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Differential signalling of both wild-type and TFt°Arg dopamine
D.<hortF€Ceptor by partial agonists in a G-protein-dependent manner
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Abstract

G-protein activation and G4 responses by the wild-type,D,..receptor and a mutation THPArg, in the distal BBXXB motif of its
third intracellular loop, were investigated in CHO-K1 cells in terms of ligand:receptor:G-protein interactions. No evidence was obtained fo
constitutive, agonist-independent receptor activation, but differences in the ligand-mediated activation profiles of both the wild-type an
mutant Th#*3Arg D, '€CEptor were observed. Most of the partial agonists, but not bromocriptine, displayed an enhanced response
the mutant Bg,,..receptor, suggesting that the mutation brings the receptor in a more active state. This enhancement was apparent bott
the level of G-protein activation{fS]GTPyS binding) and at the effector (Earesponse) and occurred with different-Broteins. Partial
agonists were also found to act differently via the wild-typg,R,;receptor depending on the involved @rotein. Compared with higher
efficacy agonists, partial agonists displayed® Caesponses with slower and dissimilar kinetic properties. Lisuride and in particular
bromocriptine produced a more potent response in the co-presence gf préein instead of a chimeric G- or a promiscuous
G,1s-protein. S¢-)-propylnorapomorphine showed a similar partial response irrespective of the comhjradt&in. Bromerguride and
(+)-UH 232 induced weak (16 to 21% versus dopamine) intrinsic activity in the co-presence gf.g®tein in contrast to their silent
properties with a G, s or a G,,Cys>>le-protein. In conclusion, the present data strongly suggest that multiple activation binding sites are
involved with these ligands at the,D,..receptor, and that their activation may be unravelled by either the mutation or co-expressed
G_-proteins being investigated. © 2001 Elsevier Science Inc. All rights reserved.

Keywords: Recombinant human dopamine,d.. receptor; G-protein; f°S]GTPyS binding and C& response; Intrinsic ligand activity; Differential
signalling

1. Introduction different classes of ligands (efficacious agonists, partial
agonists, neutral antagonists, and partial to efficacious in-
A widely accepted model used to describe the activation verse agonists) on receptor signalling [4]. The C-terminal
of G-protein-coupled receptors by agonists is the ternary portion of the third intracellular loop has been suggested to
complex model, which accounts for the co-operative inter- be involved in constraining the G-protein-coupled receptors
actions between agonist, receptor, and G-protein [1]. This in an inactive (G-protein-uncoupled) conformation [5]. Mu-
model has recently been extended to accommodate the obtagenesis studies of the distal BBXXB motif (in which B
servation that several receptors can activate G-proteins inrepresents a basic residue and X a non-basic residue) in the
the absence of agonist and that mutations in different struc-third intracellular loop ofa,g-adrenergic,a,,-adrenergic,
tural domains of the G-protein-coupled receptors can en- 5-hydroxytryptamings (5-HT,g), 5-HT,,, and 5-HT,. re-
hance this agonist-independent activity [2,3]. The extended ceptors demonstrated constitutively active mutants [5-11].
ternary complex model also accounts for the effects of Whereas the degree of constitutive receptor activation var-
ies between these receptor systems, two common features
are observed at these mutant receptors: an enhanced basal
* Corresponding author. Tel+33 563 71 42 65; fax:+33 563 71 43 response that can be reversed by an inverse agonist, and an
E-mail addresspeter.pauwels@pierre-fabre.com (P.J. Pauwels). increased affinity and potency for agonists. In contrast,

Abbreviations:NPA, propylnorapomorphine; PTXgordetella pertus- 3”3'0,90‘_’3 mUt‘T"tIO.nS in the S-{receptor did notlproduce
sis toxin; 7-OH-DPAT, 7-(hydroxy-2-(di-propylamino)tetralin; and constitutive activation. The 5"’5; reCEp_tor mUtaU_onS .also
(+)-UH 232, cis-{+)-5-methoxy-1-methyl-2-(di-n-propylamino)tetralin. seem to alter receptor: G-protein coupling, allowing ligand-
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dependent coupling of receptor tq & addition to G/G,- PCR buffer [16 mM (NH),SO,, 2 mM MgCL, 50 mM
proteins [12]. The role of the distal BBXXB motif in the  Tris—HCI (pH 9.2)]. The PCR program consisted of 30
third intracellular loop with regard to activation of the repetitive cycles with a strand separation step at 96° for 30
dopamine D receptor subtypes has to our knowledge not sec, an annealing step at 60° for 1 min, and an elongation
been precisely defined. step at 68° for 1.5 min. Site-directed mutagenesis of the
Measuring forskolin-stimulated cAMP accumulation in  Thr**3 position (ACT codon) into an Arg residue (AGA
transfected CHO-K1 cells, Hall and Strange [13] suggested codon) was performed using a Quick Change site-directed
that most antipsychotic drugs act as inverse agonists at bothmutagenesis kit, according to Stratagene’s instructions.
wild-type Dygorr@nd Dyjong receptors. Also, these antago  Wild-type rat G,, (M17526), mouse G, (M55412), and
nists only weakly €12%) inhibited basal *PS]GTPyS mouse G,5 (M80632) protein cDNA were PCR-amplified
binding to membranes expressing either the short or longunder similar experimental conditions using gene-specific
isoform of the D receptor [14-16]. One strategy to over primers. The chimeric G -protein was constructed by
come this weak amplitude of inverse agonist activity may be exchanging the last five amino acids (&t4Tyr-Asn-Leu-
by co-expression of the J,. receptor with G protein Val) of a mouse G,-protein by those corresponding to a rat
subunits. We have previously reported on facilitation of G_, (Gly-Cys-Gly-Leu-Tyr) protein. This has been per
constitutivea,,-adrenergic receptor activity by both asin  formed by inserting the respective nucleotide sequence on

