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ABSTRACT
N-terminally green fluorescent protein (GFP)-tagged regulator
of G protein signaling (RGS) 2 and RGS4 fusion proteins ex-
pressed in human embryonic kidney 293 cells localized to the
nucleus and cytosol, respectively. They were selectively re-
cruited to the plasma membrane by G proteins and corre-
spondingly by receptors that activate those G proteins: GFP-
RGS2 when coexpressed with G�s, �2-adrenergic receptor,
G�q, or AT1A angiotensin II receptor, and GFP-RGS4 when
coexpressed with G�i2 or M2 muscarinic receptor. G protein
mutants with reduced RGS affinity did not produce this effect,
implying that the recruitment involves direct binding to G pro-
teins and is independent of downstream signaling events. Nei-
ther agonists nor inverse agonists altered receptor-promoted
RGS association with the plasma membrane, and expressing

either constitutively activated or poorly activated G protein
mutants produced effects similar to those of their wild-type
counterparts. Thus, intracellular interactions between these
proteins seem to be relatively stable and insensitive to the
activation state of the G protein, in contrast to the transient
increases in RGS-G protein association known to be caused by
G protein activation in solution-based assays. G protein effects
on RGS localization were mirrored by RGS effects on G protein
function. RGS4 was more potent than RGS2 in promoting
steady-state Gi GTPase activity, whereas RGS2 inhibited Gs-
dependent increases in intracellular cAMP, suggesting that G
protein signaling in cells is regulated by the selective recruit-
ment of RGS proteins to the plasma membrane.

The most prevalent mechanism of intercellular communi-
cation in eukaryotic organisms involves the activation of
heterotrimeric G proteins by receptors that recognize chem-
ical signals at the cell surface. Receptors turn on G proteins
by promoting the binding of the activating nucleotide GTP. G
proteins are deactivated by the hydrolysis of GTP to GDP
plus inorganic phosphate, a process accelerated by GTPase
activating proteins (GAPs), such as the regulator of G protein
signaling (RGS) proteins.

RGS-G protein interactions have been detected by a vari-
ety of methods, including yeast two-hybrid screening (De
Vries et al., 1996) and coimmunoprecipitation (Druey et al.,
1998; Tseng and Zhang, 1998). In solution, RGS proteins are
able to bind to free GDP-bound G� subunits, and this binding
is increased in the presence of fluoride, aluminum, and mag-
nesium ions, which together promote a G protein conforma-
tion that occurs immediately before GTP hydrolysis (De Vries
et al., 1996). It is unclear, however, to what degree G protein

activation states influence their binding to RGS proteins in
vivo (Druey et al., 1998) or how stable RGS protein-G protein
association might be over the course of multiple cycles of GTP
binding and hydrolysis (Wilkie and Ross, 2000; Ko et al.,
2001).

The binding of RGS proteins to G proteins in solution for
the most part corresponds to their observed GAP effects,
although RGS2 binds to G�s-GDP in a fluoroaluminate-sen-
sitive manner (Ko et al., 2001) with no apparent effect on
GTP hydrolysis (Ingi et al., 1998). Notwithstanding this lack
of GAP activity, RGS2 has been observed to impede Gs sig-
naling, as evidenced by decreases in intracellular cAMP lev-
els (Tseng and Zhang, 1998). Similarly, the affinity of the
RGS domain of G protein-coupled receptor kinase 2 (GRK2)
for G�q-GDP is greatly enhanced by AlF4

�, and GRK2 inhib-
its phospholipase C� activation by free G�q but has no ap-
parent effect on the GTPase activity of the latter (Carman et
al., 1999). The attenuation of G protein signals by RGS pro-
teins in a manner independent of (Hepler et al., 1997) or only
partly dependent on GAP activity (Derrien and Druey, 2001)
has also been observed in other systems and is thought to
reflect the functional inhibition by RGS proteins of G protein-
effector coupling. There is also some evidence, however, that

This work was supported by the Canadian Institutes of Health Research.
P.C. is a Heart and Stroke Foundation of Canada Research Scholar. A.A.R. is
supported by a Postgraduate Scholarship from the National Sciences and
Engineering Research Council of Canada. K.E.L. was supported by an Ontario
Graduate Scholarship.

ABBREVIATIONS: GAP, GTPase-activating protein; RGS, regulator of G protein signaling; HEK, human embryonic kidney; EGFP, enhanced green
fluorescent protein; GFP, green fluorescent protein; M2R, M2 muscarinic acetylcholine receptor; AT1AR, angiotensin II type 1A receptor; �2AR,
�2-adrenergic receptor.

0026-895X/03/6403-587–593$7.00
MOLECULAR PHARMACOLOGY Vol. 64, No. 3
Copyright © 2003 The American Society for Pharmacology and Experimental Therapeutics 2214/1089824
Mol Pharmacol 64:587–593, 2003 Printed in U.S.A.

587



RGS proteins may directly interact with effector proteins
(Dowal et al., 2001; Sinnarajah et al., 2001), suggesting other
possible mechanisms.

