding with receptor alone, ns; not
significant @ > 0.05) compared to basal binding. ThB,,,, values

Fig. 2. Western blot analysis of expressed G-proteins. Representative
Western blot analysis of G-proteiag and «; subunits. Sf9 cells were
infected with virus for@y subunits (controls for antibody specificity), the
(mean+ SEM, N = 3) for receptors, determined witfH]JRX821002, respectivex subunit, ora and By subunits together for 40 hr. Aliquots of
were in pmolimg protein: 63.2 2.0 (x,g), 55.7 + 0.8 (G + asp), whole cell homogenates were taken before preparation of‘ isolated mem-
50.1+ 2.9 (GaBy + ayg), 54.1% 3.1 (Ga + apg), 49.8+ 3.4 (GaBy + branes and run on the gels as controls for total expression levels. The

oe), 9.8% 0.3 (@), 7.6 % 0.2 (Ga + ayp), 6.2 % 0.3 (GaBy + azn). amounts of pr(_)tein were 10g per lane of whole cell homogenates_ and 5
g per lane of isolated membranes. The molecular mass markers in kDa are
as indicated on the left. Densitometric scanning of the blots, with correc-
_ . _ . _ . _ . tions for protein amounts, gave the following values (arbitrary units): 18.11
réSPONSge.max = 1000; [ = 10; &5 = 100; G5 = 10; (s homogenate), 17.47af + By homogenate), 25.92x( membrane),

Gios = 10; ag = 10; o; = 0.3. The used variables were 45 ¢+ gy membrane), 18.81cf homogenate), 12.7%( + By

Gsmax Gi-max ECso-cy ECs0-G» Gs.i, OF Giiy; homogenate), 16.18( membrane), 37.66o{ + By membrane).
3. Results A, receptor) under similar conditions was 538 17
fmol/mg protein with G coexpression compared to 5510
3.1. Functional expression of G proteins fmol/mg protein in cells expressing receptor alone (not
shown). Noradrenaline had no effect on cells expressing the
Stimulation of Sf9 cells expressing the humags-AR G-protein alone, ruling out potential endogenous receptors.

with noradrenaline results in a significant elevation of the = Coexpression of (Banda,g-AR resulted in an increase in
cellular cAMP content compared to the basal level [8]. This receptor-stimulated®}S]GTPyS binding that amounted to a
stimulation presumably results from receptor activation of 40-fold increase compared with receptor alone at 48-hr
endogenous (proteins. To characterize the G-protein cou- postinfection (Fig. 1; right panel). Coexpressionsgfand
pling, we coexpressed the receptor with bovine,&one or By subunits greatly enhanced the receptor-stimulated
in combination with By subunits and measured the nor- [3**S]GTPyS binding as compared g subunit alone. Data
adrenaline-stimulated increase M$]GTPyS binding (Fig. from experiments with thex,,-AR are included for com-

1; left panel). In membranes without exogenous G-proteins, parison as this subtype, in contrasiig-AR, is coupled to
there was a 1.5-fold stimulation of*B]GTPyS binding inhibition of cAMP production in these cells [8]. Represen-
with noradrenaline compared to basal binding. The recep- tative Western blot analysis (Fig. 2) shows the heterologous
tor-stimulated $°S]JGTPyS binding without exogenous G-  expression ofy, ande; in Sf9 cells. The immunoblots also
proteins was not affected by the infection time between 26 demonstrated that coexpression wipy increases the
and 48 hr (data not shown). Expression of the,Gubunit amount of heterologous; subunits in the membrane frac-
did not significantly alter this binding. Expression of (&, tion from approximately 20% of total cellular;, subunits in
and By) resulted in a 3-fold increase in noradrenaline- the absence g8y to approximately 75% in the presence of
stimulated $°S]GTPyS binding as compared to receptor By based on densitometric scanning (the membrane fraction
alone. This increase was rather small, although statistically contains roughly 25% of total cellular protein). Such an
significant, compared to the binding obtained withcGex- effect of By could not be demonstrated with tlag subunit
pression. For comparison, the agonist-stimulated binding despite the similar effect in thé¥8]GTPyS binding assay.
obtained with a primarily Gcoupled receptor (adenosine Expression of Gincreased both the basal and forskolin-
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Fig. 3. Effects of G-protein expression on receptor- and forskolin-stimu-
lated cAMP production. Sf9 cells coexpressing tag-AR and G- or
G;-proteins @ andpvy) were assayed for stimulated cAMP production. The 1.6 -
infection time was 26-28 hr. The data are given as percent conversion of B
ATP to cAMP and represent the means SEM of three experiments.
Noradrenaline (10M) was used to stimulate the receptor and forskolin
(10 uM) was used to stimulate AC directly. Basal level denotes unstimu- = 1.2 1 ° o
lated cells. Statistically significant changes are indicated withP*< _g 2B
0.01 and ns; nosignificant @ > 0.05) compared to controlag-AR). 5 o G +
z s T Oop
8 08
X
. . .. . o
stimulated level of cAMP (Fig. 3). This increase was inde- =
pendent of receptor coexpression, indicating a certain un- S o4
stimulated basal activity of the G-protein itself. The
noradrenaline-induced cAMP accumulation was consider-
ably enhanced by expression of-@roteins (Fig. 3). With 0.0 . , ‘ ‘ . ‘ ,
G; expression, the response to noradrenaline was attenuated, 9 8 7 6 5 4 3