gle amino acid mutation (TRfLys in the BBXXB motif) the reverse oligonucleotide primer used in a PCR reaction
and co-expression of a pertussis toxin (PTX)-resistant on cloned wild-type G, protein cDNA [21]. Receptor and
G,.Cys™®lle-protein [10]. G,-protein constructions were cloned into a pCR3.1 mam

In the present study, we investigated G-protein activation malian expression vector and the nucleotide sequences were
by both the wild-type and TAf*Arg (mutated in the distal ~ fully verified by DNA sequencing and confirmed the re-
Lys-Lys-Ala-Thr-GIn motif of its third intracellular loop) spective sequences.

D.shor FECEPLOr in the co-presence of g Gys*>lle-pro-
tein. We found no evidence for constitutive ¥fiArg 2.2. Measurement of intracellular €& responses
D.qhort FECEPLOr activation. However, most partial agonists
displayed an enhanced response, suggesting that the mutant Subconfluent CHO-K1 cells were transiently transfected
receptor is in a more active conformation. The partial ago- with either a wild-type or mutant TAt3Arg D,p,o,F€Ceptor
nist bromocriptine failed to demonstrate an enhanced re-and a G4 0r G,;5-protein plasmid (unless indicated) in an
sponse at the mutant receptor. This may suggest that acti-equimolecular amount (1Qug) by electroporation [19].
vation of the Thi*3Arg D,,cfeceptor by partial agonists  Cells were assayed between 24 and 48 hr upon transfection
may occur via multiple molecular mechanisms. The latter for intracellular C&" responses upon 1-hr pulse withu®/
hypothesis was further explored by monitoring dynamic Fluo-3 fluorescent calcium indicator dye as described [19].
agonist: Do creceptor interactions following activation of ~ Either dopamine or other dopaminergic ligands were as-
either a chimeric Gy, [17] or the promiscuous (s sayed for their C& response. Data for €& responses
protein [18]. These Gproteins have been shown to couple were obtained in arbitrary fluorescence units and were not
G-protein-coupled receptors efficaciously to the cellular translated into C& concentrations. Fluorescent readings
Ca" signalling pathway [19,20]. The herein described ag were made every 2 sec for the first 3 min using a fluoro-
onist: D,g,ocreceptor: G-protein kinetic G4 data strongly metric imaging plate reader (FLIPR, Molecular Devices).
suggest that the partial agonists activate thg,[);receptor Eax Values were defined as the ligand’s maximal high-
via multiple ligand activation binding sites. magnitude response in percentage versus that obtained with
10 uM dopamine. pEg, values correspond to a ligand
concentration at which 50% of its own maximal high-mag-

2. Materials and methods nitude C&" response was measured. Two kinetic parame
ters were deduced from the agonist-mediateti’Gaspons
2.1. Construction of human wild-type and mutant es: the onset-time (T) to yield maximal activation by a given
Thr**3Arg dopamine Dy, receptor, wild-type, and agonist and the attenuation of the®Casignal upon maxi
chimeric G,-protein genes mal agonist activation. This latter was determined by the

residual activity (%) upon 1 min of its maximal activation.
The short splice variant of the human dopaming D

receptor cDNA (RC: 2.1.DA.02) was cloned by PCR using 2.3. Guanosine 50-(3-[**S]thiotriphosphate
oligonucleotide primers designed according to the sequence([*°S]GTPyS) binding responses
deposited in the Genbank database (accession number:
S69899). The PCR mixture (50L) consisted of 250 ng of CHO-K1 cells grown to 60—80% confluency in Petri
reverse-transcribed poly (3 RNA from human whole dishes (50 crf) with nutrient mixture Ham’s F-12 supple
brain, 350uM of each dNTP, 400 nM of each primer, and mented with 10% heat-inactivated foetal bovine serum were
1 pL of Expand long-template DNA polymerase mix in used for transfection using a Lipofectamine Plus kit [21].
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pCR3.1 plasmid (0.6 microgram) containing either the wild-
type or mutant TH*3Arg Dogp,o receptor cDNA supple
mented with 0.6 micrograms of the mutant Gys**ile
protein cDNA was mixed with 1@.L of Lipofectamine Plus
reagent in 0.2 mL of Opti-Mem and incubated at room
temperature for 15 min. Subsequently, 20 of Lipo-
fectamine reagent diluted in 0.2 mL of Opti-Mem was
added for 15 min and exposed with 5 mL of Opti-Mem to
CHO-K1 cells for 3 hr at 37°. Thereatfter, cells were incu-
bated further with 10 mL of complete growth medium and
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Table 1

