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ABSTRACT. Agonist binding of the human i3 receptor overexpressed in baculovirus-infected Sf9 insect
cells was of low affinity and GppNHp-insensitive, yet, dopaminergic agonists were able to partly inhibit
forskolin-stimulated cAMP accumulation. In order to prove full functionality of the receptor, we used an
“in vivo” reconstitution system, which is based on coinfection of Sf9 cells with the appropriate receptor
and G protein encoding baculoviruses. In cells coexpressing theebeptor and either {Gor Gp, the
dopaminergic agonist apomorphine effectively stimulat&$](GTP/S binding and GTPase activity.
Agonist-stimulatedPS]GTP/S binding was dependent on the ratio of G protein to receptor. Expression
levels of receptor and G protein influenced each other reciprocally. G protein activation could be optimized
by varying the multiplicity of infection of the receptor and G protein encoding baculoviruses. Coexpression
of either G or G led to the appearance of GppNHp-sensitive high-affinity agonist binding. Detailed
agonist competition binding analysis revealed that the percentage of high-affinity agonist binding sites
was significantly higher in B receptor-expressing cells coinfected with @Gruses than when coinfected

with Gj; viruses. Moreover, the coexpressedpBteins seemed to modulate the affinity of agonists for

the high-affinity form of the receptor. In cells coexpressing &gonist high affinity was 24-fold higher

than in cells coexpressingi$G Na' increased the dissociation constant of apomorphine for the high-
affinity site by 2-4-fold without affecting the percentage of high-affinity sites or the preferencefor G

In some dopamine competition experiments with coinfected cells, displacement data were best fit assuming
three noninteracting classes of sites in the absence and two independent classes of sites in the presence
of GppNHp. Dopamine competition curves with cells highly overexpressing thedaeptor or with
membranes from such cells were best fit assuming two independent classes of sites which were insensitive
to GppNHp and might reflect abnormal compartimentalization and/or different states of aggregation.

The transduction of dopaminergic signals across cellular Castellano et al., 1993). All these different signalling
membranes is mediated by at least five different dopamine pathways involve the activation of thei/G, family of
receptor subtypes that belong to the gene superfamily of guanine nucleotide binding proteins (G proteins).
GPCR¢ (Civelli et al., 1993; Gingrich & Caron, 1993). The
(Bunzon et 4L, 1688). It has been mpicated. in the POen iSoforms, termed R and D, which are generated
development of psychiatric and neurological disorders, such by dlffer_enual splicing. B_Oth |soform_s are |dent|C<'_:1l excgpt
as schizophrenia and Parkinson’s disease (Lee et al., 197gf0r an insert of 29 amino acids in the putative third
Seeman, 1987). At the molecular level, activation of D CYtoplasmic loop of By (Dal Toso et al., 1989; Grandy et
dopamine receptors results in inhibition of adenylyl cyclase &l 1989; Monsma et al., 1989). They coexist in all brain
(Albert et al., 1990). In addition, these receptors have been'egions and tissues analyzed but at a highly variable ratio,
shown to induce a variety of cell-type-specific signal with the longest isoform being expressed predominantly in
transduction pathways such as stimulation of phosphatidyl- all regions. They cannot be discriminated pharmacologically
inositol turnover (Vallar et al., 1990), potentiation of (Dal Toso etal., 1989; Giros etal., 1989; Grandy et al., 1989;
arachidonic acid release (Kanterman et al., 1991), or regula-Monsma et al., 1989). However, functional differences are
tion of K*- and C&*-channel activity (Vallar et al., 1990; beginning to emerge. The two isoforms have been shown
to respond differently to desensitization in CHO cells (Zhang
" This work was supported by a grant from the Deutsche Fors- et al., 1994) and to display differential sensitivity to inhibitory

chungsgemeinschaft (SFB 169) and the Max-Planck-Gesellschaft. . S .
A il Corrésponden)ce shold e e e "2 . modulation by protein kinase C (Liu et al., 1992). Further-

+49 69 96769 423. more, Ds and Dy have been demonstrated to couple
¢ Abstract published ihdvance ACS Abstractovember 1, 1996. differently to G proteins. Specifically, it seems that this 29

! Abbreviations: GPCR, G protein-coupled seven-transmembrane . i - . L.
receptor; Gand G, Gy, stimulatory and inhibitory guanine nucleotide  &MINO acid insert of B confers interaction selectivity for

binding proteins of subtypes 1 and 2;,@ixorz), Gg, B1, Gy, andy,, G Giez (Liu et al., 1994; Guiramand et al., 1995).

proteina-, -, andy-subunits of denoted subtype; AppNHp:e&lenylyl .
imidodiphosphate; ATP, adenosinetiphosphate; ATPS, adenosine We have overexpressed and characterized thedbpa-

5'-O-(3-thiotriphosphate); GTP, guanosinétfphosphate; GTPS, mine receptor isoform in Sf9 insect cells (Gawald et al.,

guanosine 50-(3-thiotriphosphate); DTT, dithiothreitol; BSA, bovine - 1996). |t is glycosylated and palmitoylated in insect cells
serum albumin; moi, multiplicity of infection; PBST, phosphate- and shows ligand binding characteristics identical to the
buffered saline containing 0.2% Tween 20; TBS, Tris-buffered saline; g g

SBTI, soybean trypsin inhibitor; PTX, pertussis toxin; FSK, forskolin. native protein. In contrast to the results which have been
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Interestingly, the B dopamine receptor exists in two
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reported for the human £ (Ng et al., 1994) and rat Insect Cell Culture Sf9 insect cells were propagated in
and Dsisoforms (Boundy et al., 1996), we could not detect TNM-FH medium supplemented with 5% fetal calf serum
any high-affinity agonist binding indicating coupling to and 50 xg/mL gentamycin as monolayer or suspension
endogenous insect cell G proteins. Sf9 cells possess severatulture at 27°C as described by Summers and Smith (1987).
G proteins including a Gike protein (Parker et al., 1991; Viruses were amplified, and virus titers were determined by
Kleymann et al., 1993), G proteins belonging to thg:G end-point dilution as described in O'Reilly et al. (1992).
class (Kwatra et al., 1993), and a pertussis toxin-sensitive Coexpression of the jgReceptor and G Protein Subunits
G.-like protein (Ng et al., 1993; Mulheron et al., 1994). So in Sf9 Cells Typically, 5 x 1(f cells were seeded in a 6
far, however, inhibitory Gproteins have not been found cm petri dish and simultaneously infected with the AcPolD2S
(Quehenberger et al., 1992; Kleymann et al., 1993; Mulheron baculovirus and a 1:1:1 mixture of the baculoviruses
et al., 1994). A common way to show full functionality of expressing the G-protein subunitsf,, andy, at multiplici-

an overexpressed GPCR is the functional reconstitution of ties of infection indicated in the text. Cells were collected
purified receptor with the appropriate purified G protein (Tota by centrifugation (100§ 10 min) usually 70 h after infection.
et al., 1987; Senogles et al., 1990). In order to avoid the Cell permeability was routinely checked by trypan blue
time-consuming setting up of solubilization, purification, and uptake (0.4% trypan blue solution, Sigma). After a short

reconstitution procedures for the receptor and the G proteins,wash in cold 50 mM Tris-HCI, pH 7.4, 100 mM NaCl (TN-

we tested the possibility of coexpressing thep&tein to

be tested together with the,®receptor through coinfection
of Sf9 cells with the receptor baculovirus and the viruses
for thea-, 5-, andy-subunits of the G protein. This approach

buffer), the cells were resuspended to a density of 10
cells/mL in TN/PI-buffer [TN-buffer, supplemented with the
protease inhibitors leupeptin (zg/mL), SBTI (5ug/mL),
and benzamidine (1@g/mL)] for GTPyS assays or in 50

has successfully been used by Butkerait et al. (1995) to showmM Tris-HCI, pH 7.4, 0.5 mM EDTA, 0.1 mM DTT, 2.5

G protein coupling of the 5-Hik receptor which displayed

mM MgCl,, 0.1% ascorbate, Bg/mL leupeptin, Sug/mL

an uncoupled phenotype in infected Sf9 cells. We adaptedSBTI, and 10ug/mL benzamidine (buffer S) for agonist
G protein assays and agonist competition binding to this competition assays. The cells were kept on ice and used

whole cell system which turned out to be very sensitive to
the ratio of the multiplicity of infections used. We present
a detailed comparison of the interaction between the D
receptor and two Gubtypes, @ and G, and show for the
first time that the coexpressed §hbtype modulates agonist
high-affinity binding, revealing a preference ogd¥or Gj;
over G.