while the forskolin-stimulated response remained largely
unaffected (Fig. 3). This demonstrates that both G-proteins _ S _
interact with the receptor and the effector enzyme. The total Fi9- 4. Concentration-response relationshipsigy-AR-mediated regula-
amount of receptors in membranes from G-protein coex- 1o Of CAMP production. Sf9 cells expressing thge-AR alone or

. . ,  together with G-proteins were assayed for concentration-dependent stim-
pression at 26 hr p.OSt_"?feCtlon (?4'2_25'0 pmol/mg protein, ulation of cAMP production by noradrenaline (A) and UK14,304 (B). The
N = 6) was not significantly different from control cells infection time was 2628 hr. The data are given as percent conversion of
expressing receptor alone (246 1.3 pmol/mg protein, ATP to cAMP and represent the meansSEM of three experiments.
N = 3) as determined by radioligand binding.

-log [UK14,304], M

0.11 without G). UK14,304 behaved as a partial agonist for
the stimulation both in the absence and presence of exoge-
nous G proteins.

3.2. Effect of Gexpression on agonist potency

Increased availability of Gproteins should in the case of
interaction with the receptor affect the concentration-depen-
dence of stimulation. This has been shown foy &hd 3.3. Effect of Gand G on cAMP production in the
B>-AR [28]. Concentration—response relationships for nor- presence of forskolin
adrenaline and UK14,304 in cells coexpressinga@d the
a,5-AR are shown in Fig. 4. With both ligands, there wasa A bell-shaped concentration—response relationship, with
clear increase in the maximal cAMP accumulation. With inhibition of forskolin-stimulated cAMP production at low
noradrenaline, th&,, ., was enhanced 3.4-fold and the;, agonist concentrations and stimulation at higher concentra-
was reduced F < 0.001) when compared to receptor tions, has been observed with both thg,-AR and the
expressed alone gps, 7.03 = 0.02 with G and fEcs, a,5-AR using different expression systems [7,10,11,14]. As
6.50 = 0.01 without G). With UK14,304 theE, ., was shown in Fig. 5A, no significant inhibitory component can
increased 3.6-fold with no significar® (> 0.05)change in be observed with the expressedg-AR as also reported
the potency (pcsg 5.99 = 0.03 with G and pEcgy 5.83 = earlier [8]. When the receptor was coexpressed with G
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Fig. 6. Receptor-catalyzed*5]GTPyS binding to G-proteins. Sf9 cell
350 B membranes with coexpressedg-AR and G-proteins (43-46 hr post
infection) were assayed for concentration-dependent stimulation of
300 - [*°S]GTPyS binding. Membranes (2.,5g) were stimulated with different
concentrations of noradrenaline or UK14,304 in the presence. GDP
£ 250 and 0.2 nM F°S]GTPyS for 60 min. The data are given as fold increase
] compared to basal binding and represent the meanSEM of three
g 200 1 experiments.
k)
£ 150 |
< This response was converted to a pure stimulation of cAMP
T 109 =T~ ————"—F————————- production if the receptor was coexpressed witha@d to
an inhibition with G coexpression over the whole coneen
75 tration range of the ligand. Although the responses were
50 | different at the effector level, UK14,304 was about equally
%o s 8 7 & &5 4 3 effective as noradrenaline in stimulating$]GTPyS bind