Basal and dopamine-mediatet’$]GTPyS binding responses by wild-
type and mutant TRf°Arg D, FeCEptor in the co-presence of a
pertussis toxin-resistant @Cys*>Ylle-protein

[®°S]GTPyS binding response (fmol/mg protein)
Thr343Arg DZShort

W'ld'WPe DZShort

167+ 28
412+ 47*

168+ 38
370+ 76*

Basal
10 uM dopamine

CHO-K1 cells were transfected with 0.6g receptor and 0.6ug
G,.Cys*®lle plasmid and treated with pertussis toxin (20 ng/mL) ever

harvested 48 hr after transfection. Treatment with PTX (20 pnight before membranes were prepared as described in Methods.
ng/mL) was performed overnight before membranes were [3*S]GTPyS binding responses were performed with 0.5 FRB[GTPYS.

prepared. Basal and agonist-depend&8]GTPyS binding

Specific fH]Jnemonapride binding represented 1.£70.30 and 0.64+

[22] to the above-mentioned membrane preparation was 0-15 pmol/mg protein for the wild-type and mutant receptor preparation,

performed in 20 mM HEPES (pH 7.4) supplemented with
30 uM GDP, 100 mM KCI, 3 mM MgC}, and 0.2 mM
ascorbic acid. Maximal stimulation of§8]GTPyS binding

respectively. Values represent meanSEM of 6 independent transfection
experiments.

* P < 0.05 forcomparison with basal value (one-way repeated mea-
sures analysis of variance, followed by all pairwise multiple comparison

was defined in the presence of i1 dopamine and cal-  procedures [Student-Newman—Keuls method]).

culated versus basat®B]GTPyS binding.

norapomorphine hydrochloride ()-NPA], R(—)-NPA,
and (+)-butaclamol were from RBI. Lisuride maleate and
bromerguride were from Schering+{-UH 232 was from
Tocris.

2.4. Radioligand binding to R, receptor

[®*H]Nemonapride binding (0.12 nM) was assayed to
membrane preparations of transfected CHO-K1 cells as
previously described [23]2H]Sulpiride binding (2.0 nM)
was determined on intact transfected CHO-K1 cells as de-
scribed [19]. Non-specific binding was determined in the 3. Results
presence of 1QuM (+)-butaclamol.

3.1. [**S]GTPyS binding responses mediated by wild-type
2.5. Protein content and mutant Th**Arg dopamine Dy, receptor

Membrane and cellular protein levels were estimated  Transfection of the wild-type and THPArg D,qor re-
with a dye-binding assay using a Bio-Rad kit; bovine serum ceptor in CHO-K1 cells was performed in the co-presence
albumin was used as standard [24]. of a PTX-resistant G,Cys*!le-protein [21] in order to
compare their activation under similar experimental condi-
tions. Consequently, PTX treatment (20 ng/mL) of the
transfected cells blocked the,D, receptor coupling to

Statistical analysis was performed Bp,,, and T values endogenous PTX-sensitive;,gproteins. Also, dopamine
using either a one-way repeated measure analysis of vari-(10 uM) stimulated F°S]JGTPyS binding via the
ance, followed by all pairwise multiple comparison proce- G,,Cys>}le-protein by 147 and 120% for the wild-type
dures (Student-Newman—Keuls method) or a one-way anal-and ThP*3Arg D.,..receptor, respectively (Table 1As-
ysis of variance, followed by all pairwise multiple sessment of the receptor amount as measured with
comparison procedures (Tukey test). [®*Hlnemonapride binding suggested a 45% decrease in
binding sites at the mutant receptor preparation (Table 1) in
accordance with that observed at similar receptor mutants
[6,25]. It cannot be excluded that the decreased number of

All molecular biology reagents were purchased from In binding sites at the receptor mutant is due to a decreased
Vitrogen, Roche Diagnostics, Stratagene, and PE Biosys-stability of the binding site.
tems. CHO-K1 cells were obtained from ATC®I-methyl- A comparison of the intrinsic activity of a series of
*H]Nemonapride (85 Ci/mmol) and —)-[methoxy- dopaminergic ligands at both the wild-type and *ffikrg
3H]sulpiride (60—87 Ci/mmol) were obtained from NEN. D, receptor in the co-presence of the PTX-resistant
[**S]GTPyS (1000-1200 Ci/mmol) was from Amersham. G,,Cys>4le-protein is illustrated in Fig. 1Table 2 sum-
Fluo-3 was obtained from Molecular Probes. Dopamine marises the corresponding ligands;,,, and pEGg values.
hydrochloride, pergolide mesylate, and haloperidol were Except for (-)-NPA, each of the compounds being inves-
obtained from Sigma. Bromocripine mesylate, 7-OH-DPAT tigated displayed a significantly smaller maximal response
hydrobromide, apomorphine hydrochloride,+J{propyl- than dopamine at the wild-type,Q,.receptor. The ampli