EXPERIMENTAL PROCEDURES

Materials [*H]Spiperone (H]SPIRO; 706-900 GBqg/
mmol), PH]methylspiperone fH]MS; 3108 GBg/mmol),
[y-32P]GTP [1.11 TBq (30 Ci)/mmol], andjS|GTH/S (46—

52 TBg/mmol) were purchased from DuPont NER(—)-
Apomorphine hydrochloride an&+)-butaclamol hydro-
chloride were obtained from Research Biochemicals Inc.
(Natick, MA). GTP/S was obtained from Boehringer
Mannheim, ATP from Pharmacia, and GTP, GppNHp,
AppNHp, and ATR'S from Sigma. Ethylene glycol mono-
methyl ether and the scintillation cocktail Rotiscint eco plus
were from Roth (Karlsruhe, FRG). All other chemicals were
reagent grade, obtained primarily from Sigma. Antipeptide

G protein antibodies were purchased from Calbiochem. Anti-

Gs, Was directed against the C-terminal amino acids-385
394, anti-G,1—2 was directed against the C-terminal amino
acids 345-354, and anti-@was directed against the internal
amino acids 127139. The secondary goat anti-rabbit IgG

immediately for further experiments.

Immunoblot Analysis Uninfected or infected Sf9 cells
(107 cells/mL) were lysed in Laemmli sample buffer, heated
for 5 min at 95°C, and centrifuged at 120§C¢or 5 min.
Protein in the supernatant was resolved by SIPBGE
(12%, 10uL ~ 75000 cells/lane) (Laemmli, 1970) and
electrophoretically transferred to Immobilon-P poly(vin-
ylidene difluoride) membranes (Millipore Corp., Bedford,
MA). Immobilon-P membranes were probed with the
appropriate anti-G protein antibody, diluted 1:1000 in
blocking solution (3% BSA in PBST), as described previ-
ously (Grinewald et al., 1996).

Membrane Preparation Membranes of AcPolD2S-
infected Sf9 cells were prepared according to Ng et al. (1994)
either in buffer S or in buffer N. Buffer N described therein
consisted of 50 mM Tris-HCI, 5 mM EDTA, 1.5 mM Cagl
5 mM MgCl, 5 mM KCI, 0.1% ascorbic acid, ag/mL
leupeptin, 5ug/mL SBTI, and 1Qug/mL benzamidine, pH
7.4. Bovine striatal membranes were prepared as described
in Kuno et al. (1983).

Receptor Binding Assayd-or agonist competition bind-
ing, cells were diluted into buffer S with or without 100 mM
NaCl to 40-70 pM PH]spiperone binding sites in a total
volume of 1 mL and incubated for 2 h at Z& with
increasing concentrations of dopamine (16-1072 M) or
of R(—)-apomorphine (10t>~10-35 M) in the presence of
about 600 pM {H]methylspiperone. The incubation was

antibody (alkaline phosphatase-labeled) was obtained fromterminated by the addition of 3.5 mL of cold buffer T (50

Biozol (Eching, FRG). Sf9 cells were purchased from ATCC
(Rockville, MD). Cell culture medium ingredients were
obtained from Sigma and Gibco BRL. Baculoviruses
expressing G protein;, os, (1, and y, subunits were a
generous gift of Prof. M. Linder (Washington University
School of Medicine, St. Louis, MO), and the baculovirus
encoding G protein subunit, was kindly provided by Prof.

J. Garrison (University of Virginia Health Sciences Center,
Charlottesville, VA). The baculovirus AcPolD2S encoding
the D,s receptor is described in the preceding paper
(Grunewald et al., 1996).

mM Tris-HCI, pH 7.4) and vaccuum filtration over Whatman
GF/F filters presoaked in 0.3% poly(ethylenimine) (Sigma)
using a Brandel cell harvester. The filters were washed twice
with 3.5 mL of cold buffer T and the filter disks counted
for tritium using a Canberra-Packard Tri-Carb scintillation
counter. fH]Methylspiperone saturation binding and total
[®H]spiperone binding sites were measured as described
previously (Giumewald et al., 1996).

[®°S]GTPyS Binding Assays Total [F°S]GTP/S binding
was performed on whole cells (about 50 000 cells/assay) in
buffer L [50 mM Tris-HCI, pH 7.4, 100 mM NacCl, 0.5 mM
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EDTA, 0.1 mM DTT, 10 mM MgC}, 1 mM AppNHp, 1
mM ATPyS, 1 mM ATP, 0.1% Lubrol PX, and kM
GTPyS (=10 000 dpm/pmol)] in a total volume of 0.1 mL
for 1 h at 30°C. The assay was terminated by adding 3 mL
of cold washing buffer (50 mM Tris-HCI, pH 7.4, 100 mM
NaCl, and 25 mM MgG), and bound PS]GTP/S was
separated from free nucleotide by filtration through nitro-
cellulose filters (NC 45, Schleicher & Schuell). Subse-
quently, the filters were washed 3 times with 3 mL of cold
washing buffer, placed in scintillation vials, and dissolved
in 1 mL of ethylene glycol monomethyl ether. After 30 min,
3.5 mL of scintillation cocktail (Rotiscint eco plus) was
added, and radioactivity was measured by liquid scintillation
counting (Northup et al., 1982). Background binding was

Grinewald et al.

fits. In some cases, curve-fitting to a model assuming three
subclasses of noninteracting agonist binding sites that bound
antagonist with the same dissociation constant significantly
improved the fit p < 0.001,F-test). In single or coinfected
Sf9 cells, the dissociation constant féH]methylspiperone
was stable{p = 111 + 15 pM), so that thep and total
concentration of the radioactive ligand were supplied from
independent determinations and held constant. When using
membranes, saturation and competition binding data were
analyzed simultaneously.

[®S]GTP/S binding rates were generally analyzed ac-
cording to apparent first-order kinetics. Apparent first-order
rate constantk,p, Were obtained by nonlinear least-squares
analysis (using KaleidaGraph) of the first-order rate equa-

determined in the presence of 1 mM GTP. Agonist-sensitive tion: (Geq — G)/Geq = €XP(—Kapd), WhereGeq is the total

[33S]GTP/S binding was performed on whole cells in buffer
G [50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 0.5 mM EDTA,
0.1 mM DTT, 2.5 mM MgC}, 1 mM App(NH)p, 1 mM
ATP, and 0.1% ascorbate] containing 100 nM G¥P
(=50 000 dpm/pmol) for 690 min at 25°C (Senogles et
al., 1990).

GTPase Assays GTPase activity was determined as
described by Tota et al. (1987) with the following alterations.
A total of 10 cells/mL in TN-buffer or buffer S were diluted

amount of GTRPS bound at long times (after the plateau
was reached) an; is the amount of GTPS bound at
individual shorter times.

Statistical comparisons were done using the Student’s
unpairedt test with InStat by GraphPad Software.

RESULTS

Simultaneous Expression of the,dDReceptor and G

1:9 into buffer G supplemented with 10 mM phosphocreatine Proteins in Coin_fected Sf9 Insect CeIIEor expression of
and 50 units/mL creatine phosphokinase. The agonistthe Dxsreceptor in Sf9 cells, the baculovirus AcPoID2S was

R(—)-apomorphine or the antagoniS{+)-butaclamol was
added to a concentration of 1081 and 1uM, respectively,

and allowed to equilibrate for 5 min at 3C€. The GTPase
reaction was initiated by adding{2P]JGTP to a concentra-

used, which contains a fusion of the first 12 codons of the
viral polyhedrin gene to the'nd of the Ds receptor gene

[see Gimewald et al. (1996)]. Heterologous expression of
the D,sreceptor and the appropriate G protein subunits after

tion of 250 nM. After incubating for the desired amount of coinfection of Sf9 insect cells was confirmed by radioligand
time, 50uL aliquots were quenched by the addition to 250 binding and immunoblot analysis .(Figure 1). Incells infeqted
uL of an ice-cold suspension of activated charcoal (5% w/v) only with the Dis receptor baculovirus AcPolD2S, expression

in 20 mM phosphoric acid (pH 2.3). After 10 min on ice,
the suspension was centrifuged at 129@@ 10 min at 4
°C. Free P?P]R in 100 uL of the clear supernatant was
measured by liquid scintillation counting. Background
hydrolysis was determined in the presence of AMGTP
and subtracted from all determinations.