-log [UK14,304] (M)

Fig. 5. Concentration—response relationshipa.gfAR in the presence of
forskolin. Thea,g-AR was expressed alone or together with 6r G.-
proteins and the concentration-dependent changes in forskolin-stimulated
cAMP production were determined. The infection time was 26—28 hr. The
concentration of forskolin was 1AM. The data are given as percent of
forskolin (forskolin alone taken as 100%, represented by the dashed line)
and represent the mearnis SEM of three experiments.

proteins, there was an enhancement of the stimulatory re-
sponse seen as an increase in the maximal response and

potency of the agonist (Fig. 5A). When the receptor was
coexpressed with G a biphasic concentration—response
curve was seen with inhibition of CAMP accumulation at
low agonist concentrations followed by an increased cAMP
accumulation at higher concentrations (Fig. 5A). The in-

crease exceeded the stimulation by forskolin alone but wasUK14,304

considerably reduced as compared to conditions without
G-protein coexpression.

When UK14,304 was used to stimulaigg-ARs, a bt

phasic concentration—response curve was obtained with in-

hibition of cAMP accumulation (maximal inhibition about
40%) at low ligand concentrations followed by an increase
in cAMP production at higher concentrations (Fig. 5B).

ing to coexpressed ;@roteins (Fig. 6).

Table 1 summarizes the effects of a panel of agonists on
the coupling ofa,5-AR to endogenous G-proteins and-co
expressed (Fproteins. There seems to be an inverse-rela

Table 1
Agonist-dependent signaling throughg-AR to stimulation and
inhibition of cAMP production

Agonist CAMP response
Qzp ap + G
Adrenaline +159+ 13 +37*6
Noradrenaline +148+ 5 +22+ 4
Oxymetazoline +150*= 9 +13*2
d-medetomidine +142+ 14 +14+5
a-methyl-NA +130+ 11 +7+4
Guanabenz +95+7 -5+6
+83*=3 -8=*7
BHT-933 +60=7 —-21+3
Clonidine +54+8 -20+5

Sf9 cells were infected with,5-AR alone or together with Gor 25 hr
and agonist-mediated changes in forskolin-stimulated cAMP production
were determined. All agonists were used at 1. «-Methyl-NA stands
for a-methyl-noradrenaline. The data are given as percent incregser (
percent decrease-( and represent the meansSEM from three experi-
ments.
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tionship between stimulatory and inhibitory coupling. 180 1
Those ligands which couple more weakly to stimulation are
more effective for inhibition of CAMP accumulation. At

longer infection times (equaling increased levels of G-pro-

160 -

140 -

teins as well as receptors), an inhibition is also revealed with %

the ligands that are full agonists for stimulation (data not g 120 1

shown). S 100 Cf
X

3.4. Effect of Gon the inhibitorya,,-AR n; 80 -
<

In previous studies on the, ,-AR expressed in Sf9 cells, ¢ 601

an inhibition of forskolin-stimulated cAMP accumulation 40 1

has been reported contrary to the stimulation seen with the

a,5-AR [8]. A concentration—response curve for the effect 20 +

of noradrenaline on the forskolin-stimulated cAMP accu-

mulation is shown in Fig. 7. Noradrenaline causes an inhib- -log [noradrenaline] (M)

itory “?Sponse at the whole Concentrat_lon range tes’teq'Fig. 7. Effect of G coexpression on cAMP production with thg,-AR
There is, however, a tendency toward a stimulatory phase insubtype. Thex,,-AR was expressed alone or together withpEoteins and

the concentration—response curve at 00 noradrenaline. the concentration-dependent changes in forskolin-stimulated cAMP pro-
Coexpression with Greduces the inhibition, causing a duction were determined. The infection time was 44—-48 hr. The concen-

biphasic concentration—response curve with stimulation at tration of forskolin was 1QuM. The data are given as percent of forskolin
high agonist concentrations (forskolin alone taken as 100%, represented by the dashed line) and

represent the means SEM of three experiments.