2.6. Statistics

2.7. Materials
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Fig. 1. Concentration®fS]GTPyS binding curves of dopaminergic ligands to membrane preparations of CHO-K1 cells transfected with either a wild-type
or Thr***Arg dopamine Dg,,receptor in the co-presence of a pertussis toxin-resistgnCes>>4le-protein. f°S]GTPyS binding was measured as described

in Methods. Maximal stimulation of*fSJGTPyS binding was determined in the presence of @@ dopamine. Stimulation of*P'S]GTPyS binding is
expressed as a percentage of that obtained witaNl@opamine. Curves are constructed using mean vatu&EM from 3 to 6 independent transfection
experiments. Mea,,,,, and pEG, values+ SEM are summarized in Table @—@: wild-type D, receptor, O——O: Thr**3Arg Dog,oreCeptor.

tude of the responses mediated by 7-OH-DPAT, pergolide, 3.2. C&" responses mediated by wild-type and mutant
apomorphine, and«)-NPA were not significantly different ~ Thr***Arg dopamine Dy, receptors

from that of dopamine at the THArg D.,,..feceptor, and

their potencies were increased 2- to 3-folek){UH 232, In contrast to its lack of effect in non-transfected cells,
bromerguride, £)-NPA, and lisuride also displayed an en- dopamine produced a time- and concentration-dependent
hanced response but with an amplitude smaller than that ofincrease in the intracellular €4 concentration in CHO-K1
dopamine. Having ag,,,,, value similar to that of {)-NPA cells transiently co-transfected with a wild-type ., re-

and lisuride at the wild-type R, .receptor, bromocriptine  ceptor and either a chimeric G, or G, 5 protein (Fig. 2A).

did not display a significantly enhancet*$]GTPyS bind The magnitude of the dopamine-mediated® Caesponse
ing response at the THPArg D, receptor: neither its  was greater with a Gyo~ than with a G, s-protein, but both
Enax NOr its pPEG, value was significantly different as Ca" responses showed a similar potency for dopamine
compared to the wild-type receptor. The putative antagonist (Table 4). In addition, the high-magnitude Tapeak re
haloperidol (1 uM) did not significantly inhibit basal  sponse occurred significantly more rapidly in the co-pres-

[*°*S]GTPyS binding (Table 2). ence of a Gq-protein (11 sec) than Gs-protein (25 sec)
Table 2
Emax @nd pEG, values of $S]GTPyS binding responses as mediated by dopaminergic ligands at wild-type aff#Argrdopamine D, receptor
Ligand B°SIGTPyS binding response
wild-type DugporeCEptor plus G,Cys®ile Thr*3Arg D,qorfeceptor plus G,Cys*™>lle
Emax pEC:’;O Emax pEC:'>0
Haloperidol —2*4 -6x5
(+)-UH 232 61 25+ 3% 7.35*0.12
Bromerguride =1 31+ 4% 9.09 + 0.07
(+)-NPA 48+ 4 7.39+0.13 73% 3** 7.67 = 0.07
Lisuride 51+ 4 9.40*+ 0.10 T+ 4+ 9.28 = 0.11
Bromocriptine 53t 4 8.42+ 0.04 63+ 5 8.20+ 0.06
7-OH-DPAT 78+ 3 7.45+0.13 95+ 4* 7.89+ 0.04
Pergolide 83+ 4 8.71+ 0.04 84+ 6% 9.12+ 0.07
Apomorphine 83+ 4 8.35+ 0.10 86+ 1* 8.71+ 0.10
Dopamine 102- 1 7.30%= 0.00 101+ 1 7.65+ 0.10
(—)-NPA 103+ 2* 9.36+ 0.03 91+ 4* 9.80+ 0.08

CHO-K1 cells were transfected with 08y G,,Cys*®lle plasmid and either 0.6g wild-type DogporFeceptor or THt*3Arg Do receptor plasmid and
treated with pertussis toxin (20 ng/mL) as described in MethddS]ETPyS binding experiments were performed with 0.5 n\S]GTPyS as described
in Methods E,, ., values are expressed in percentage versus the stimulation as obtained withdidpamine. A dose—response curve was performed when
a ligand-mediated maximal response wa20% versus that of 1&M dopamine.E, ., values correspond to mean valuesSEM of 4 to 6 independent
transfection experiments. pEgCvalues= SEM are obtained in 3 independent transfection experiments. Statistical analysis was performed by one-way
analysis of variance, followed by all pairwise multiple comparison procedures (Tukey test).

* P = NS versus dopamine of either wild-type or $HArg Do reCEptor.