Measurement of Intracellular cAMP Measurement of
intracellular cAMP was performed on Sf9 cells480 h
either after infection with the AcPolD2S baculovirus alone

levels were higher than in coinfected cells [as measured by
[*H]spiperone bindingx1 x 10° receptors/cell, moE 6—10,
versus (0.3-0.9) x 1 receptors/cell, moi of G protein
viruses~ 10 with varying moi (1.2540) of baculovirus
AcPolD2S]. Expression of recombinant G proteins in
coinfected Sf9 insect cells was shown by immunoblot
analysis with commercially available antipeptide G protein
antibodies (Figure 1A). The antibodies clearly recognized
the recombinant @, Gqi1, G2, and G subunits produced

at mois between 2 and 10 or after coinfection with the three in coinfected cells, whereas in cells infected with the
G protein subunit viruses each at a moi of 4 in addition to recombinant AcPolD2S baculovirus only or in noninfected
the AcPolD2S baculovirus at a moi of 2. Infected cells were cells no G protein subunits could be detected. This is in
centrifuged at 100§) resuspended to 2.5 1C° cells/mL in agreement with results of Graber and co-workers, who also

Grace medium supplemented with 108 isobutylmeth-
ylxanthine (IBMX), and incubated for 30 min at 2C; 200

did not detect any G proteins on Western Blots of uninfected
Sf9 cell extracts (Graber et al., 1992). In contrast, other

uL of these cells was added to tubes containing either no groups have reported the immunological detection of several

drugs (basal activity), 1@M forskolin, or 10u«M forskolin
plus 10 uM dopamine or, in addition, plus 1M (+)-
butaclamol. After 20 min at 27C, the cells were placed

endogenous insect cell G proteins, such as a PTX-sensitive
Go-like (Ng et al., 1993; Mulheron et al., 1994), a Gs-like
(Parker et al., 1991; Kleymann et al., 1993), and a Gg-like

onice and lysed in 167 mM HCI. The lysate was incubated (Kwatra et al., 1993) protein. Successful immunological
on ice for 1 h and, after neutralization with NaOH, was detection obviously depends on the sensitivity of the assay
centrifuged at 15009to remove cell debris. cAMP was method used.
measured in the supernatant using the commercially available It was difficult to accurately assess the amount of G protein
CAMP 3H assay system from Amersham. produced in the infected cells due to the presence of
Data Analysis Saturation and competition binding data nucleotide binding proteins other than trimeric G proteins.
were analyzed by nonlinear least-squares curve-fitting using This might be one of the reasons for the high background
the LIGAND program (Munson & Rodbard, 1980) and [**S]GTP/S binding of 56-70% that we found in our initial
graphically displayed with the Macintosh program Kaleida- GTPyS binding assays when using GTP instead of &3P
Graph. One-, two-, and three-site curve-fitting was tested as competitor. The problem could be overcome by including
in all experiments. Mostly, the two-site model gave adequate 1 mM ATPyS (in addition to 1 mM ATP and 1 mM
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A . 0 proteins like transcription factors. So, for the determination
. %,S" 4‘0"’ %,S’" ‘}.,\‘5‘ of the amount of G expressed in infected Sf9 cells, these
wa & OO OV O o background GTPS sites were subtracted from the tof&a8]-
50 GTPyS sites measured. Gand G, could be expressed
. equally well with and without receptor coexpression (Figures
o e o Anti-Gj,1-2 1 and 2).
Loy Effect of Different Expression kels of D:sReceptor and
G Protein on RecepterG Protein Interactions It is well-
50 p— known for the B (Senogles et al., 1990) as well as for other
7.5 Anti-Gg, receptors that G protein coupling is dependent on the ratio
34- of G protein to receptor. Expression levels of both receptor
and G protein depended on the moi used as well as on the
50— moi ratio of the viruses for the receptor and the G protein
Anti-G (Figure 2). In order to establish the optimal conditions for
373'5: — ——— B G protein-receptor coupling, Sf9 cells were coinfected with
the recombinant AcPolD2S baculovirus at various mois,

K 12 whereas the mois for the G protein viruses were kept constant
B _ | (moi~ 10). Three days after infection, the expression levels

' for the receptor and the/@roteins were determined (Figure

2A,D), and G protein coupling was measured as agonist-

N
(3,4

g

3

= 20

8 3 sensitive $5S]GTPy'S binding (Figure 2B,E). With increas-

2 20 - 8 ; R _ . :

£ 5 ing G to receptor moi ratio, both Gand G, coinfections

Q 15 % showed decreasing receptor expression levels and simulta-

= = neously increasing &or G, protein levels (Figure 2A,D).

o 10 i x i " . .

2 o The ratio of G protein to receptor expressed in coinfected

= 57 ' ~ Sf9 cells can be varied more or less linearly by changing

8 o the moi ratio of the appropriate baculoviruses used for

ni. Dag Gif Gio DpgGiy Dpg+Gip coinfection (Figure 2C,F). There are only minor, not

n 3 13 6 6 9 1 significant, differences in expression levels and ratios in

FicUrRe 1: Coexpression of G proteins in coinfected Sf9 cells. (A) dependence of the Gaculovirus used for coinfections. At
Aliquots from lysed Sf9 cells and bovine striatal membranes were all moi ratios tested, the agonist apomorphine significantly
subjected to immunoblot analysis. Sf9 cells were either not infected increased GT#S binding above basal levels, whereas in cells
(n.i.), infected with AcPoID2S (ma# 10) (D,9), or coinfected with  nfected with the AcPolD2S baculovirus only (i.e., moi ratio

AcPolD2S (moi~ 6) together withp;, y2, and either theaj; D i - . .
(DstGi) Of the o (DastGi) or theas (DystGy) baculoviruses Gi:R = 0 in Figure 2B,E) or in cells infected with the three

(moi ~ 10). Cells were harvested 70 h after infection. (B) Total Gi Or Gz subunit viruses only, apomorphine had no effect
[*°S]GTP/S sites were determined in noninfected, single, and on [®S]GTPyS binding (data not shown). Maximal stimula-
coinfe_cted Sf9 cells as de_scribed under Experime_ntal Procedurestion was about 2-fold for Gand G, respectively, and was
Infections were as described above; @nd G, designate cells  gchieved with cells that had been infected withpBotein
infected with the three G protein baculovirug®s y», and either . . .