3.5. Modeling the adenylyl cyclase response with G-
protein ratios 4. Discussion

In order to illustrate the interaction of the two G-proteins We and others have previously shown that thg-AR
with a,-ARs, a model was constructed where the G-proteins shows preferential coupling to an increase in cAMP pro-
interact with the receptor and compete for the same binding duction in certain cell types when compared to the other
site on the receptor. This does not necessarily mean that thesubtypeso,,-AR anda,-AR, which seem to be primarily
G-proteins would compete for the same binding site, but coupled to inhibition of stimulated cAMP production [7,8,
that the interaction with one G-protein excludes interaction 11]. It has been shown, however, that all three subtypes can
with the other. The AC response was modeled using acouple to stimulation if uncoupled from Gy pertussis
modification of the enzyme kinetic model in [27]. The three toxin treatment [10,29]. The results of the present study
different concentration-response patterns, pure inhibition, gemonstrate that the availability of G-proteins significantly

biphasic, and pure stimulation, seen with noradrenaline andagfects the outcome of these dually coupled receptors at the
UK14,304 on thea,g-AR could be reproduced using this .o ular level.

model if it was assumed that the noradrenaline-induced
conformation has equal affinities for;@nd G (Fig. 8A)

and that the UK14,304 induced conformation has 10 times
higher affinity for G than for G (Fig. 8B). Fora,,-AR, the
affinity for G, was assumed to be 300 times higher than for
G, (Fig. 8C). Thus, with equal affinity a biphasic coneen

tration—response curve is obtained only upon increasing the . . . .
amount of G With lower affinity for G, than for G, a expression of G or G-proteins with thex,g-AR resulted in

biphasic concentration-response curve is obtained. In-2" €nhanced receptor-stimulated GBrinding, reflecting
creased amounts of the respective G-protein can convert thi diréct receptor-G-protein interaction. Comparison with
to either pure stimulation or almost pure inhibition. With a the coupling of the inhibitoryr,,-AR to G; indicated that
further reduction in the affinity for G a tendence of stim  the expressedys-AR subtype also functionally couples
ulation is obtained with increased levels of Gut the  efficiently to G. Although we do not have a measure for
stimulatory concentration—response curve is shifted to the how efficiently the chosen gy of B,y, subunit composi
right and does not show saturation within this concentration tion interacts with G and Gy;, several groups have suc
range. It should be noted that affinity in this context does not cessfully coexpressedfzy, and Gy; or Ga for the study

in physiological situations necessarily mean the binding of G-protein—receptor interactions [19,20,30-32]. In this
affinity of the G-protein for the receptor, as other factors study, the enhanced receptor-stimulated @3 Binding to
such as adaptor proteins could also promote the interaction.both Gag and Gy; with coexpressed By indicates that

In an earlier study, we found that when transiently ex-
pressed in Sf9 insect cells the humag,-AR stimulated
whereas thex,,-AR inhibited cAMP production [8]. As the
endogenous insect G-proteins may not provide optimal cou-
pling to mammalian receptors, we chose in this study to
investigate the interaction with mammalian G-proteins. Co-
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Fig. 8. Prediction of cCAMP responses in relation to G-protein levels. The
mathematical model, described in the Methods section, was used to predict
the activity of adenylyl cyclase through receptor activation of inhibitory
and stimulatory G-proteins. In (A), the receptor affinities fqradd G
(ECso-ay ECso-g) and their inhibitory constants for mutual interaction with

the receptor (G, or G, ) are the same (0.1). The respective G-protein
levels Gq max Gi-may are varied and the G5, ratios are shown next to the
graphs. With these parameters, the model reproduces the curve pattern
obtained with noradrenaline stimulation of thg;-AR. In (B), the receptor
affinity for G is reduced 10-fold gcso.q, and G, = 1). With these
parameters, the model reproduces the approximate curve patterns obtained
with UK14,304 stimulation of thex,g-AR. In (C), the receptor affinity for

G, is 300-fold less than that of GeCso.q, and G, = 30) andGg maxis
varied. With these parameters, the model reproduces the approximate curve
patterns obtained with noradrenaline-stimulation of éhg-AR.
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functional heterotrimers of both G-protein subfamilies are

formed and interact with the receptor.