** P < 0.05 forcomparison between wild-type and PfiArg D, receptor.
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Fig. 2. C&" responses obtained with CHO-K1 cells transfected with the
wild-type dopamine D, receptor. C&" responses were measured as
described in Methods every 2 sec for 3 min. (A) Transfection of the
wild-type D.¢por receptor was performed in the co-presence of empty
plasmid, or in combination with G/, G.15 G.q Or G,.-protein, and
assayed with 1@M dopamine. (B) Time-courses of dopaminergic agonist-
induced C&* responses at wild-type 2,,,;receptor in the co-presence of
a G,qyrprotein. C&" responses were measured at maximally effective
ligand concentration (1M, except 1uM for lisuride). Tracings were
expressed as a percentage of the respectifé @mponse mediated by 10

M dopamine and illustrate a representative experiment. The onset time of
maximal activation (T) for each ligand is summarized in Table 4. Curves

for apomorphine, {)-NPA, and pergolide (not shown) were similar to that
of 7-OH-DPAT and not significantly different from the dopamine-medi-
ated C&" response. (C) Similar to B for wild-type f3,..receptor in the
co-presence of a Gs-protein. Curves for apomorphine;-{-NPA, and
pergolide (not shown) were similar to that of 7-OH-DPAT and not signif-
icantly different from the dopamine-mediated*Caesponse.
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(Fig. 2, B and C). Assay of the J3,,;receptor alone or by
co-expression with either a wild-type G or G,,-protein
revealed either a small or no dopamine-mediated*Ca
response (Fig. 2A). Activation of the mutant PfiArg
Dashore F€CEPLOr in the co-presence of g fg-protein dis
played a smaller and a tendency toward a slower dopamine-
mediated C&' response (Table 3jn even smaller dopam-
ine-mediated C& response with a kinetic profile similar to
that of the wild-type Dgyocf€Ceptor was obtained with the
mutant Dyg,.;receptor in the co-presence of g &protein
(Table 3). Consistent with the observation at the membrane
preparation (Table 1), the receptor expression as estimated
with [*H]sulpiride binding on the intact transfected
CHO-K1 cells demonstrated a 51 to 57% decrease of the
mutant receptor irrespective of the co-expressegp@tein
(Table 3).

With the exception of bromerguride ane-)-UH 232,
dopaminergic ligands considered as partial agonists at the
wild-type D,g,o: receptor in the co-presence of a
G,.Cys™®lle-protein (Table 2) displayed weaker potencies
in the co-presence of a chimeric Gprotein (Table 4).
This was evident, in particular, for bromocriptine: a 138-
fold attenuation in potency was observed. pECalues of
(+)-NPA and lisuride were attenuated 4- and 12-fold, re-
spectively. Each of these partial agonists also displayed a
slower onset time of maximal activation as compared to
dopamine (Fig. 2B and Table 4). Apomorphine, pergolide,
(—)-NPA, and 7-OH-DPAT were not further considered for
evaluation at the TRf3Arg D, feceptor as they showed
a maximal response with similar kinetic properties to that of
dopamine at the wild-type Ry.«receptor. Fig. Zompares
the C&" responses by the wild-type and FfiArg Dogon
receptor in the co-presence of gz protein. Except for
bromocriptine and lisuride, each of the partial agonists in-
duced a significantly enhanced maximal response: this ef-
fect was greatest for()-UH 232, and was accompanied by
a 6-fold increase in potency. Again, each of these com-
pounds displayed a slower onset time of maximal activation
versus dopamine (Table 4). With the exception of bro-
mocriptine and lisuride, a comparison between thé'Ca
responses for the partial agonists as obtained with,a-G
protein showed a smaller response at the wild-typeg, [}
receptor (Table 4). The onset time for maximal activation by
(+)-NPA and bromocriptine was shifted by about 20 sec
compared to dopamine (Fig. 2C and Table 4). The ligand
activation profile as obtained by the PAIArg D,qpo re-
ceptor in the co-presence of g Gprotein was comparable
to that observed with a &G,,-protein (Fig. 4).The intrinsic
activity of bromocriptine was not modified, and both bro-
merguride and+£)-UH 232 displayed a Cd response with
a smaller amplitude. Onset time of maximal activation for
bromocriptine and lisuride was not modified at the mutant
Thr*3Arg D, Feceptor as observed with dopamine {Ta
ble 4).
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Table 3
Receptor amount, magnitude, and kinetic properties of dopamine-mediatédesponses in CHO-K1 cells expressing either wild-type,R), receptor
or mutant Th#*3Arg D, reCeptor in the co-presence of af3- or G,,5-protein

[®H]Sulpiride binding Ca" response onset
(pmol/mg protein) Magnitude (arbitrary time of maximal Residual activity (%) upon
fluorescence units) activation(s) 1 min of maximal activation
wild-type D, FECEptor
plus G,q protein 1.20*+ 0.14 11076+ 377 11.1+ 0.5 68+ 1
plus G,,5 protein 1.53+0.32 4823+ 772 24.8+ 2.1* 60+ 2
Thr343Arg DZShort
receptor
plus G, protein 0.59=+ 0.18 6990+ 889 15.8+ 0.7 63+ 3
plus G,,5 protein 0.66*+ 0.17 2874+ 656 25.0+ 1.6* 54+5

[®H]Sulpiride binding was performed with 2 nNMH]sulpiride as described in Methods. Laesponses to dopamine (M) were monitored as described
in Methods. Data represent mean valuesSEM as obtained in 7 to 21 independent transfection experiments.