0y OF ap, each at a moi of 10, but without AcPolD2S. Data s_ubunlt viruses each at a moi of 10 and with the AchIDZS
represent the mea#t SD of n independent determinations. virus at a moi between 5 and 7. Under these conditions,
the coinfected cells expressed about {1271) x 10° GTPyS
sites versus (57) x 1 receptors per cell, resulting in an
optimal ratio of G protein to receptor (after subtracting the
background GTPS sites) between 17 and 25 for both G
and G,. It seems, however, that in the case of &2-fold

agonist stimulation of GT$S binding can already be

AppNHp) in the GTR'S binding buffer, keeping nonspecific
binding down to 26-40% (depending on G protein expres-
sion levels), irrespective of whether GTP or GBPwas used
as competitor. Thus, total GPB binding sites could be
determined reproducibly in uninfected as well as in infected

insect cells (Figure 1B). Interestingly, Sf9 cells infected with achieved at G protein to receptor ratios as low as 10,

the Dys receptor baculovirus AC.POIDZS or_1|y, .W'th il indicating a more effective interaction with:&s compared
andy, baculoviruses only, or with a combination of these t0 Gy

displayed a constant number of about 5 millié¥8|GTP/S

binding sites per cell [(5.26& 0.87) x 10F sites/cell,n = Similar results were obtained when Sf9 cells were coin-
13], as long as infection was complete, versus 10 million fécted at lower mois, i.e., at a moi of 3 for each of the G
GTPYS sites per cell [(10.2 0.4) x 10° sites/cell,n = 3] or G subunit viruses and at increasing mois from 1 to 12

in uninfected cells. A 5-fold increased number of GEP for the _AcPoIDZS_ baculovirus. G protein_ and receptor
binding sites could be determined when Sf9 insect cells were €XPression levels influenced each other reciprocally. Apo-
simultaneously infected at a moi 6¢10 with the By, 72, morphlne—stlmulgted G b|nd!ng again was maX|r_naI at
anday; baculoviruses [(26.% 3.7) x 10° sites/cell] or the a ratio of t_he moi of the G protein viruses to the moi of the
B1, v2» andos, baculoviruses [(26.3 2.6) x 10° sites/cell] receptor virus between 1 and 2 (data not shown).

(Figure 1B). It is already known that baculovirus infection ~ The G, subunits were always expressed together yith
stops Sf9 host cell protein biosynthesis (Carstens et al., 1979)and y, with all three baculoviruses used at the same maoi.
and, therefore, we assume that the remaining®P GTPyS This was to ensure the production of comparable amounts
binding sites in infected cells not expressing recombinant of a- and fy-subunits necessary for the assembly of the
G, subunits can be attributed to other nucleotide binding functional G protein heterotrimer. Expression 0f.G
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FiGURe 2: Agonist-stimulated®fS]GTPyS binding in coinfected Sf9 insect cells expressing different levels,gf&eptor and Gorotein.

A total of 5 x 1(P cells were coinfected witf, y», and eithe; (A—C) or ajz (D—F) subunit viruses at constant moi (neil0 for each

virus) and with the s receptor virus AcPolD2S at various mois (mois of 0, 1.25, 2.5, 3.3, 5, 6.7, 10, 20, and 40). Three days after
infection, receptor binding and coupling assays were performed. (A and D) Receptor; pndtéih levels were determined b$H]-
spiperone and®*}S]GTP/'S binding, respectively. (B and E) The cells were assayed¥8tGTP/S binding in the presence of the agonist
apomorphine (102M) (@) or in the presence of the antagort-)-butaclamol (1uM) (O) for 10 min. The difference between these two
curves (dotted linex) represents the specific agonist-stimulaté&8]JGTPyS binding. (C) and (F) show the G protein to receptor ratio
estimated from the expression levels in (A) and (D) as well as the fold agonist stimulation ¢fS3jifding as calculated from (B) and

(E), respectively, in dependence of the ratio in the multiplicity of infection of theuBunit viruses and AcPolD2S. The results from one
typical experiment out of two for Gand out of five for G are shown.

together with the Bsreceptor, but withoy8,; andy,, resulted the same in cells expressing eithgra@ly or G and the Ds
in only about 40% of the GTFS sites detected in cells that receptor simultaneously. Even so, these experiments have
were coinfected with all three G protein subunit viruses, and been done with whole cells and not with purified G proteins;
agonist-stimulated GTS binding was barely detectable the apparent basal association rates of 9067 mint are
(data not shown). in very good agreement with those published for pure
D,sReceptor-Mediated Effects o#$]GTP/S Binding and recombinanty-subunits produced in Sf9 insect cells (Graber
GTPase Actity of G Subtypes Using the established etal., 1992) as well as with those purified from mammalian
approach of thein vivo reconstitution described above, tissues (Senogles et al., 1990). The agonist apomorphine
coupling of the Dsreceptor to G and G, respectively, was  significantly increased the rate of binding 8¥$]GTP/S to
examined in more detail. The time course &S|GTP/S G or G, almost 2-fold when the E receptor was
binding to cells coinfected with the AcPolD2S virus and the coexpressed in the cells (Table 1). In order to compare the
Gy or G viruses in comparison to cells coinfected with either extent of agonist-stimulate@®5]GTP/S binding in different
Gy or G viruses only was measured (results are summarizedexperiments, S]JGTP/S bound at various times was
in Table 1). According to the results presented above (Figure normalized to the totaPfS]GTPyS binding sites present in
2), the mois of the viruses were chosen to give optimal the assay. In cells coexpressing thg E2ceptor and either
agonist-stimulated®)S]GTPyS binding. Only in cells ex-  Gj; or G, about 40% of the totaP}S]|GTP/S sites present
pressing both receptor and the respective G protein was thewere occupied under basal conditions, defined here as being
extent of P°S]GTP/S binding increased in the presence of in the presence of the antagon&t-)-butaclamol. Apo-
agonist. Table 1 shows the rate 8¥]GTP/S binding of morphine significantly stimulated®{S]GTP/S binding to
the G subtypes derived from the first-order rate equation. 52% for G, and 62% for G, respectively (Table 1). This
The basal rate offfS]JGTP/S binding for G, and G, was difference is not statistically significant (Studenttest, p
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Table 1: P*S]GTPyS Association in Coinfected Sf9 Cells

condition GedGr Kapp(Min~—?)
Gi 0.398+ 0.024 0.072+ 0.004
D2st+Git, Apo 0.5244 0.037 0.113+ 0.005
D2st+Giy, But 0.4144 0.029 0.062+ 0.005
Gi2 0.610+ 0.037 0.065t 0.005
D2stGiz, Apo 0.6224+ 0.027 0.116+ 0.007
D2st+Giz, But 0.4564 0.028 0.072+ 0.005

a A total of 5 x 1P cells in a 6 cm petri dish were infected with G
protein subunif3,, y2, and either, or ai; viruses each at a moi of 10
with (D2stGiz or D.stGiz) or without (Gy or Gz) the AcPolD2S
baculovirus at a moi of 6. Seventy hours after infection, total
[®SIGTP/S binding and time-dependerf®$]GTP/S binding in the
presence of either 100M R(—)-apomorphine (Apo) or kM S(+)-
butaclamol (But) were measured as described under Experimental
Procedures. 3S]GTP/S bound at time (G;) was normalized to the
total [*°S]GTPyS sites presentdr). Geqdesignates the GHS bound
after the plateau was reached. The values showG§gGr andkapp
were determined by nonlinear least-squares fitting to the first-order rate
equation and represent the medanSE of five independent experiments
performed in duplicate.

> 0.05). Taking into account that under the experimental
conditions 25-30% of the total PS]GTP/'S sites measured
were estimated not to belong to recombinaniFigure 1B),
agonist-stimulated GTFS binding typically represented 70
80% of the estimated total;@resent. There is an unex-
pected difference in the extent of G¥® binding in cells
infected with either the three;{3or G, subunit viruses (but
without the AcPolD2S virus). In the case of;G40% of
the total P°S]GTPyS sites were occupied, which correspond
to the basal conditions in coinfection experiments with the
Dysreceptor AcPolD2S virus. In the case ofGowever,
the extent of PS]GTPyS binding (61%) (but not the apparent
first-order rate) equals that of agonist-stimulated @G$P
binding in AcPolD2S-coinfected cells (62%). Similar be-
havior was found when cells were infected with lower mois
(data not shown). The reason for this difference between
Gi; and G is not clear at the moment.

