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ABSTRACT

The C-terminal portion of G proteins plays a key role in their
selective activation by cognate receptors. a,,-Adrenoceptors
(aoa-ARs) can differentially inhibit or stimulate adenylyl cycla-
ses by the activation of distinct G;,, and G protein families. The
implication of the C-terminal portion of G, and G proteins in
their activation by a,,-ARs was analyzed by constructing mu-
tant G, proteins in which each of the last five amino acid
positions were exchanged for those corresponding to a G
protein. Agonist-dependent, pertussis toxin-resistant binding
of guanosine 5'-O-(3-[*°S]thio)triphosphate ([**S]GTPYS) re-
vealed that the degree of positive efficacy of clonidine was
highly dependent on the presence of a G, protein-derived Gly
amino acid as the —3 residue at the C-terminal portion of the
protein. In contrast, antagonist properties for clonidine were

observed for those mutants carrying a G, protein-derived Gilu
residue at this position. (—)-Epinephrine yielded almost similar
maximal [**S]GTP+S binding responses, but its potency was
decreased 22- to 150-fold at the —3 Glu containing mutant G_,
proteins compared with those mutants containing a Gly. A 9- to
39-fold increase in the a,,-AR agonist equilibrium dissociation
constants further reflected changes in the G, protein-induced
a,5-AR state mediated by the specific Gly to Glu mutation in
the C-terminal portion of the G_, protein. The present data
emphasize the unique role of the —3 position at the G, protein
C-terminal portion, independent of its surrounding peptidic en-
vironment, in constraining a structure favorable for activated
receptor interaction and transmission of the mutation-induced
conformational change from the G_, protein to the a,,-AR.

Interaction of G protein-coupled receptors (GPCR) with
ligands results in conformational changes in the receptor
structure that enables its interaction with specific classes of
heterotrimeric G proteins (Gudermann et al., 1997; Bockaert
and Pin, 1999). The activated G protein subunits « and By
are then able to modulate the activity of downstream effec-
tors. A single GPCR can interact with several distinct G
protein combinations that exist in a given cell, thereby gen-
erating divergent signaling through a single receptor subtype
(Kenakin, 1995). How this selectivity is achieved in terms of
protein-protein interactions is not well understood; this is
mainly due to the lack of structural data on receptor-G pro-
tein interaction domains. Numerous mutagenesis and bio-
chemical studies (Liu et al., 1995; Kostenis et al., 1997) have
shown that the carboxy-terminal portion of G, subunits is an
important determinant of GPCR contact specificity. Syn-
thetic C-terminal peptides of transducin (G,,) and monoclo-
nal antibodies specific for the G, carboxy-terminal portion

! Present address: Department of Biotechnology, Tokyo University of Agri-
culture and Technology, 113-0032 Tokyo, Japan.

prevent the interaction between transducin and rhodopsin
(Hamm et al., 1988; Mazzoni et al., 1991). Construction of a
chimeric G, protein by substitution of its three C-terminal
amino acids by those of a G_;, protein switches GPCR spec-
ificity from the adenylyl cyclase to the phospholipase C path-
way (Conklin et al., 1993). The use of such chimeric G,
proteins, exchanging up to nine amino acids of their extreme
C-terminal portion, has been reported to direct GPCRs dif-
fering in their G protein-coupling specificity toward common
effector systems, such as the production of inositol phos-
phates or the mobilization of intracellular Ca®" (Milligan
and Rees, 1999).

The ay4-adrenoceptor (a,,-AR; receptor classification,
2.1.ADR.A2A) has been shown to activate multiple and dis-
tinct effector pathways, such as inhibition and activation of
adenylyl cyclase (Fraser et al., 1989; Eason et al., 1992),
activation of phospholipase C (Cotecchia et al., 1990; Dorn et
al., 1997), activation of K" channels (Fraser et al., 1989), and
inhibition of Ca?* channels (Airriess et al., 1997). The dual
signaling properties of a,,-AR to the inhibition and activa-
tion of adenylyl cyclase is dependent on the ligand structure

ABBREVIATIONS: GPCR, G protein-coupled receptor; a,s-AR, axs-adrenoceptor; wt, wild-type; [2°S]GTP+S, guanosine 5'-O-(3-[*°S]thio)triphos-
phate; PTX, Bordetella pertussis toxin; PCR, polymerase chain reaction; RX 821002, 2-(2-methoxy-2,3-dihydro-benzo[1,4]dioxin-2-yl)-4,5-
dihydro-1H-imidazole; UK 14304, 5-bromo-6-(2-imidazoline-2-ylamino)quinoxaline tartrate.
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and is mediated by two distinct G proteins of the G,,, and G,
families (Eason et al., 1994; Eason and Liggett, 1996; Brink
et al., 2000). The aim of the current study was to examine the
exact contribution of each of the last five carboxy-terminal
amino acids of the G protein in divergent a,,-AR signaling
and their effect on a,,-AR ligand binding properties. There-
fore, a collection of mutant G, proteins in which the last five
amino acids positions were systematically exchanged be-
tween G,, and G, proteins was constructed. Functional
analysis was performed by co-expression of the mutant G,
proteins with a wt ay,-AR. Agonist-dependent binding of the
stable GTP analog [**S]IGTPyS to the mutant G_, proteins,
and the binding of both *H-agonist and *H-antagonist to the
asa-AR co-expressed in COS-7 cellular membranes were
measured. Because none of the mutant G,, proteins con-
tained an ADP-ribosylation site by Bordetella pertussis toxin
(PTX), cells were treated with PTX to avoid ay,-AR coupling
to endogenous G/, proteins in COS-7 cells. The G_, protein-
derived Gly residue at the —3 position away from the protein
C-terminal extremity demonstrated a pivotal role in decreas-
ing the efficacy of the partial agonist clonidine. Moreover, a
similar mutation induced a decrease in agonist, but not an-
tagonist, binding affinity to the ay,-AR. These results are
discussed in view of structural conformation data on G,
protein C-terminal portion and receptor interactions.