* P < 0.05versus Gq-protein [Statistical analysis was performed by one-way analysis of variance, followed by all pairwise multiple comparison
procedures (Tukey test)].

4. Discussion (C&* response) and as mediated by differengp@otein
subtypes. We also observed that the responses of the partial
The present study analyses the activation by dopaminer-agonists by the wild-type R, receptor were dependent
gic agonists of the wild-type R,,.;receptor and a mutation  on the G,-protein involved for its coupling. The degree of
(Thr**3Arg) in the distal BBXXB motif of its third intracel receptor activation is highly determined by the coupling
lular loop. This receptor region has previously been docu- efficacy between the receptor ang-@rotein [28,29]. How
mented to be critical in receptor activation [2]. In particular, ever, the present study shows that the degree of receptor
several mutations [5—11] in this receptor region have been activation versus different sproteins is also dependent on
shown to yield a constitutively active receptor with two the investigated partial agonist. For instance, lisuride and in
main features: an enhanced response to partial agonists angarticular bromocriptine displayed a more potent response
a differentiation between ligands, classically defined as an-in the co-presence of a Gprotein instead of a G- or a
tagonists, as either weak partial agonists, neutral antago-G,,s-protein. (+)-NPA displayed a similar partial response
nists, and partial or full inverse agonists. Under the herein at the wild-type DBgpo« receptor irrespective of the cem
defined experimental conditions, the THArg mutation in bined G,-protein. Otherwise, bromerguride ane-)¢UH
the Do r€Ceptor did not show constitutive activity. The 232 displayed some intrinsic activity in the co-presence of a
agonist-independent (basafP$]GTPyS binding response G.qoProtein in contrast to their silent properties with either
was not significantly enhanced by the ¥HArg mutation a G5 or a G,Cys*™le-protein. Therefore, the present
and could not be attenuated by a dopamine antagonist suctdata strongly suggest that several dopaminergic agonists
as haloperidol. Recently, most of the dopamine antagonistsactivate in different ways the f3,,.receptor, which can be
have been proposed as inverse agonists at the dopamine Dunravelled by either the mutation or co-expressedp@-
receptor [13,26], though these compounds, with the excep-teins described in this study.
tion of (+)-UH 232, could not be differentiated since they Chimeric G,-proteins constructed by exchanging the C-
share a similar magnitude of inverse agonism. The weak terminal portion of a given Gprotein by that of another
amplitude of constitutive dopamine,Deceptor activation  class of G-proteins [28,30] have been introduced to mon
[14-16] as compared to other G-protein-coupled receptor itor alternative receptor coupling mechanisms. This is use-
systems [27] is perhaps one possible explanation for theful to measure receptor responses that are otherwise difficult
apparent lack of differentiation between the intrinsic activ- to obtain. Chimeric G,,-proteins have been reported to
ity of these putative dopaminergic inverse agonists. We convert the coupling of (g-protein-coupled receptors to
found clear differences in the activation profiles of both the the phospholipase C pathway [17]; they therefore are suit-
wild-type and mutant THf3Arg D, receptor by the  able to monitor receptor-mediated Caresponses. Ca
partial agonists. Most of them displayed an enhanced re- mobilisation by dopamine Preceptors has previously been
sponse at the mutant,D,., receptor, suggesting that the demonstrated in CHO-K1 and Likfibroblast cells stably
receptor mutation facilitates activation by partial agonists. expressing the receptor; this response was sensitive to the
However, bromocriptine did not demonstrate an enhancedG,,-protein-inactivating agent PTX [30,31]. Hence, this
response. Note that the amplitude of the response as meaCa " response is likely to be mediated Iy subunits of
sured by bromocriptine at the wild-type,[3..receptor was G, proteins. In the present study, robust dopamine-medi
of the same magnitude as-}-NPA and lisuride. These ated C&" responses were observed in the co-presence of
findings were apparent both at the level of the G-protein either a G, Or G,;5-protein; it consisted of rapid, tran
activation (F°S]JGTPyS binding response) and the effector sient responses with a high-magnitude phase. Interestingly,
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bromocriptine displayed dissimilar kinetic properties; their
s 5 2 = onset times of activation varied and could be attenuated by
/ / a factor of four, as was the case for bromerguride at the
W e L s ‘ wild-type D,gor Feceptor in combination with a (o

N EROMERGURIDE (Loght) T unzieat Y Aty protein. The weak or non-existing dopamine-mediated Ca

) response with a - and a G,-protein further suggests that

. . replacement of the terminal five amino acids of g,G

% # % protein by that of a G,-protein in the G,,-protein confers

* ® some specificity versus a native coupleg,@rotein [28].