Under identical conditions, the agonist-stimulated GTPase
activity was comparable in 13 receptor expressing cells
coinfected with either ¢ or G,. In control cells either
infected with AcPoID2S only or coinfected with,GGTPase
activity was low and insensitive to agonist stimulation (Figure
3).
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Ficure 3: Comparison of GTPase activity promoted by thg D
receptor. Sf9 cells were infected as described in the legend to Figure
1. Seventy hours postinfection, GTPase activity was measured in
the presence of agonist (closed symbols) or antagonist (open
symbols). (A) DstGi. (B) DostGiz. (C) DastGs. (D) Dos.

class of low-affinity GppNHp-insensitive sites (Figure 4A,
but see Figure 5 and Table 3). In contrast, the human D
receptor isoform has been reported to display a low- and a
high-affinity dopamine binding site in membranes from
infected Sf9 cells, indicating coupling to an endogenous G
protein (Ng et al., 1994). Furthermore, Boundy et al. (1996)
reported recently the detection of the high-affinity state of
both rat B receptor isoforms in Sf9 cells after short infection
times, resulting in low receptor expression levels. Both
authors used different assay buffers in their experiments.
Therefore, we prepared membranes from AcPolD2S-infected
Sf9 cells and repeated agonist competition binding according
to the protocols given by Ng et al. (1994). Again, only the
low-affinity dopamine binding site could be detected (Table
2). The low-affinity dissociation constari, , of dopamine
obtained in buffer N with membranes containingsD
receptors (12.3- 0.9 uM) was virtually identical to the<,
determined in buffer S either with or without NaCl (115

0.6 uM and 11.7+ 0.8 uM, respectively) and corresponds
well with theK found for the B, receptor in Sf9 cells [15.4

+ 0.058 uM (Ng et al., 1994)]. We also examined the
inhibition of [*H]methylspiperone binding by dopamine in

Recently, the use of permeable cell systems has beerAcPolD2S-infected Sf9 cells at &2 h after infection.

suggested for studying receptd® protein—effector coupling
(Rasenick et al., 1993). In the G¥B binding and GTPase
experiments described above, typically about-85% of
the cells were trypan blue-positive. Additional permeabili-
zation of the cells with saponin (0.025% or 0.05% saponin
in TBS, pH 7.4) prior to the assays, resulting in nearly 100%
permeabilized cells, had no significant effect on GBP
binding and GTPase activity (data not shown).
Appearance of High and Low Agonist Affinity Sites in
Coinfected Sf9 Cells The receptorG protein coupling

Expression levels were very low, ranging from 40 000 to
150 000 receptors/cell (0.3D.5 pmol/mg of total cell
protein). Contrary to Boundy et al. (1996), we could not
detect any high-affinity agonist binding. The low-affinity
dissociation constant of dopamin€ (= 8.8+ 1.4,n = 4)

was similar to that obtained at higher expression levels. In
cells coinfected with either & or Gy, however, agonist
interactions were best fit to a model predicting two subclasses
of sites (or three sites, see Figure 5 and Table 3). The
agonist-dependent high-affinity state of the receptor was

experiments as probed on the G protein side were done withsensitive to GppNHp as shown by the rightward shift of the

saturating concentrations of agonist. Under such conditions,
no significant difference in coupling of the,Preceptor to
either G, or G could be detected. To further characterize

displacement curves. Addition of GppNHp completely
converted the high-affinity to the low-affinity state (Figure
4). These results again clearly indicate that therBceptor

the receptor to G protein interactions “in vivo”, agonist heterologously produced in Sf9 cells was able to interact with
competition experiments were performed in single infected both the coexpressed;@Gnd G, proteins. Yet, a detailed
(AcPolD2S only) and coinfected (AcPolD28 Gi; or Gp) analysis of the competition binding data revealed a significant
Sf9 cells (Figure 4, Table 2). In AcPolD2S-infected cells, difference in the agonist binding properties of thesD
the agonists dopamine and apomorphine bound to a singlereceptor coexpressed withyGersus G. When coexpressed
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Ficure 4: Apomorphine competition for radioligand binding at
the D,s receptor heterologously coexpressed withp@teins in
Sf9 insect cells. Sf9 cells were infected with the AcPolD2S
baculovirus alone (maE 1.5) (A) or coinfected with the AcPolD2S
(moi = 1.5), thef, they,, and either thew; (B) or the oz (C)
viruses (moi= 3 for each of the G protein subunit viruses). Seventy
hours postinfection, cells were harvested, and t8¥&GTP/S and
[®H]spiperone binding sites were determined. Apomorphine com-
petition binding was performed in buffer S with (open symbols) or
without (closed symbols) 100 mM NacCl in the absen®@e ®) or
presenceM, O) of 150 uM GppNHp. The percent inhibition of
specific BH]methylspiperone bindingKp = 111 pM) is plotted.

The data shown are means of duplicates from one representativeS

experiment that was repeated several times (Table 2). The solid
and dotted lines represent the theoretical inhibition curves using
the fitted binding parameters obtained by LIGAND for a one-site
[with GppNHp, K. = K_(G)] or two-site (without GppNHp) agonist
competition model. Expression levels and fitted parameters for this
experiment are as follows: (APJS]GTP/S sites/cell were not
determined, 1.2% 10° [®H]spiperone sites/cell-NaCl: K. = 120

+ 6 nM, K. (G) = 145+ 9 nM; +NaCl: K. =86+ 5 nM, K.(G)

= 83+ 5 nM. (B) 3.03x 10’ [3°S]GTH/S sites/cell, 5.90« 10°
[3H]spiperone sites/celk-NaCl: Ky = 0.234 0.09 nM,Ry = 51

+ 3%, K. = 158+ 28 nM, K. (G) = 127 &+ 15 nM; +NaCl: Ky

= 1.33+ 0.34 nM,Ry = 55+ 4%, K, = 136+ 20 nM, K. (G) =
123+ 15 nM. (C) 2.53x 107 [3°S]GTP/S sites/cell, 5.35< 10P
[3H]spiperone sites/celk-NaCl: Ky = 1.064+ 0.36 nM,Ry = 34

+ 3%,K_. =104+ 8 nM, K (G) = 110+ 4 nM; +NaCl: Ky =
3.85+ 1.40 nM,Ry = 43+ 5%, K, = 104+ 14 nM,K (G) = 76

+ 5 nM.

with Gy, the Dys receptor displayed a greater proportion of

high-affinity agonist binding sites, which, in addition, showed

a higher affinity for the agonist than when coexpressed with
Gi; (all differences are statistically significant with< 0.005,

p < 0.01, orp < 0.05; see Table 2). Thus, dopamine had

Grinewald et al.

a 2-fold and apomorphine a 4-fold increased affinity for the
G protein-coupled state when coupling was te @s
compared to . The dopamine dissociation constants for
the high- and low-affinity state¥sy andK_, in AcPolD2S-
and G;-coinfected cells match those published for thg D
receptor in Sf9 cells. However, when compared to the D
receptor expressed in mammalian cells [ET{Castro &
Strange, 1993); CHO-K1 (Hayes et al., 199K)],was 2-3
times andK, 5—6 times higher, with about the same fraction
of high-affinity binding sites. For apomorphiney, K., and

Ry measured in buffer S with f3and G, coexpressing Sf9
cells correspond well with those reported for theg E2ceptor

in LTk~ cells (Falardeau, 1994).

Figure 4 and Table 2 demonstrate that binding of apo-
morphine to the B; receptor was sensitive to sodium.
Inclusion of 100 mM NaCl in the binding buffer led to a
4-fold increase of the dissociation constintin the presence
of Gj; and to a 2-fold increase in the presence gf G.ow-
affinity binding was not affected, and preferential coupling
to Gy was preserved. Dopamine binding was not signifi-
cantly modulated by NacCl.

For performance of these competition binding experiments,
a higher ratio of GTPS sites to receptor sites was favorable.
Optimal mois turned out to be about 1.5 for the AcPolD2S
virus and 3 for each of the three G protein subunit viruses,
resulting in an estimated G protein to receptor ratio ofi41
4 and 37+ 6 for G; and Gy, respectively. A similar
observation has been reported for muscarinic receptors
heterologously expressed in Sf9 cells. Here, a higher G
protein to receptor ratio was necessary to observe G protein-
induced high-affinity agonist binding than to observe recep-
tor-mediated GTPS binding and GTPase activity (Richard-
son & Hosey, 1992).