Experimental Procedures

Construction of Mutant G, Proteins. The investigated mu-
tant G, proteins were generated by PCR on linearized pCR3.1/G,,
c¢DNA plasmid (Pauwels et al., 2001) using a sense primer designed
according to the rat G, cDNA nucleotide sequence (GenBank acces-
sion number M17526) and a mutagenic reverse primer carrying the
respective mutation; their sequences are indicated in Table 1. The
amplification conditions were similar, as previously described (Pau-
wels et al., 2001). PCR products were cloned into a pCR3.1 expres-
sion vector (Invitrogen, San Diego, CA) and fully sequenced on an
ABI 310 Prism genetic analyzer (PerkinElmer Life Science Products,
Foster City, CA) using a Big Dye Terminator cycle sequencing ready

TABLE 1
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reaction kit (PerkinElmer Life Science Products), confirming the
presence of the respective mutations.

Cell Culture and Transfection Procedures. The COS-7 cell
line (ATCC: CRL 1651; American Type Culture Collection, Manas-
sas, VA) was cultured in Petri dishes (50 cm?) with Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% heat-inactivated fetal
calf serum. Cells grown to 60 to 80% confluence were used for
transfection using a Lipofect AMINE plus kit (Invitrogen, Paisley,
UK). pCR3.1 plasmid (3-0.03 pg) containing the wt human a,,-AR
gene (receptor classification, 2.1.ADR.A2A; GenBank accession num-
ber M23533) and 3 pug of either empty plasmid or indicated mutant
G, protein plasmid were mixed with 10 ul of Lipofect AMINE plus
reagent diluted in 0.2 ml of Opti-MEM and incubated at room tem-
perature for 15 min. Subsequently, 20 ul of Lipofect AMINE reagent
diluted 20 times in 0.2 ml of Opti-MEM was added and incubated for
15 min. COS-7 cells were exposed to the plasmid/LipofectAMINE
mixture with 5 ml of Opti-MEM for 3 h at 37°C. Thereafter, cells
were incubated with 10 ml of complete growth medium and har-
vested 48 h after transfection. Treatment with PTX (20 ng/ml) was
performed overnight before membranes were prepared.

Membrane Preparation and Radioligand Binding Experi-
ments. Membrane preparation steps were performed at 4°C. Cells
were washed with phosphate-buffered saline and stored at —80°C.
Cells were scraped mechanically in 10 mM Tris-HCI, 0.1 M EDTA,
pH 7.5, and centrifuged for 10 min at 45,000g. The pellet was ho-
mogenized in the same buffer and centrifuged under similar condi-
tions. The final pellet was distributed at 0.5 to 1.5 mg of protein/ml
in Tris-EDTA buffer and stored at —80°C. Membrane preparations
were diluted in 20 mM Hepes, 100 mM NaCl, 3 mM MgCl,, and 0.2
mM ascorbic acid, pH 7.4, and used for the binding study with
[®H]2-(2-ethoxy-2,3- dihydro-benzo[1,4]dioxin-2-yl)-4,5-dihydro-1H-
imidazole ([PHJRX 821002), [?H]5-bromo-6-(2-imidazoline-2-ylamin-
o)quinoxaline tartrate ([HJUK 14304), and [*H]clonidine, as de-
scribed (Wurch et al., 1999). Nonspecific radioligand binding was
determined in the presence of 10 uM phentolamine. Scatchard anal-
ysis was performed as described (Pauwels et al., 1996) using concen-
trations of radioligand ranging from 0.3 to 10 nM for [PH]RX 821002,
0.2 to 100 nM for [*H]clonidine, and 0.04 to 40 nM for [*'H]UK 14304.
Data were analyzed by the nonlinear square curve-fitting program,
Ligand version 4.0 (Biosoft, Cambridge, UK; Rovati et al., 1989)

[3°SIGTP~S Binding Responses. Agonist-independent (basal)
and agonist-dependent [**S]GTPyS binding responses were per-

Sequence characteristics of the C-terminal portion of the mutant G, proteins

The last six C-terminal amino acids of the rat G,, protein (Arg®*® to Tyr®*>*) were exchanged with the equivalent residues of either the rat G or the mouse G, protein.
Systematic mutations of the four residues, diverging between the C-terminal portions of G,, and G, proteins, were realized as described under Experimental Procedures
using the indicated mutagenic reverse primers. The arrow indicates the position of the PTX-mediated ADP ribosylation site in the wt G, protein. The nucleotides or amino
acids indicated in bold are those that are modified according to the G, cDNA sequence. The —6 residue is identical for the G, and G4 proteins (Arg) but different for the
G,15 protein (Asp). It will only be indicated for mutants involving this latter G, protein.

G, Protein Nomenclature

Reverse PCR Primer

C-Terminal Last Six Amino Acids

G.,.Cys®'Ile 5'-C TTA GAG CAA CTC GTA GCC GOG GAG ATT GIT GGC AAT GAT- 3’ RG GLY
G, .Cys®™'Tyr 5'-C TTA GAG CAA CTC GTA ATA GOG GAG ATT GIT GGC AAT GAT- 3’ RGYGLY
G./QYELL (= G, 5'-T TAG AGC AGC TCG TAA AGG CGG AGA TTG TTG GCA ATG ATG 3’ RQYELL
G./GYELL 5'-C TTA GAG CAA CTC GTA GCC GOG GAG ATT GIT GGC AAT GAT- 3’ RGYELL
G. /QIELL 5'-C TTA GAG CAA CTC GAT TTG GOG GAG ATT GIT GGC AAT GAT- 3’ RQ ELL
G./QYGLL 5'-C TTA GAG CAA GCC GTA TTG GOG GAG ATT GIT GGC AAT GAT- 3’ RQYGLL
G. /QYELY 5'-C TTA GTA CAA GCC GTA TTG GOG GAG ATT GIT GGC AAT GAT- 3’ RQYELY
G. /GIELL 5'-C TTA GAG CAA CTC GAT GCC GOG GAG ATT GIT GGC AAT GAT- 3’ RG ELL
G../QYGLY 5'-C TTA GTA CAA GCC GTA TTG GCG GAG ATT GIT GGC AAT GAT- 3’ RQYGLY
G. /GYGLL 5'-C TTA GAG CAA GCC GTA GCC GOG GAG ATT GIT GGC AAT GAT- 3 RGYGLL
G./QIGLL 5'-C TTA GAG CAA GCC GAT TTG GCOG GAG ATT GIT GGC AAT GAT- 3’ RQ GLL
G. /QIELY 5'-C TTA GTA CAA CTC GAT TTG GOG GAG ATT GIT GGC AAT GAT- 3’ RQ ELY
G. /GYELY 5'-C TTA GTA CAA CTC GTA GCC GOG GAG ATT GIT GGC AAT GAT- 3’ RGYELY
G./GIGLL 5'-C TTA GAG CAA GCC GAT GCC GOG GAG ATT GIT GGC AAT GAT- 3 RG GLL
G. /GIELY 5'-C TTA GTA CAA CTC GAT GCC GOG GAG ATT GIT GGC AAT GAT- 3’ RG ELY
G./QIGLY 5'-C TTA GTA CAA GCC GAT TTG GCG GAG ATT GIT GGC AAT GAT- 3’ RQ QLY
G./DEINLL (= G, 15) 5'-T TCT TAG ACC AGA CCG TAC ACC TTG AGA TTG TTG GCA ATG AT- 3’ DEI NLL
G./DEIGLL 5'-G CGT CAC AGC AGG CCG ATC TCG TCG AGA TTG TTG GCA ATG AT- 3’ DEI GLL