Results from previous studies an-ARs indicate that
inhibitory and stimulatory coupling to cAMP production

ments for the receptor. Stimulatory coupling is usually seen
at higher agonist concentrations than inhibitory coupling
causing biphasic concentration—-response curves [10]. This
could indicate that the different conformations induced or
stabilized require a different occupance of the ligand-recep-
tor complex. Mutagenesis studies indicate that different
intracellular domains of the receptor are involved in inhib-
itory and stimulatory coupling [13,14,33]. This indicates
that the receptors adopt different conformations that differ
in their preference for interaction with different G-proteins.
In some cells, alk,-AR subtypes couple only to inhibition

of the cAMP accumulation response [7,34], suggesting that
the cellular environment can direct the signaling. One vari-
able in this context could be the expression level of G-
proteins or accessory proteins. As shown in this study,
increased levels of Gproteins cause shifts in the coneen
tration—response curves for noradrenaline viadhg-AR.

The inhibitory phase revealed with Goexpression as well
as the enhanced noradrenaline-stimulated 4 Binding
demonstrate that the,g-AR also couples efficiently to
G;-proteins if their availability is increased, although it
appeared to couple only to a stimulation of cAMP accumu-
lation without G-protein coexpression. With thg,-AR on

the other hand, a stimulatory phase was revealed wijth G
coexpression resulting in a biphasic concentration—response
curve. G-protein availability thus seems to be an important
factor for the ability ofa,-ARs to direct cellular signaling
via CAMP.

Some agonists show preference for coupling to inhibition
over stimulation with thea,-ARs [14,16,29,35]. In this
study, UK14,304 elicited a biphasic concentration—response
curve in the absence of exogenous G-proteins. The phenom-
enon where certain agonists can selectively activate specific
signal pathways has been termed agonist-specific coupling
[36] or agonist trafficking (of receptor signals) [37]. If
ligand-induced, different active receptor conformations will
preferentially activate specific G-proteins, a distinct activa-
tion of different signaling pathways by different agonists
will be observed. A possible explanation for the difference
between noradrenaline and UK14,304 is that the receptor

show different structural and/or conformational require- conformation induced by UK14,304 interacts more weakly
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with G compared to Gproteins. This is further supported  function as a physiological pathway in certain cells or under
by the observation that exogenous W&as unable to fully certain conditions. In this study, we have shown that the G
override the stimulatory response with noradrenaline, while protein level as well has a major impact on receptor regu-
UK14,304 elicited a monophasic inhibitory response. Both lation of effector enzymes. The readout we have used, i.e.
ligands activated (3o the same extent in the G¥B bind CcAMP production, may actually be blunted as the G-pro-
ing assay. This indicates that the difference between theseteins studied converge on AC giving opposite effects. In
two ligands is not due to an overall lower efficacy of another setting where two pathways diverge to regulate
UK14,304 to activate the receptor but that they differ in different effector systems, the impact of G-protein levels
their ability to activate Gproteins. Increased levels of.G may be even more pronounced. There are a number of
proteins converted thewg-AR to a stimulatory receptor  studies demonstrating differential regulation aof €&pres

also with UK14,304. Extending this to the ,-AR suggests  sion in the course of normal development, differentiation,
that the noradrenaline-activateg,-AR receptor is consid and acclimatization [reviewed in 42]. Given the high pro-
erably more restricted with respect to its interaction with G miscuity of the a,g-AR for coupling to G and G, this
compared to thew,z-AR. The effect of an altered Gorotein receptor subtype should be the focus of future studies on the
level ona,A-AR signaling has been described earlier [38]. physiological relevance of dual G-protein coupling.

The potency of UK14,304 to promote; @ctivation was

found to be 1000-fold higher than that for, Gctivation.

This supports our observation af,-AR being much less  Acknowledgments

promiscuous than the,g-AR subtype.
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An effect of G-protein coexpression on agonist efficacy has
also been demonstrated using NIH-3T3 cells transfected
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