In some of the dopamine competition experiments, dis-
placement data were best fit assuming three noninteracting
classes of sites in the absence and two independent classes
of sites in the presence of GppNHp & 0.001,F test).
Representative displacement plots for coupling to &ad
Gi,, respectively, are shown in Figure 5. Theoretical two-
(—GppNHp) and one-site{GppNHp) fits as calculated by
LIGAND are shown by dotted lines for comparison. The
dissociation constants are summarized in Table 3. In the
presence of GppNHp, the proportion of high-affinity agonist
ites in either G- or Gy-coinfected cells was quantitatively
converted to low-affinity sites, whereas the fraction of sites
displaying intermediate affinity remained unchanged. The
values for the dissociation constats andKy correspond
well with Ky andK reported for the high- and low-affinity
sites of the Bs receptor in LTk or CHO-K1 cells (Hayes
et al., 1992; Falardeau, 1994), except tatbelongs to a
receptor state that does not seem to couple to G proteins. In
membranes from AcPolD2S-infected cells, only the Gpp-
NHp-insensitive intermediate and low-affinity binding sites
were found. Their proportions were the same as in GppNHp-
treated coinfected cells. Two competition binding experi-
ments out of four with membranes in buffer N, however,
gaveKy andK, values about 34-fold higher with inverse
proportions. The same values and proportions were found
when AcPolD2S-infected cells instead of membranes were
used for the binding experiments. GppNHp had no influence
(Table 3).

In the presence of & dopamine again bound with 2-fold
higher affinity, and there was a greater proportion of high-
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Table 2: Quantitative Analysis of Agonist Competition Curves fisf]Methylspiperone Binding to Single and Coinfected Sf9 Cells

competing agonist

experimental condition dopamine apomorphine
expression assay buffer Ku (nM) K (uM) % Ry n Ky (nM) K. (nM) % Ry n
DostGin S 204 5° 8.8+21 564 2° 4 0444+ 0.11r° 148+ 22 50+2° 5
S+GppNHp 6.6+ 0.1 4 108+ 11 3
S+NacCl 29+ 5¢ 8.5+ 1.6 564+ 1° 4 182+ 04Z 155+ 36 58+4¢ 4
S+NaCH-GppNHp 6.9+ 0.3 4 99+ 10 4
DostGi S 48+ 4 7.1+ 05 41+ 3 4  1.65+0.3% 112+ 4 34+3 3
S+GppNHp 7.6+ 0.5 4 126+ 12 3
S+NacCl 63110 9.8+ 1.9 46+ 1 4 359+ 0.14 109+ 7 39+3 4
S+NaCHGppNHp 7.8+ 0.7 4 133+ 35 3
Das S 11.5+ 0.6 4 109-120 2
S+GppNHp 13.3£ 1.2 3 113-145 2
S+NacCl 11.7£ 0.8 3 86-115 2
S+NaCHGppNHp 12.4+ 1.0 3 83-175 2
membranes N 123 0.9 4
D, in SfOf N 25.1+ 4.6 15.4+ 0.06 28 3
N+GppNHp 14.0+£ 0.18 3
Dysin LTk 9 —NacCl 7.7+ 4 0.75£ 0.5 58 4 0.75-0.31 41.7+ 3.7 48 5
Dysin LTk=h 6.2+ 3.3 1.40+ 0.13 52+ 5 3 0.77+ 0.32 134+ 32 55+ 6 3
Dysin CHO +120 mM NaCl 9.43+ 5.33 144+ 084 6510 3

a Sf9 cells were infected with the AcPolD2S (mwi 1.5), thefs, the y,, and either thew; (D2stGi) or theai, (D2stGiz) baculoviruses (moi
= 3 for each of the G protein subunit viruses) or with the AcPolD2S virus alone (mei€).fD,s). Seventy hours postinfection, cells were
harvested. TotaPfS]GTPyS and fH]spiperone binding sites were determined, and agonist competition binding was performed in hutf@® S
mM NacCl with or without 15«:M GppNHp. Membranes of AcPolD2S-infected Sf9 cells were prepared as in Ng et al. (1994) and were used for
dopamine competition in buffer N in control experiments. Avera§8](5GTP/S sites/cell and®H]spiperone binding sites/cell were (2.860.19)
x 107 and (5.94+ 0.83) x 1P for D,s+Gip and (2.684 0.25) x 107 and (6.56+ 0.59) x 1P for D,st+Gip, resulting in an average estimated G
protein to receptor ratio of 4% 4 for D,st+Gi; and 37+ 6 for D.stGiz, respectively. Dissociation constants for higdn) and low K.) affinity
sites and the proportion of high-affinity sites (%) were statistically determined by LIGAND analysis and are reported as the mean and standard
error of several independent determinatiams (Statistical comparisons of the results were made using the Student’s urtgaese(inStat, GraphPad
Software).b p < 0.005,°p < 0.01,9p < 0.03 compared to thKy or % Ry value, respectively, obtained in the same assay buffer with-Gp,
expressionép < 0.01 compared to th&y value obtained in the presence of 100 mM NaCl in the same infedtidg.et al. (1994)9 Castro &
Strange (1993)" Falardeau (1994).Hayes et al. (1992).

Table 3: Dopamine Dissociation Constants for the HumagReceptor Coexpressed with Broteins in Sf9 Cells According to a Model
Predicting Three Independent Subclasses of AgonistSites

expression assay buffer Ku (nM) % Ry Kwm (M) % Rwu KL (uM) % R n

DostGin S 4.5+ 0.8 39+ 4° 0.51+0.21 30+ 2 20.4+95 31+ 3 3

S+GppNHp 0.374+0.17 28+ 1 13.7+£ 2.5 72+ 1 3

DstGiz S 10.4+ 0.7 25+ 3 0.85+0.18 42+ 4 27.1+5.8 33+2 3

S+GppNHp 0.914+0.13 38+ 7 20.0+ 4.3 62+ 7 3

Das (membranes) S 0.9+ 0.38 28+ 4 39.6+ 125 72+ 4 3
S+GppNHp 1.90 24 15 76 1

N 1.10-1.63 22-34 14-22 66-78 2

N 35-44 64-71 83-111 29-36 2

N+GppNHp 59+1.4 70+ 10 105+ 37 30+ 10 3

Ds (cells) S 4.6+0.8 72+ 5 58+ 13 28+5 3

S+GppNHp 6.0+ 1.4 71+ 11 90+ 27 29+ 11 3

aSf9 cells were infected with the AcPolD2S, the they,, and either thexi (D2stGii) or theai, (D2stGiz) baculoviruses (moi 3 for each
of the viruses) or with the AcPolD2S virus alone (meil4) (D,s). Seventy hours postinfection, cells were harvested. Tét&|GTP/S and
[®H]spiperone binding sites were determined, and dopamine competition binding was performed in buffer S with or withddtGBpPNHp as
described under Experimental Procedures. In some cases, membranes were prepared from AcPolD2S-infected cells as described by Ng et al.
(1994) prior to assay. Averagé$|GTPy/S sites/cell and®H]spiperone binding sites/cell were (2.670.45) x 10" and (6.94+ 2.18) x 1P for
Dos+Gip and (2.424 0.06) x 107 and (6.764 0.79) x 10° for D,s+Giz, resulting in an average estimated G protein to receptor ratio ef 3Zor
D.st+Gip and 28+ 2 for D.st+Giz, respectively. Dissociation constaids, Ku, andK, and their proportion were statistically determined by LIGAND
analysis and are reported as the mean and standard error of three independent determinations except for the few cases where the results of one or
two experiments are shown. For coinfected cells, the three-site model in the presence of GppNHp or for single-infected cells the two-site model
significantly improved the curve fifp(< 0.001,F-test). Statistical comparisons of the results were made using the Student’s uthpestedhStat,
GraphPad Software}.p < 0.005,°p < 0.05 compared t&y and %Ry values, respectively, obtained in thed® G, infection.