1




668  Wurch et al.

formed to the membrane preparations described above in 20 mM
Hepes, 30 uM GDP, 100 mM NaCl, 3 mM MgCl,, and 0.2 mM
ascorbic acid, pH 7.4. Maximal stimulation of [**S]GTPvS binding
was defined in the presence of 10 uM (—)-epinephrine and calculated
versus basal [?**S]GTPyS binding, unless otherwise indicated. The
maximal capacity of recombinant mutant G, protein agonist-medi-
ated activation was determined by saturation [2°S]GTPyS binding on
the same membrane preparations in GDP 30 uM, 0.5 nM
[**SIGTPvS, and 0 to 300 nM unlabeled GTPvS in 20 mM Hepes, 100
mM NaCl, 3 mM MgCl,, and 0.2 mM ascorbic acid, pH 7.4. The
binding reaction was terminated by rapid filtration through What-
man GF/B glass fiber filters (Brandel, Gaithersburg, MD) treated as
described (Pauwels et al., 2001). EC;, values were derived graphi-
cally as the concentration of compound yielding 50% of its own
maximal [**S]GTPvS binding response. The potency of clonidine to
antagonize (—)-epinephrine-mediated [2°S]GTPvS binding responses
was calculated according to the equation Kz = (B)/[(A)/(A) — 1],
where B is the clonidine concentration, and A and A’ are the EC;,
values of (—)-epinephrine in the absence and presence of clonidine,
respectively.

Immunological Detection of Mutant G,, Protein Expres-
sion. Membrane fractions of COS-7 cells transiently co-expressing
the a,,-AR and mutant G, proteins were prepared as described
above. Total proteins were separated by denaturing 12.5% (w/v)
SDS-polyacrylamide gel electrophoresis, as described (Laemmli,
1970). After electrophoresis, proteins were blotted onto a nylon mem-
brane by semidry electrotransfer (23 V, 45 min) in 25 mM Tris-HCI,
pH 8.3, 190 mM glycine, 20% (v/v) methanol. Proteins were probed
using a monoclonal antibody raised against a peptide corresponding
to amino acids 18 to 33 of the G,, protein. The incubation was
performed in phosphate-buffered saline buffer containing 0.1% (w/v)
Tween 20, 5% (w/v) dry nonfat milk, and the antibody at a dilution of
1:1000. Proteins were visualized with an anti-mouse IgG antibody
coupled to horseradish peroxidase using a chemiluminescence reac-
tion. Quantification of the immunodetected signal was performed
using a computer-based image analysis system (Imagena 2000 soft-
ware; Biocom, Les Ulis, France).

Protein Content. The protein level of membrane preparations
was estimated with a dye-binding assay using a Bio-Rad kit (Bio-
Rad, Hercules, CA); bovine serum albumin was used as a standard
(Bradford, 1976).

Statistical Analysis. Statistical analyses were performed on K,
and B,,,, values of the radioligands by a one-way analysis of vari-

TABLE 2

ance, followed by an all pairwise multiple comparison procedure
(method of Tukey) between G, /GYGLY (= G,,Cys®**!Tyr) and the
other mutant G, proteins.

Materials. The ABI Prism 310 genetic analyzer and big dye
terminator cycle sequencing ready reaction kit were obtained from
PerkinElmer Life Science Products. The Imagena 2000 software was
obtained from Biocom. The pCR3.1 expression was purchased from
Invitrogen. COS-7 cells were obtained from the American Type Cul-
ture Collection. The LipofectAMINE plus kit, cell culture medium,
fetal calf serum, and B. pertussis toxin (50 ug/ml) were purchased
from Invitrogen. [PHJRX 821002 (67 Ci/mmol), [PHJUK 14304 (74
Ci/mmol), and [*H]clonidine (70.2 Ci/mmol) were obtained from
PerkinElmer Life Science Products. [?°S]GTPyS (1035-1163 Ci/
mmol) and the ECL chemiluminescence reaction kit were obtained
from Amersham Pharmacia Biotech (Les Ulis, France). (—)-Epineph-
rine and clonidine were from Sigma (St. Louis, MO).

Results

[33S1GTP~S Binding Responses as Mediated by Mutant
G, Proteins in the Co-Presence of «,,-AR. Neither wt
asa-AR nor G Cys®*'Tyr protein, expressed independently in
COS-7 cells, displayed a detectable [*>S]GTPyS binding re-
sponse upon stimulation by 10 uM (—)-epinephrine (not shown).
Co-expression of the a,,-AR with a chimeric G, protein in
which the last five amino acids of the wt G,, protein were
replaced by the equivalent portion of the G, protein (G_/
QYELL) resulted in a low-magnitude -clonidine-mediated
[33S]IGTPyS binding response (14% stimulation versus (—)-epi-
nephrine; Table 2) compared with the PTX-resistant
G, Cys®*Ile protein (73% stimulation versus (—)-epinephrine;
Table 2). The (—)-epinephrine-mediated [**S]GTPyS binding
response was only decreased 2-fold compared with its basal
[*3SIGTPyS binding level for these two mutant G, proteins
(Table 2). Both G, Cys®**'Ile and G, /QYELL proteins differ at
four amino acid positions (GIn®**°Gly, Tyr®**'Ile, Glu®**?Gly, and
Leu®**Tyr). A gain-of-function approach to investigate which of
these four amino acids may be involved in the low-magnitude
profile of clonidine at the G /QYELL protein was conducted by
measuring [*?S]GTP+S binding responses; the data are sum-