B R A e e e s s The degree of receptor activation by the partial agonists via
EROMOCRITINE (Log ) HSURIDE Loath POPANINE (Loa a G,,Cys™'ile-protein was greater than via a,Gprotein

. ; 3 , with the exception of bromerguride and -UH 232. The
wild-type dopamine and TRAt*Arg D,,.creceptor in the co-presence of a litud fth b d ia t 359
G qioProtein. C&" responses were measured as described in Methods and amplitude o € observed responses via f;g(ry e-

expressed as a percentage of the respecti¢é @mponse mediated by 10~ Protein is presumably turned on at a maximal level. The
M dopamine. Curves are constructed using mesBEM values obtained ~ presence of a hydrophobic amino acid (i.e. isoleucine) at

in 6 to 8 independent transfection experiments. M&n, and PEG, position 351 of G;,-proteins has been shown to increase
values = SEM are ;;Tg“af'zed in Table @—@: wild-type Dzsnor  the amplitude of 5-HT, and a,,-adrenergic receptor sig
receptor,O—C0: ThrArg Dzgnonreceptor. nalling [21,32,33]. The ligand activation profile as observed
with the promiscuous Gs-protein [18] indicated weaker
responses than with a Gg-protein, though bromocriptine

:22 gg!oarr;s'gi_cn;ig'ztz:_arcglt\é?:%?Sotghga%ri‘fﬁ?sssorr;n and lisuride were not affected. Therefore, there appears to
b o5 P play PTOP e a different pharmacological profile for the threg, 3,

erties; the dopamine-mediated magnitude of the response . : 2 . !
was smaller and also its onset time of action was slower receptor: G-protein combinations. The partial agonists are
compared to that with a G.-orotein. These kinetic data likely to stabilize or induce different conformations in the

P . fioP ’ ) receptor leading to differential coupling to G-proteins.
probably reflect a different mode of,Q,,creceptor activa : . . . .
: . . o G,15 and G,,-proteins share 58% identity at the amino acid
tion by both G,-proteins. A different way of activation by old . od, . : ) .
dopamine for the mutant THPArg D receptor was level, which is mainly located in the effector-interacting
also apparent in the co-presence of Z,iég;otein' both its portions [34]. Both G-proteins are divergent in their ami

. . . & ) no- and carboxy-terminal domains. The amino-terminal ex-
amplitude and onset time of action were reduced. Hence, the : L .
kinetic data provided by the @A responses may be an tension of the G, -protein is implicated in the receptor

. . . . .~ recognition specificity, as shown by deletion mutants in this
alternative way to discern differences in receptor activation. . . .
One series of compounds (i.e., 7-OH-DPAT, pergolide region which can more effectively couple to the i2ceptor
. Y oo T Y T as the wild-type Gg-protein [34,35].

apomorphine, and—()-NPA) behaved with similar kinetic "

. . 3 .
properties as dopamine for each of the receptqrpttein The point mutation TH _Arg m_the DZSmnrgce_ptor h_as_ .
L S . : recently been reported to display increased binding affinities
combinations being investigated. However, the partial ago-

) i . i I for dopamine and NPA [36]. This mutated receptor may
nists (+)-UH 232, bromerguride, £)-NPA, lisuride, and therefore have an increased tendency to adopt the activated

R* conformation, leading to the observed increase in ago-
nist affinity. The present functional data support the hypoth-
esis that this mutation enhances the coupling of thg,}}
. 7 receptor to the investigated G-proteins as measured-py (

» J S 5 UH-232, bromerguride, and+)-NPA: both their maximal
0 r<o—2—o 0 oo ® 0] G—e i i

o s 7 % G o 4 7 e s G s s 1 s s response and potency were enhanced. Lisuride showed a

BROMERGURIDE (coo (ronzmz(ceaty (EA ook greater maximal response if its amplitude at the wild-type
o—o—oF receptor did not exceed 80% relative to that of dopamine; no
i q shift in its potency was observed. Bromocriptine clearly
displayed no modification in its intrinsic activity: both its
0 , maximal response and its potency were unaltered. Conse-

0 9 8 7 6 5 0 9 8 7 6 5 0 9 8 7 6 5

BROMOCRIPTINE (Log M) LISURIDE (Log M) BOPAMINE (Log M) quently, it can be suggested that these agonists interact in
Fig. 4. Comparison between €aresponses of dopaminergic ligands at ~ different ways with the mutant L,,,.receptor. The effect
wild-type dopamine and TR#Arg Do receptor in the co-presence ofa  of the ThP*3Arg mutation on Dshort receptor function is
G..5 protein. C&" responses were measured as described in Methods and presumably a change in receptor conformation. This modi-
expressed as a percentage of the respectifé @sponse mediated by 10 fied receptor conformation apparently affects activation by
M dopamine. Curves are constructed using megBEM values obtained . . . s
in 3 to 4 independent transfection experiments. M&an, and pEG, some of the dopa7m|ne_rg|c ag_onIStS' but not bromocnpt_me.
values = SEM are summarized in Table @—@: wild-type Dy The mutation Séf"Ala in the fifth transmembrane domain

receptor,O——(): Thr***Arg D, F€CEpLOT. of the D, receptor has been reporte o strongly inhibi
243 f th ptor has b ported [37] to strongly inhibit