affinity dopamine binding sites than with coexpression of out whether the overexpressedsDeceptor is able at all to
Gi2. Interestingly, the fraction of low-affinity binding sites interact to a certain extent with endogenous G proteins, as
was the same in boths and G-coinfected cells, so that shown by Boundy et al. (1996), we examined whether
the increased fraction of high-affinity sites i Qrersus G- dopamine is able to inhibit forskolin-stimulated cAMP
coexpressing cells was at the cost of sites displaying accumulation in AcPolD2S-infected Sf9 cells. In cells
intermediate affinity and not, as one might have expected, expressing more than X 10° receptors/cell, dopamine
at the cost of low-affinity sites. inhibited forskolin-stimulated cCAMP accumulation by about
Effect of Dopamine on Forskolin-Stimulated cAMP Ac- 40%. This effect could be blocked by the dopaminergic
cumulation in AcPolD2S-Infected Sf9 Cells order to find antagonist {)-butaclamol (Figure 6). In uninfected cells,
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r ] outlined under Experimental Procedures. Stimulation was with 10
20 L D Gi uM forskolin (FSK) in the presence of either 1M dopamine
g 25+4i2 (FSK+DA) or 10 uM dopamine plus 1uM (+)-butaclamol
oL (FSK+DA+But). For better comparison of the effect of dopamine,
i ] values for each infection were normalized to maximal forskolin-
vl v vl il sl 1 stimulated cAMP levels. The results shown are the mes&D of
10" 10° 10® 107 10° 10° 10* 10° 102 three to five independent experiments performed in duplicate.
Dopamine (M) expressed in mammalian cell lines (Castro & Strange, 1993;

FIGURES: A model of two independent classes of sites is not always Falardeau, 1994). Although competition binding using the
satisfactory for describing dopamine competition binding tothe D  natural agonist dopamine was more complicated, only low-
receptor coexpressed with @oteins in Sf9 insect cells. Sf9 cells  affinity GppNHp-insensitive binding sites were detected. We
were coinfected with the AcPolD2S, tife, they,, and either the originally thought that the lack of high-affinity agonist

a1 (A) or theay; (B) baculoviruses at a moi of 3 for each. Binding N .
experiments were performed as described. Data are the means oPinding in Sf9 cells was due to the absence of appropriate

duplicates from one out of three independent experiments and wereendogenous G proteins. All the signaling events evoked by
fit using LIGAND assuming three (closed symbols, without D, receptors including inhibition of adenylyl cyclase (Albert
GppNHp) or two (open symbols, with 156M GppNHp) nonin- et g|,, 1990), activation of K channels (Castellano et al.,

teracting classes of agonist sites that bound antagonist with the sam : : :
dissociation constant. Fits are shown by the solid curve. For ‘3_993), or modulation of intracellular calcium levels (Vallar

comparison, the fits assuming two independent agonist sites, or one® Meldolesi, 1989) are pertussis toxin-sensitive, indicating
site in the presence of GppNHp, are shown by the dotted curves.mediation by the ¢ family of G proteins. So far, however,
Expression levels and fitted parameters are as follows: (A) 2.20 G; proteins could not be detected in Sf9 cells (Quehenberger
x 107 [**S]GTRYS sites/cell, 4.76< 10° [*H]spiperone sites/cell, gt g1, 1992; Mulheron et al., 1994). We hypothesized that

Ky =277+ 1.12 nM,Ry = 36 £ 4%, Ky = 0.394 0.20uM, Ry ~ o O Aff : S
=334 50, K, = 10.1+ 2.7uM, R_ = 31 + 4%, Ky(G) = 0.35 the GppNHp-sensitive high-affinity dopamine binding of the

+ 0.16uM, Ru(G) = 28 % 4%, K_(G) = 13.4+ 1.3uM, R.(G) human D, isoform reported by Ng et al. (1994) was due to
= 72 4+ 4%. (B) 2.43x 10’ [3S]|GTP/S sites/cell, 5.96x 10° the additional 29 amino acid insert in the putative third

[SHAS%F;GFSZ% Silt/?s{%flKHs:e ilé%/i 2-5 nl\{l,SRéa;fg ilvfli"/&L Kwm intracellular loop which in this artificial cellular environment
= U 40 ulvl, = 0, KL = . B uM, = : . . . o e

34+ 7%, Kn(G) = 0.74++ 0.47uM, Ry(G) = 39 + 9%, K, (G) = allotw_ed interaction with a pertussis toxin-insensitive G
23.1+ 6.4uM, R (G) = 61 + 9%. protein.

In a recent report, Boundy et al. (1996) showed that in

dopamine had no effect on intracellular cAMP levels (data SO cells dopamine binding of both the radand Dy

not shown). In cells expressing only-(2) x 10F receptors/ receptor isoforms was guanine nucleotlde—sensmvg b_ut only
cell, inhibition of forskolin-stimulated cAMP accumulation ~ at Very low expression levels (below 1 pmol/mg). Similarly,
by dopamine was only about 20%. The same degree ofreceptor-G protein coupling of the 5-Hik receptor in Sf9
inhibition was reached in cells that were coinfected with G CellS was dependent on receptor levels (Mulheron et al., 1994;

or G, subunit baculoviruses and therefore expressed simi- Parker et al.,, 1994; Butkerait et al., 1995). So, with-2)
larily low receptor levels. x 1P Dsreceptors per cell, corresponding to-410 pmol/

mg of membrane protein, overexpression in Sf9 cells could
DISCUSSION have been too high so that endogenous G proteins were
limiting. In this context, one should also keep in mind that
The human s receptor overexpressed in baculovirus- the virus shuts off host gene expression (Carstens et al.,
infected insect cells is glycosylated and palmitoylated and 1979). This could lead to progressive uncoupling of a
shows ligand binding characterisitics similar to the native recombinant receptor with increasing infection time as has
protein (Grinewald et al., 1996). Yet, coupling to G proteins already been shown for the heterologously expressed murine
endogenous to Sf9 insect cells was not evident with either gastrin-releasing peptide receptor (Kusui et al., 1995).
agonist competition studies or G protein activation assays. However, dopamine competition binding performed on
The receptor exhibited &p for the agonist apomorphine  membranes of a stably transformed Sf9 cell line, thus not
similar to that of the low-affinity form of brain Preceptors being affected by viral action, also was only of low affinity
(Sibley et al., 1982) or of ks receptors heterologously (unpublished results). The expression level of thg D



D,s Receptor-G; Coupling in Coinfected Sf9 Cells

Biochemistry, Vol. 35, No. 48, 19965171

receptor in these membranes with 2.2 pmol/mg is in the rangeinfluenced receptor levels and vice versa. Varying the

of that achieved by Ng et al. (1994) with the,Dreceptor
(1.1 pmol/mg) or by Mills et al. (1993) with the fdeceptor

multiplicity of infection for the receptor and the three G
protein viruses allowed us to obtain different G protein to

(5 pmol/mg) in Sf9 cells, both showing GTP-sensitive agonist receptor ratios. In liposome reconstitution studies with D

binding.

(Senogles et al., 1990) as well as other receptors (Tota et

On the other hand, dopamine was able to significantly al., 1987; Florio & Sternweis, 1989), it has been shown that

inhibit forskolin-stimulated cAMP accumulation in ;P
receptor expressing Sf9 cells. So, the expressedddeptor

G protein coupling is dependent on the G protein to receptor
ratio. So, agonist-stimulated G¥B binding was optimized

obviously is able to couple to some extent to endogenous Gby varying the ratio of the multiplicity of infection for

proteins. Since expression levels of more tharx 110°

receptor and G protein viruses. Maximum fold agonist

receptors/cell were necessary to achieve an inhibition of stimulation of GTR'S binding was the same forsGnd G..

forskolin-stimulated cAMP accumulation of 40%, coupling

Both G; and G, showed similar basal and agonist-dependent

to the endogenous G protein(s) does not seem to be veryGTPyS association rates, and GTPase activity could also be
specific and could not be detected by agonist competition stimulated to the same extent.

binding experiments using a tritiated radioligand.
Since full functionality of the overexpressedddeceptor,
including the ability to efficiently couple to G proteins, is a