[**SIGTPvS binding responses of a,,-AR co-expressed with a series of mutant G, proteins

Classification was performed according to the maximal [**S]GTPyS binding response of clonidine calculated in percentage vs. (—)-epinephrine. Co-expression of ays-AR and
respective mutant G, protein was performed as described under Experimental Procedures. All conditions were treated with PTX (20 ng/ml). Basal, 10 uM (—)-epinephrine,
and 10 uM clonidine-stimulated [**S]GTPvS binding responses, mediated by the ass-AR, were performed as described under Experimental Procedures. Data represent mean
values = S.E.M. of three to seven independent transfection experiments, each performed in duplicate. The bold amino acids correspond to those that are different between

G0 (Goo/QYELL) and the various mutant G, proteins.

[*5S]GTPyS Binding Responses

G, Protein
Basal (—)-Epinephrine Clonidine
fmol/mg protein fmol/mg protein % above basal % above basal % vs. (—)-epinephrine
G,./QIGLL 240 = 7 1031 = 72 333 = 44 361 = 48 110 = 7
G, /QIGLY 283 = 52 967 £ 28 262 = 56 275 £ 76 107 = 7
G,./QYGLL 190 = 2 995 = 79 424 + 47 360 * 86 85 *+1
G,./QYGLY 168 = 5 953 * 47 469 = 45 388 £ 57 83 =2
G,/GIGLL 170 = 4 1005 = 6 491 = 8 370 = 35 75 *£2
G, /GIGLYG, Cys®**'Ile 170 + 22 1095 *= 267 534 = 59 375 = 27 73 =12
G, /GYGLYG, Cys®**'Tyr 168 = 14 912 * 42 463 = 48 278 £ 44 60 = 2
G,./GYGLL 148 = 7 923 = 12 527 + 20 298 + 22 57+3
G, /QIELY 108 = 6 548 £ 9 411 = 22 55+ 8 14+1
G, /QYELL(= G_/s) 166 = 16 542 + 64 231 = 30 33+ 14 14 =2
G, /QYELY 142 = 2 735 = 82 418 + 52 59 + 14 14=*1
G,./QIELL 137 =9 675 = 25 399 = 52 41+ 4 11+1
G,./GYELY 105 + 4 380 = 23 264 + 34 195 7*x0
G, /GYELL 132 = 4 358 £ 35 175 = 35 8+6 5*+1
G,/GIELL 115 =8 372 =13 230 = 36 11=3 5+0
G, /GIELY 112+ 6 445 = 11 302 = 34 151 5x1




marized in Table 2. Basal [**S]GTP+S binding responses for
most of the mutant G, proteins were between 105 and 190
fmol/mg of protein; a trend for an elevated basal level was
observed for the mutant G_/QIGLL and G,/QIGLY proteins.
(—)-Epinephrine (10 uM) stimulated the binding of [**S]GTPyS
from 175 to 534%. Clonidine yielded two types of responses; it
acted as a partial to efficacious agonist with maximal responses
between 60 and 110% of that mediated by (—)-epinephrine or as
a weak agonist with a maximal response below 15% compared
with (—)-epinephrine. Both responses could be associated with a
single amino acid position in the C-terminal portion of the G,
protein. Clonidine behaved as an efficacious agonist, with a
maximal response as high as that of (—)-epinephrine when a
Gly residue is present at the —3 position of the mutant G,
protein (Table 2). In contrast, when the —3 position was a Glu,
the maximal stimulation of [**SJGTP+S binding by clonidine
was below 15% compared with (—)-epinephrine (Table 2). The
amino acid at the —5 position also influenced, but to a lesser
extent, the level of mutant G,, protein activation by the
clonidine-occupied a,,-AR; the —5 Gln/—3 Gly combination
generated the highest activation level (G, /QIGLL, G, /QIGLY,
G, /QYGLL, and G, /QYGLY proteins, 83 to 110%; Table 2)
compared with (—)-epinephrine, whereas the mutants carrying
the —5 Gly/—3 Glu combination yielded almost no stimulation
with clonidine (G, /GYELY, G, /GYELL, G, /GIELL, and G,/
GIELY proteins, 5 to 7%; Table 2). The —1 position (Leu or Tyr)
did not influence the G, protein activation level independently
of the other amino acid positions. Thus, four different classes
based on the (—5)/(—3) amino acid positions in the mutant G,
proteins could be differentiated according to the rank order of
their clonidine-mediated [**S]JGTPyS binding response: G,/
QI/Y)GLLY) > G, /GI/Y)GLLY) > G, /QIY)ELL/Y) >
G, /GI/Y)EL(L/Y), as depicted in Table 2 (in bold the —5 Gly/
Gln and the —3 Gly/Glu positions).