Ca** RESPONSE (%)

Ca'* RESPONSE (%)

Fig. 3. Comparison between €aresponses of dopaminergic ligands at

Ca** RESPONSE (%)
a
g
.
a

Ca** RESPONSE (%)
g




P.J. Pauwels et al. / Biochemical Pharmacology 62 (2001) 723-732 731

the binding of dopamine and NPA, whereas bromocriptine [6] Ren QH, Kurose H, Lefkowitz RJ, Cotecchia S. Constitutively active
is poorly affected by this mutation, in favour of a different mutants of thea,-adrenergic receptors. J Biol Chem 1993;268:

S 16483-7.
receptor binding interface. Heterogeneous responses for ad- [7] Egan CT, Herrick-Davis K, Teitler M. Creation of a constitutively

renergic partial agonists have also been found at the activated state of the 5-hydroxytryptamjpeeceptor by site-directed

Asp’®Asn (located in transmembrane domaindb),-adren mutagenesis: inverse agonist activity of antipsychotic drugs. J Phar-
ergic receptor [38]; the maximal amplitude of activation by macol Exp Ther 1998;286:85-90. o '
d-medetomidine and clonidine versus that efj{adrenaline [8] Herrick-Davis K, Egan C, Teitler M. Activating mutations of the

. s serotonin 5-HF. receptor. J Neurochem 1997;69:1138—-44.
was not affected, whereas it was significantly lower for both [9] Pauwels PJ, Gouble A, Wurch T. Activation of constitutive

UK 1_4304 and oxymetazoline. EaCh Of_ these ‘?id_renergic 5-hydroxytryptaming, receptor by a series of mutations in the
agonists belong to a same chemical series, the imidazoline  BBXXB motif: positioning of the third intracellular loop distal junc-
derivatives. Therefore, it appears that even structurally re- tion and its G, protein interactions. Biochem J 1999;343:435-42.
lated agonists do not necessarily demonstrate the sam@dl0] Pauwels PJ, Tardif S, Wurch T, Colpaert FC. Facilitation of consti-
change in intrinsic activity as induced by a receptor muta- t#tr:‘:;g‘_z‘\'adr%nocemotr activity by both ?'Eg.'s am'”fo acid mutation
ti However, each of these adrenergic ligands displayed (1 ¥s) and G, protein coexpression: Evidence for inverse-ago
1on. ) g g play nism. J Pharmacol Exp Ther 2000;292:654—-63.

an enhanced response at the®ffirys (equivalent position  [11] Rossier O, Abuin L, Faneli F, Leonardi A, Cotecchia S. Inverse

to Th***Arg in the Doshorif€Cepton, ,-adrenergic receptor agonism and neutral antagonismogj- and a, g-adrenergic receptor
in the co-presence of either g {&ys**tile- or G,,s-protein subtypes. Mol Pharmacol 1999,56:858-66. o
[10 38] [12] Malmberg A, Strange PG. Site-directed mutations in the third intra-

. . . - cellular loop of the serotonin 5-HE receptor alter G protein ceu
. In co_nclusmn, we suggest that multlple ligand b'nd_mg pling from G to G in a ligand-dependent manner. J Neurochem
sites exist at the R, receptor as illustrated by the dis 2000;75:1283-93.

similar kinetic data provided by the Iigand-mediatedzta [13] Hall DA, Strange PG. Evidence that antipsychotic drugs are inverse
responses. The activation of these different ligand binding agonists at D dopamine receptors. Br J Pharmacol 1997;121:731-6.

sites may be affected in various ways by either introducing [14] Malmberg A, Hk BB, Johansson AM, Hacksell U. Novel (R)-2-
amino-5-fluorotetralins: dopaminergic antagonists and inverse ago-

a receptor mutation or by co-expression with severgl G nists. J Med Chem 1996:39:4421-9.

proteins. Colquhoun [39] suggested that each agonist may[15] Backlund Hak B, Brege C, Linnamen T, Malmberg A, Johansson
induce a different receptor conformation or set of confor- AM. Derivatives of R)-2-amino-5-methoxytetralin: antagonists and
mations, although the available conformational evidence to inverse agonists at the dopaming Bceptor. Bioorg Med Chem Lett

; : : 1999;9:2167-72.
this concept is sparse. The outcome that multiple molecular [16] Choi D-S. Wang D, Tolberg L, SadeW. Basal signaling activity of

mechanisms may activate theﬁ@ort receptor opens per human dopamine [ receptor demonstrated with an ecdysone-in
spectives for diverse signalling via a singlgsR,;receptor ducible mammalian expression system. J Neurosci Methods 2000;94:
subtype. 217-25.
[17] Conklin BR, Farfel Z, Lustig KD, Julius D, Bourne HR. Substitution
of three amino acids switches receptor specificity gf @ that of

G,,. Nature 1993;363:274—6.
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