The percentage of high-affinity agonist binding sites,
however, is significantly higher in cells coinfected with the
G, virus than after coinfection with theiGrirus. Moreover,

prerequisite for any further pharmacological, biophysical, or coexpressed Gproteins seemed to modulate the affinity of

structural studies, reconstitution of the receptor with its

agonists for the high-affinity form of the receptor. In cells

appropriate G proteins was necessary. The endogenous &oexpressing fg agonist high affinities were-24-fold higher
protein population in baculovirus-infected Sf9 cells seems than in cells coexpressing G Low-affinity binding was not

to be very low. Indeed, purification of recombinant G

affected and was the same as in cells expressing the D

proteins from infected insect cells resulted in contamination receptor only. This clearly demonstrates a preferential
by endogenous G proteins of less than 0.12% (Graber et al.interaction of the Bsisoform with G; than with G,. These
1992). The low content of endogenous G proteins and theresults are consistent with results obtained jp-@eficient

ability to coinfect Sf9 cells with different baculoviruses
simultaneously make them a suitalibevivo reconstitution

system that allows one to examine the selectivity of interac-

JEG3 cells (Montmayeur et al., 1993; Guiramand et al.,
1995). In these cells, the ;B isoform coupled more
efficiently to endogenous Gpresumably G or Gg) than

tion between different receptors and G proteins as well asthe D, isoform, which required (g to elicit the same
to screen for a given receptor’'s possible coupling partners inhibitory effect on stimulated adenylyl cyclase. In addition,

as demonstrated by Butkerait et al. (1995). This “in vivo”
reconstitution system was established for thg @ceptor

the Dys receptor had a 2-fold higher affinity for the agonist
propylnorapomorphine than the;Dreceptor in these cells.

and allowed us in a convenient way to examine G protein Furthermore, in transfected GH4C1 cells expressing the D

coupling without the laborious purification and reconstitution
into lipid vesicles of the receptor and G proteins involved.
In the coinfected cells, Pagonists effectively stimulated

binding of GTR'S and significantly increased GTPase

but not the DBs isoform, receptor-mediated inhibition of
cAMP accumulation was impaired by coexpressing antisense
to Gy (Liu et al., 1994). Using a different experimental
approach, namely, eliminating endogenous G proteins by

activity. The heterologously produced receptor displayed pertussis toxin treatment, Senogles (1994) reported preferred

high-affinity agonist binding which was sensitive to Gpp-
NHp, thus proving functional coupling of the receptor to the
coexpressed Gorotein.

In light of the fact that the B isoform has been shown
to preferentially couple to &, the potential of thisn vivo

signaling of the DBs isoform in GH4C1 cells through a
cotransfected, pertussis toxin-insensitivg@utant and of
the Dy isoform through a cotransfected, pertussis toxin-
insensitive G,3 mutant. These results indicate that there are
differences in signal transduction mediated by the two D

reconstitution system to compare in detail coupling of the receptor isoforms.

D,s isoform to Gy versus G, was exploited. Theo;-
subunits were always coexpressed withandy,, sinceq,;

However, measuring the second messenger response, e.g.,
changes in intracellular cAMP levels, in order to characterize

levels were much lower and G protein coupling was barely the interactions between receptor and G protein, might result

detectable when expressed alone with therBceptor. The
requirement for botha and gy for effective G protein

in ambiguous results since the signal depends on the
interaction of the receptor and the G protein as well as on

coupling has also been observed for the stimulation of the interaction of the G protein and the effector. For instance,

transducin by rhodopsin (Fung, 1983) or ofl6y muscarinic
receptors (Florio & Sternweis, 1989) and fits the common
picture of the G protein cycle (Neer, 1995). In addition,
coexpressefly-subunits seem to stabilize subunits as was
shown for recombinant & and Gy, in Sf9 cells (Hepler et
al., 1993). We could not detect significant differences in
expression levels betweern@nd G; irrespective of receptor
coexpression. Basal GPB association rates were the same
for both G, and G; and equalled those published for purified
native and recombinant;Gor G, (Senogles et al., 1990;
Graber et al., 1992).

In contrast to the results reported for the 54l Teceptor

the different adenylate cyclase types present in the various
cell systems used display different sensitivity tg-&ibunits
(Kozasa & Gilman, 1995). So the elicited second messenger
signal might be low not because of weak coupling of the
receptor with the G protein but because of insensitivity of
the adenylate cyclase present to the transfectgdubunit.

In this context, it is interesting to note that both &nd G;

did not increase the effect of dopamine on forskolin-
stimulated cCAMP accumulation inJ9receptor-expressing
Sf9 cells. This excludes doseesponse curves of the
inhibition of endogenous adenylate cyclase to further prove
the preferential coupling of the @receptor to mammalian

(Butkerait et al., 1995), the coexpression of G proteins Gj.
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A general characteristic of the-@oupled receptor group  dissociation constants were-8-fold higher but with inverse
is their sensitivity to sodium ions which can affect both proportions than in Gcoexpressing cells. The same was
agonist and antagonist binding (Horstman et al., 1990; found in some membrane preparations. In these cells,
Jagadeesh et al.,, 1990; Neve, 1991). Several reportsreceptor expression levels were higher than in coinfected
demonstrated that sodium decreased the proportion,of D cells, and aggregation levels as well as compartimentalization
receptors displaying high-affinity agonist binding without a might have been different. In addition, the coexpressed G
change in the dissociation constants for the high- or low- protein might exert stabilizing effects on the overproduced
affinity site (Grigoriadis & Seeman, 1985; Malmberg & receptor. In this context, it is interesting to note that the
Mohell, 1995). Often, NaCl must be present for GppNHp increased portion of high-affinity sites caused by, G
to fully convert high-affinity sites into low-affinity sites. On  compared to G was at the cost of the undefined intermediate
the other hand, Reader et al. (1990) demonstrated that sodiunstate and not at the cost of the low-affinity state into which
decreased agonist high and low affinity in dopamitt¢}] GppNHp converted the high-affinity sites. Agonist binding
raclopride competition studies without a conversion of the at very low expression levels reproducibly yielded one, and
two states. Also, Neve (1991) reported a decrease by sodiunnot two, low-affinity agonist binding site. Preliminary
of agonist low affinity in an uncoupled system. In this study, agonist binding studies with d9receptor constructs contain-
sodium decreased high-affinity binding of apomorphirel2 ing the melittin signal sequence, which seems to be processed
fold but had no influence on the low-affinity dissociation more completely and transported more easily to the plasma
constantK,, on the proportions of high- and low-affinity, =~ membrane (Gnoewald et al., 1996), also revealed two low-
sites or on binding of dopamine. GppNHp was able to fully affinity agonist binding sites at high expression levels. We
convert high-affinity sites into low-affinity sites in the therefore hypothesize that the second low-affinity binding
absence or presence of NaCl. It seems that the measurablsite found in this Sf9 cell expression system is artifactual
effects of sodium on agonist binding depend on the experi- and due to aggregation of the receptor.
mental system and on the agonist and radioactive antagonist |5 symmary, we have demonstrated that the ceptor
(Na'-dependent substituted benzamide versus-iNdepen-  gyerexpressed in baculovirus-infected Sf9 cells is fully
dent antagonists like spiperone) used. Whether in this fynctional. We have also shown for the first time direct
baculovirus/insect cell “in vivo” reconstitution systemNa  odylation of agonist high-affinity binding by specific G
directly regulates ligand binding to overexpressegs D protein subtypes such that theddeceptor isoform prefers
receptors without involvement of the G proteins present, or G, over G,. Given the fact that in all tissues studied the
whether N& exerts its effects primarily by decreasing the p, isoform is more abundant than® the latter will be
intrinsic affinity of the (eventually precoupled) receptor 10 jmperative to cell function in those cells where the presence
the G protein (Tian & Deth, 1993), awaits further investiga- of a combination of specific G protein subtypes and effectors
tion. S _ ~ favors interaction with Bs. The in vivo reconstitution

~Some dopamine binding data were not compatible with a system presented here should prove very valuable in further
simple two-state model (De Lean et al., 1980) but fit well mapping the specificity of receptels protein interactions.
to a model assuming three noninteracting classes of sites,; will be interesting to compare all members of the,4D

Since GppNHp was able to quantitatively conv&itto R |ike” family of dopamine receptors. Furthermore, this system
in the dopamine competition curves, the highest dopamine offers the possibility to study agonist-modulated posttrans-
affinity state is assigned to receptors complexed withr@®,  |ational modifications like phosphorylation or palmitoylation

tentatively, the low-affinity state to free receptors. The jj the presence of different coexpressed G proteins.
appearance of three binding sites had no influence on the
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