Analysis of Agonist-Occupied a,,-AR-Mediated Maxi-
mal [**S]IGTPyS Binding Capacity to Mutant G_, Pro-
teins. To further analyze the influence of the —5/—3 amino acid
composition of the G_, protein on ligand-dependent a,,-AR
activation, mutant G_/GYELL, G, /QYGLL, G, /GYGLL, G,/
QYELL (= G,,.), and G, /GYGLY (= G, Cys®**'Tyr) proteins
were selected to perform agonist-specific [**S]GTPyS binding
analyses. To exclude putative differences in functional re-
sponses due to variation in the expression of the mutant G_,
proteins, immunological detection indicated the expression
level of the mutant G, proteins varied between 53 and 163%
compared with that of the mutant G,_,Cys®*'Tyr protein (Fig.
1). No relation between the mutant G, protein expression level
and the clonidine-mediated maximal [**S]GTP~yS binding re-
sponse was apparent. (—)-Epinephrine (10 uM)-mediated satu-
ration [*’S]JGTP+S binding indicated a single population of
high-affinity [**S]GTPyS binding sites for each of the investi-
gated mutant G, proteins. The apparent dissociation constant
of [**S]GTP+S was not statistically different, with the exception
of the G_/GYELL protein, which yielded about a 5-fold in-
creased K, value (Table 3). The maximal (—)-epinephrine-me-
diated [**S]IGTP+S binding capacity varied between 3.97 and
11.37 pmol/mg of protein for these mutant G,, proteins.
Clonidine (10 uM) stimulated [**S]GTPyS binding to the mu-
tant G_/GYGLY, G,./QYGLL, and G, /GYGLL proteins to the
same extent as (—)-epinephrine, but the mutant G_/QYELL
and G_/GYELL proteins were only weakly stimulated, and
consequently saturation analysis was not performed. Dose-de-
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pendent [**S]GTPyS binding response curves for (—)-epineph-
rine yielded a 24- and 54-fold decreased potency at the a,,-AR
in the co-presence of the mutant G, /QYELL and G, /GYELL
proteins, respectively, compared with the G, ,Cys®**'Tyr protein
(Fig. 2). Clonidine potently (EC;,, 13.0 to 32.0 nM) stimulated
[*3SIGTP~yS binding responses at the mutant G, proteins car-
rying a —3 glycine residue, but it acted as a competitive antag-
onist of the (—)-epinephrine-mediated [*>SIGTPyS binding re-
sponse at the a,,-AR in the co-presence of those mutant G,
proteins with a —3 Glu residue (Fig. 2). To evaluate the influ-
ence of putative spare a,,-ARs on mutant G, /QYGLL and
G, /GYELL protein activation, [**S]JGTP+S binding responses
were monitored in the presence of decreasing amounts of ag,-
ARs (21.1 to 0.29 pmol/mg of protein; Table 4). Decreasing the
as5-AR expression by about 50-times yielded only a slight de-
crease (2- to 3-fold) in potency for both (—)-epinephrine and
clonidine at the mutant G, /QYGLL protein, without altering
the maximal response of clonidine (Table 4). The degree of basal
[**S]GTP~S binding was not affected by the expression level of
asa-AR (Table 4).

Saturation Radioligand Binding Responses at
a,4-AR in the Co-Presence of Mutant G,, Proteins.
Saturation binding experiments using an «, AR antagonist
[*HIRX 821002, an efficacious ay, AR agonist [PH]JUK 14304
(Jasper et al., 1998), and an «, AR partial agonist
[*H]clonidine (Jasper et al., 1998) were performed (Table 5)
to assess their binding properties to the a,,-AR in either the
absence or in the co-presence of the mutant G, /GYGLY,
G./QYELL, G, /GYELL, G, /QYGLL, and G_,/GYGLL pro-
teins. The equilibrium dissociation constant and maximal
binding capacity of [PH]RX 821002 at the ay,,-AR were not
statistically different with each of the co-expressed mutant
G, proteins, although a slightly higher amount of a,,-AR
binding sites in the co-presence of the mutant G, /QYELL
protein was observed (Table 5). In contrast, the K, values for
the labeled agonists were highly dependent on the co-ex-
pressed mutant G, protein; a 12- to 39-fold and a 9- to
33-fold increased (P < 0.05) dissociation constant value for
[*Hlclonidine and [*H]JUK 14304, respectively, was observed
for the a,,-AR in the presence of either a G, /QYELL or
G./GYELL protein compared with the mutant G, proteins
carrying a glycine as the —3 amino acid residue. The maxi-
mal radioligand binding capacity at the a,,-AR sites was

A B Cc D E F
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Fig. 1. Immunological detection of mutant G, protein expression in
COS-7 cells in the co-presence of a,,-AR. One hundred micrograms of
total cellular membrane proteins of COS-7 cells co-expressing a,,-AR and
empty plasmid (A), mutant G, Cys**'Tyr (B), G./QYELL (C), G,/
GYELL (D), G/QYGLL (E), and G, /GYGLL (F) proteins were separated
by 12.5% SDS- polyacrylamide gel electrophoresis, blotted onto a nylon
membrane, and the immunodetection was performed, as described under
Experimental Procedures, using a selective anti-G,, antibody. The arrow
indicates a signal corresponding to the mutant G, proteins. Quantifica-
tion (percentage versus mutant G, Cys®**'Tyr protein) of the immunode-
tected signal was 78, 53, 92, and 167 for lane C to F, respectively.
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either slightly increased (P < 0.05, [*H]clonidine) or unaf-
fected (P > 0.05, [*HJUK 14304) by the presence of the
mutant G,, proteins but was lower for both radiolabeled
agonists compared with [PHJRX 821002. The absence of a
difference in maximal [*PHJUK 14304 binding sites for the
G, /QYELL and G_/GYELL proteins compared with the
other mutant G_, proteins containing a —3 Gly residue sug-
gests that both of them can also exist in an a,,-AR-coupled
state (Table 5). In the absence of recombinant G, proteins,
the binding parameters of both [*H]clonidine and [*HJUK
14304 were close to those observed for a,,-ARs in the co-
presence of a mutant G_ /GYELL protein (Table 5).

Another set of experiments was performed to evaluate the
influence of the —3 C-terminal residue in a different amino
acid context. A mutant G, protein, which corresponds to the
exchange of the six last amino acids of the G5 protein
(Wilkie et al., 1991) into the G, protein (G,,/DEINLL =
G_.15), and the corresponding Asn to Gly mutation in its —3
position (G, /DEIGLL) were constructed. [**S]GTPyS bind-
ing response of the mutant G_ /DEIGLL protein resembled
that of the G, Cys®®'Tyr protein; it was strongly activated to
the same extent by clonidine (10 uM) and by (—)-epinephrine
(10 uM) (Table 6). The maximal [**S]GTPyS binding capacity
of clonidine at the G, /DEINLL protein decreased to an al-
most undetectable level (Table 6). Saturation binding exper-
iments with a,,-AR and G, /DEINLL protein indicated a 47-
and 51-fold (P < 0.05) decrease in affinity for the agonists
[*HJUK 14304 and [*H]clonidine, respectively, without af-
fecting the binding properties of [PHJRX 821002 compared
with the mutant G_ /DEIGLL protein (Table 6).

Discussion

This study demonstrates reciprocal interactions between a
wt as5-AR and a G, protein mutated in its five carboxy-
terminal amino acid residues. Analysis was conducted using
saturation binding experiments of either a labeled, nonhy-
drolyzable analog of guanine nucleotides, [*°S]GTPyS, as
well as labeled radioligands being either efficacious or partial
agonists or an antagonist. Maximal agonist-mediated satu-
ration [**S]GTPyS binding responses for the various mutant
G, proteins and its comparison with the maximal antagonist
[PHIRX 821002 binding capacity gives an appropriate ap-

TABLE 3

proximation of the ratio between total a,,-AR amount and
activated G, protein capacity. Among the various mutant
G, proteins, the most significant effect on the modulation of
the magnitude of maximal agonist-mediated [*°S]GTPvS
binding response was the exchange, at the carboxy-terminal
end of the protein, of a —3 glutamate or asparagine residue,
as derived from a G, or G5 protein, respectively, for a G,
protein-derived glycine. When a glycine, this position, inde-
pendent of the surrounding peptidic sequence corresponding
either to that of a G, or a G5 protein, yielded an enhanced
maximal response for the partial agonist clonidine. A single
mutation at this critical position not only modulated the
ligand-occupied ay,-AR-mediated [*°S]GTPyS binding re-
sponse but also reciprocally altered the agonist binding
pocket at the ay,-AR because agonist equilibrium dissocia-
tion constants were decreased. This also indicates that inter-
action of the —3 Gly containing mutant G_, proteins stabi-
lized an activated a,,-AR conformational state, as suggested
by the increased potency of (—)-epinephrine and the en-
hanced dissociation constants of the labeled agonists. -
ARs may possess an enhanced affinity for the —3 Gly con-
taining mutant G, proteins, as predicted by the extended
ternary complex model (Lefkowitz et al., 1993). Remarkably,
mutation of the —3 residue into a negatively charged Glu
residue produced an effect that is opposite to that obtained at
the GPCR third intracellular loop distal portion, where the
mutation of a noncharged residue by either an acidic (i.e.,
mutant Ala?**Glu ;5 AR) or basic (i.e., mutant Thr®*3Lys
as4-AR) amino acid generated constitutive activation by con-
straining a G protein-coupled state of the receptor (Pauwels
and Wurch, 1998). Thus, although the GPCR third intracel-
lular loop distal portion has been postulated to interact with
a G, protein C-terminal end (Kostenis et al., 1997), the exact
contribution of the —3 Gly versus Glu residue cannot be
foreseen.

The systematic mutation of each of the last five C-terminal
amino acids of the G, protein, either alone or in combina-
tion, emphasized a pivotal role of the —3 residue. It can be
either a Gly for the G, protein studied here or for the closely
related G;1,2/53 and G, proteins, a charged Glu in the case of
G, or a polar Asn for the G,,/11/15/16 Proteins. The nature of
this peculiar residue is such that it modulates on its own the

Dissociation constants and B,,,, values for binding of [**SIGTPyS to membrane preparations of COS-7 cells expressing a,,-AR and various

mutant G, proteins

@0

Coexpression of ags-AR and respective mutant G, protein was performed, as described under Experimental Procedures. All conditions were treated with PTX (20 ng/ml).
Saturation [**S]GTPvS binding responses mediated by the ays-AR were performed as described under Experimental Procedures. Membranes were incubated with 0.5 nM
[**SIGTPyS, 30 uM GDP, and either without or with 0.1 to 300 nM unlabeled GTPyS. Ky, (nM) and B, (pmol/mg of protein) values were deduced from saturation analysis
for specific (—)-epinephrine (10 uM) and/or clonidine (10 uM)-stimulated [**S]JGTPyS binding. Data represent mean values + S.E.M. of four independent transfection

experiments, each performed in duplicate. The bold amino acids correspond to those that are different between G,

Statistical analysis was performed on Ky, and B,

(G,/QYELL) and the various mutant G, proteins.

aols

values between G,,/GYGLY and the other mutant G,, proteins.

[*3S]GTP»S Binding

G, Protein (—)-Epinephrine Clonidine

Kp Brnax Kp Binax

nM pmol/mg protein nM pmol/mg protein
G, /GYGLY* 4.44 = 0.46 4,28 = 0.84 7.33 £ 1.01 543 £ 1.11
G, /QYELL** 5.44 = 0.78 3.97 = 0.57 weak stimulation (not determined)
G, /GYELL 23.93 = 3.55% 11.37 = 2.44° weak stimulation (not determined)
G, /QYGLL 3.36 = 0.27 4.56 = 0.27 4.76 = 0.77¢ 6.17 = 1.40
G, /GYGLL 4.29 = 0.29 5.66 = 0.91 8.14 = 0.51 7.24 £1.25

#, Gy Cys®® 1 Tyr protein; ¥, G,/ protein.
“P < 0.05.
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Fig. 2. (—)-Epinephrine dose-dependent [**S]GTPS binding response
curves at a,,-AR in the co-presence of various mutant G, proteins in
COS-7 cells. Cultures were treated overnight with PTX (20 ng/ml) and
assayed for [**S]GTPyS binding, as described under Experimental Proce-
dures. (—)-Epinephrine dose-dependent response curves (A) are shown for
the various mutant G, proteins (EC;,, nM): G, /GYGLY (37 = 9.2; @),
G,/QYELL (900 ., = 151; W), G, /GYELL (2000 = 94; A), G_,/QYGLL
(13.5 = 2.5; V), G_/GYGLL (40.0 = 3.5; ). Antagonism of (—)-epineph-
rine response curves by clonidine is presented for the mutant G_/QYELL
(B) and G, /GYELL proteins (C) in either the absence (closed symbols) or
presence (open symbols) of clonidine (10 uM). Data are presented in
percentage versus the maximal (—)-epinephrine-mediated [**S]GTPvyS
binding response for each mutant G, protein. Concentration binding
curves are constructed using mean values = S.E.M. from four indepen-
dent transfection experiments, each performed in duplicate.
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activation level of the G, protein, as mediated by efficacious
and partial a, AR agonists, without modifying its basal acti-
vation level. Similarly, a chimeric G, protein exchanging its
last six amino acids for those of a G_, protein yielded an
enhanced maximal [**S]GTPvS binding response for the par-
tial agonist d-medetomidine, whereas almost no stimulation
of [**SIGTPyS binding was obtained with a chimeric G,/
protein (Pauwels et al., 2001). Clonidine (10 pM)-occupied
asa-ARs activated a number of high-affinity [**S]IGTP+S
binding sites similar to that of the native a, AR agonist
(—)-epinephrine in the co-presence of mutant G, proteins
containing a —3 Gly residue Gi.e., G, ,Cys**'Tyr, G, /QYGLL,
and G, /GYGLL proteins). Therefore, clonidine and (—)-epi-
nephrine can be considered as agonists with a similar max-
imal response under these experimental conditions. On the
other hand, when the a,,-AR was expressed with mutant G,
proteins containing a —3 Glu residue (i.e., G, /QYELL and
G,_./GYELL proteins), clonidine at saturating concentrations
(10 M) acted not only as a very weak agonist, but it also
competitively antagonized the (—)-epinephrine-mediated
[**S]IGTP+S binding response. Clonidine has been reported to
display a comparable antagonist potency of the (—)-epineph-
rine-mediated [**S]GTP+S binding response at a,,-ARs sta-
bly expressed in HEK 293 cells (Jasper et al., 1998). This
shows that, depending on the co-presence of a particular
mutant G, protein, the clonidine-occupied a,,-AR is able or
not to activate the G, protein. In the absence of efficacious
G,, protein activation, clonidine can antagonize the func-
tional response of (—)-epinephrine. Our data extend the im-
plication of this residue, which has previously been involved
in the selectivity of G, protein coupling to a;5-ARs; a single
mutation (Asn®®’Gly) at the —3 position of the C-terminal
portion of a G, protein renders it responsive to an agonist-
activated a,,-AR (Conklin et al., 1996). Similarly, the mu-
tant G,, Asn®*’Gly protein efficiently coupled the Gy,-cou-
pled muscarinic m, receptor to the inositol phosphate
pathway, without modification of the potency of the agonist
carbachol (Liu et al., 1995; Kostenis et al., 1997).

The importance of the —3 residue has also been reported on
a structural basis; NMR studies on an 11-amino-acid-long
peptide corresponding to the C-terminal portion of the rod
cell G, protein (the a subunit of transducin) suggests that its
disordered conformation is shifted upon light activation of
rhodopsin to a highly structured helical turn, followed by an
open reverse turn centered at the —3 glycine residue
(Kisselev et al., 1998). Fluorescence studies also revealed
that the G,, protein activation leads to a conformational

Influence of the expression level of a,,-AR on the [**S]GTPyS binding response of mutant G, /QYGLL and G, /GYELL proteins

Co-transfection with 3 and 0.03 ug of ay,-AR plasmid and 3 pg of indicated mutant G, protein plasmid was performed as described under Experimental Procedures. All
conditions were treated with PTX (20 ng/ml). [PHIRX 821002 (saturating concentration, 4.0 nM) and [**S]GTPyS (0.5 nM) binding responses were performed as described
under Experimental Procedures. Data represent mean values + S.E.M. of three independent transfection experiments, each performed in duplicate.

[**S]GTPyS Binding

[SH%E? d8i121é002 (—)-Epinephrine Clonidine
Basal
ECso Emax ECso Emax
pmol/mg protein fmol/mg protein nM % above basal nM % vs. (—)-epinephrine
G,./QYGLL 21.11 + 4.25 164 £ 25 15.23 = 2.81 510 = 35 8.05 = 0.92 80 £ 4
0.41 = 0.08 117 = 36 40.15 * 6.26 253 = 29 26.47 * 3.15 76 =7
G, /GYELL 14.69 = 2.12 124 + 48 1400 = 210 180 + 14 N.D. 2+1
0.29 = 0.35 135 £ 29 2000 + 340 107 = 8 N.D. 3*+1

N.D., not determined.
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change at its C-terminal portion, which may provide a struc- co-presence of —3 Glu-containing mutant G, proteins. These
tural basis for communication between a G_, protein and data may be interpreted in view of a conformational change
light-activated rhodopsin (Yang et al., 1999). The formation of the ay,-AR state, dependent on the co-expressed mutant
of a highly structured motif at the C-terminal portion of the G, protein. Although the antagonist recognizes both the G
mutant G, proteins may favor specific interactions with the protein-coupled and -uncoupled states of the a,,-AR
as2-AR in which conformation has been modified upon acti- (Kenakin, 1995), the dissociation constants of the agonists
vation by an agonist. The presence of the —3 Gly residue is are modulated by the coupling efficiency of the mutant G_,
likely to be necessary for an optimal protein structure be- protein to the a,,-AR. Mutant G, proteins containing a Glu
cause 98% of the mutant G, proteins corresponds to the residue as the —3 amino acid G.e., G, /QYELL, G, /GYELL,
native G, protein. The flexibility of the C-terminal portion and G, /DEIGLL proteins) yielded a 10- to 50- fold decreased
might be affected by the Glu®*?Gly mutation because of the dissociation constant for the radiolabeled agonists at the
loss of a negative charge, which may be stabilized by in- ay,-AR. These data suggest that the interaction between
tramolecular interactions otherwise existing in the wt G,, these mutant G_, proteins, and the a,,-AR induces tiny
protein. A similar effect of the —3 Asn to Gly mutation in the modifications in the binding site for the agonists UK 14304
chimeric G5 protein and the loss of the noncharged polar and clonidine, whereas the interaction with the antagonist
moiety may suggest an unique role of the glycine residue by RX 821002 is unaffected. Both a, AR agonists contain a
the absence of a side chain. common imidazoline ring, which constitutes a binding do-

A second major observation in our study consists in the main tothe ay,-AR (Salminen et al., 1999) and may therefore
decrease of the equilibrium dissociation constant of the ago- explain why these two ligands, apart being agonists com-
nists [*H]clonidine and [*H]JUK 14304, but not that of the pared with the antagonist RX 821002, are similarly affected
antagonist [PH]RX 821002, for binding to the a,,-AR in the by the mutations in the G, protein. Thus, the data described

TABLE 5

K, and B, values for the binding of [PH|RX 821002, [*H]clonidine, and [*PHJUK 14304 to membrane preparations of COS-7 cells expressing the
a,,-AR in either the absence or presence of various mutant G, proteins

Co-expression of ay5-AR and either empty plasmid or respective mutant G, protein was performed as described under Experimental Procedures. All conditions were treated
with PTX (20 ng/ml). The equilibrium dissociation constant (Kp, nM) and maximal radioligand binding capacity (B,,,., pmol/mg of protein) were determined for each
condition, as described under Experimental Procedures, according to a monophasic Scatchard analysis. Data represent mean values + S.E.M. of four independent transfection
experiments, each performed in duplicate. The bold amino acids correspond to those that are different between G, (G,/QYELL) and the various mutant G, proteins.
Statistical analysis was performed on ligand’s Ky and B,,,, values between G,,/GYGLY and the other mutant G, proteins or empty plasmid.

[PHIRX 821002 [*H]Clonidine [*HIUK 14304
G, Protein
Kp Bryax Ky Binax Kp Binax
nM pmol/mg protein nM pmol/mg protein nM pmol/mg protein
None 0.92 = 0.09 30.70 = 5.45 37.91 = 2.16“ 5.04 = 0.33% 14.81 = 2.80¢ 4.12 = 0.37*
G, /GYGLY* 0.92 + 0.12 32.70 = 6.90 1.41 = 0.20 2.39 = 0.38 0.33 = 0.03 2.34 = 0.30
G,/QYELL** 1.14 = 0.17 44.17 £ 14.1¢ 26.10 * 3.83% 5.08 £ 1.34* 3.07 £ 0.76* 1.87 = 0.47
G, /GYELL 0.91 = 0.10 31.97 = 8.47 42.39 = 2.92¢ 4.68 = 0.72* 9.76 + 2.88* 2.06 + 0.69
G,/QYGLL 0.91 = 0.06 29.42 £ 5.12 1.08 = 0.12 2.83 =043 0.30 £ 0.03 2.48 = 0.30
G, /GYGLL 0.88 = 0.09 29.76 = 4.66 2.15 = 0.25 2.53 = 0.39 0.38 = 0.02 2.03 = 0.21
# G Cys®®1Tyr protein; **, G protein.
¢ P <0.05.
TABLE 6
K, and B, values for the binding of various radioligands to membrane preparations of COS-7 cells expressing the a,,-AR and mutant

G,/DEINLL and G, /DEIGLL proteins

Co-expression of agy-AR and mutant G, protein was performed as described under Experimental Procedures. All conditions were treated with PTX (20 ng/ml). Saturation
[*®SIGTPYS binding responses mediated by the ays-AR were performed as described. Membranes were incubated with 0.5 nM [*°S]GTPyS, 30 uM GDP, and either without
or with 0.1 to 300 nM unlabeled GTPyS. Ky, (nM) and B,,,,,, (pmol/mg of protein) values were deduced from saturation analysis for specific (—)-epinephrine (10 uM) and/or
clonidine (10 uM)-stimulated [**S]GTPyS binding. The equilibrium dissociation constant (Kp, nM) and maximal radioligand binding capacity (B, .., pmol/mg of protein) were
determined for each condition as described under Experimental Procedures according to a monophasic Scatchard analysis. Data represent mean values = S.E.M. of four
independent transfection experiments, each performed in duplicate. Statistical analysis was performed on ligand’s K and B,,,, values between G,/DEINLL and
G,o/DEIGLL proteins.

[**S]GTPYS Binding

G, protein (—)-Epinephrine Clonidine
Kp Binax Kp Binax
nM pmol/mg protein nM pmol/mg protein
G, /DEINLL* 11.68 = 1.56 5.80 = 0.25 weak stimulation (not determined)
G, /DEIGLL 4.49 = 1.02¢ 5.11 = 0.79 6.59 * 1.28 6.24 = 1.04
[PHIRX 821002 [*H]Clonidine [PHIUK 14304
Kp Brax Kp Bax Kp Bax
nM pmol/mg protein nM pmol/mg protein nM pmol/mg protein
G,/DEINLL* 0.85 = 0.03 34.41 £ 6.71 64.26 = 7.12 4.87 = 1.10 11.24 = 0.53 2.63 = 0.47
G,/DEIGLL 0.83 = 0.05 32.77 = 5.35 1.25 = 0.06 2.24 = 0.04° 0.24 + 0.04* 1.96 = 0.30

* Gao/15 Protein.
“P < 0.05.



here indicate that a single mutation in the G, protein
carboxy-terminal portion increased the affinity of the chi-
meric G, protein for the a,,-AR. Several mutations within
the receptor sequence have been described that are able to
increase the basal G protein activation level because the
tri-dimensional structure of the receptor was probably mod-
ified by the amino acid exchange; these mutant receptors
display constitutive activity (Lefkowitz et al., 1993; Pauwels
and Wurch, 1998). In the present study, a mutation in a G,
protein exhibits a retrograde modulatory effect on the ligand
binding properties of a, AR agonists. Recently, Grishina and
Berlot (2000) showed that a chimeric G5 protein switching
their a,/B5; domains yielded an increased population of co-
expressed By AR in a high-affinity state (34%) compared with
a wt G, protein (19%) and a concomitant increase in the
isoproterenol high- and low-affinity dissociation constants.
These results also suggest, for another G, protein domain, a
modulatory effect on GPCR/G, protein interactions. In con-
trast, the affinity constant of the antagonist yohimbine or the
agonists clonidine and (—)-epinephrine were either not de-
creased or maximally 2-fold decreased between the ay,-AR:
G,;;Cys®*'Gly and ay,-AR:G,;,Cys®®'Ile fusion proteins
(Jackson et al., 1999). The apparent absence of effect on
agonist binding for the Cys to Gly and Ile mutations of the —4
C-terminal residue in the G_;; portion of the fusion proteins
may be due to the use of a labeled antagonist as a radioligand
instead of an agonist. Other explanations may be: 1) the
constrained interaction between the a,,-AR and the mutant
G.,;;Cys®*'Gly/Ile proteins due to the fusion process, which
may restrict the flexibility of the G,;; protein partner,
thereby masking effects that are uncovered by the co-expres-
sion experiments presented here, and 2) a weaker influence
of the —4 C-terminal position of the G;; protein compared
with the —3 Glu residue detailed here toward a,,-AR states.

In conclusion, the present data highlight a critical role for
the C-terminal portion of the G, protein in the modulation of
asx-AR states and the particular involvement of the third
amino acid away from the G, protein C-terminal extremity to
determine the transition from a partial to efficacious agonist
or antagonist at the a,,-AR. A retrograde modulatory effect
of the G, protein on the a,,-AR agonist binding site(s) is
hypothesized, which probably involves transmission of the
mutation-induced conformational change from the G, pro-
tein to the ligand-bound a,,-AR.
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