In whole cells, RGS proteins variously have been found to
localize to the plasma membrane, cytosol, nucleus, and Golgi
(De Vries et al., 2000). RGS proteins must have access to the
inner face of the plasma membrane to interact with receptor-
activated G proteins, but the mechanism(s) of and need for
plasma membrane association are uncertain. Whereas evi-
dence from studies on Saccharomyces cerevisiae suggests
that plasma membrane localization is essential for RGS pro-
teins to affect receptor-stimulated G protein signals (Srini-
vasa et al., 1998), the ability of the Schizosaccharomyces
pombe protein Rgs1 to decrease pheromone signaling re-
quires an intact RGS domain but does not require visible
membrane localization (Pereira and Jones, 2001).

Because RGS proteins can act catalytically (Berman and
Gilman, 1998), stable plasma membrane association might
not be necessary for intracellular GAP activity. On the other
hand, however, there is increasing evidence that RGS pro-
teins can form signaling complexes with other proteins
(Sierra et al., 2000), and RGS GAP activity toward G proteins
reconstituted with receptors into proteoliposomes is in-
creased by RGS-proteoliposome association (Tu et al., 2001).
RGS proteins may attach to the inner surface of the plasma
membrane through interactions with membrane phospholip-
ids (Ishii et al., 2002), membrane-bound proteins (Hollinger
and Hepler, 2002), or both.

We investigated the effects of wild type G proteins and
receptors on the intracellular localization of GFP-tagged
RGS2 and RGS4. Here we show that GFP-RGS fusion pro-
teins are recruited to the plasma membrane by G proteins to
which they bind with relatively high affinity. When receptors
that activate each G protein were cotransfected in place of
the G proteins, corresponding patterns of GFP-RGS reloca-
tion were observed. G proteins that interacted weakly with
each RGS protein did not appreciably promote membrane
association. The most plausible explanation for RGS protein
localization to the plasma membrane is that they bind to G
proteins there and that binding is enhanced when these G
proteins are increased in number or coupled to an appropri-
ate receptor.

Materials and Methods
Plasmid and Baculovirus Constructs. pCDNA1 vectors encod-

ing rG�s WT (Levis and Bourne, 1992), mG�i2 WT, mG�i2-Q205L
(Wong et al., 1991), and mG�q WT (Wedegaertner et al., 1993), were
purchased from ATCC, deposited by Paul Herzmark and Henry R
Bourne. Other plasmids encoding mutant G proteins were kindly
provided by John Hepler (Emory University, Atlanta, GA; G�q-
Q209L, G�q-R183C), Roger Sunahara (University of Michigan, Ann
Arbor, MI; G�i1-R178C), Paul Albert (University of Ottawa, Ottawa,
ON, Canada; hG�i2-Q205L-G184S, hG�q-Q209L-G188S) and Cathe-
rine Berlot (Geisinger Clinic, Danville, PA; rG�s- �3�5/G226A/
A366S), or were supplied by the Guthrie Institute (Sayre, PA; hG�s-
Q227L/D295N, hG�i2-Q205L/D273N, hG�q-Q209L/D277N). H6-
rRGS4/pQE60 and RGS2.H10 pET 19b were kindly provided by John
Hepler. pcDNA3.1mRGS2 was a gift from David Siderovski (Univer-
sity of North Carolina, Chapel Hill, NC) and was constructed as
described previously (Ingi et al., 1998). 12CA5 epitope-tagged angio-
tensin II 1A receptors (AT1AR) and flag epitope-tagged �2-adrenergic
receptors (�2AR) were constructed as described previously (Zhang et
al., 1996) and were kindly provided by Stephen Ferguson (Robarts

Research Institute, London, ON, Canada). Adenylyl cyclase VI was
generously provided by Ross Feldman (Robarts Research Institute).
pcDNA3.1hM2 muscarinic receptor and baculoviruses G�i2, G�1, and
G�2 and encoding N-terminally c-myc–tagged M2 muscarinic recep-
tor (M2R) were gifts from Terry Hebert (Montreal Heart Institute,
Montreal, PQ, Canada). The baculovirus �2-adrenergic receptor-G�s
fusion protein construct was a gift from Michel Bouvier (University
of Montreal, Montreal, PQ, Canada). pEGFP-C2/3 was purchased
from BD Biosciences Clontech. H6-rRGS4/pQE60 was ligated into
the pEGFP-C2 vector at BamHI and EcoRI restriction sites.
pcDNA3.1 mRGS2 was digested with HindIII and ApaI and ligated
into pEGFP-C3. Plasmids were verified by DNA sequencing.

Purification of RGS Proteins. N-terminally histidine-tagged
RGS proteins were expressed in Escheria coli and purified to �95%
purity by nickel chromatography followed by size exclusion using a
Superdex 75 HR 10/30 column (Amersham Biosciences, Piscataway,
NJ), as described previously (Cladman and Chidiac, 2002).

Cell Culture and Transfection. HEK293 and COS-7 cells were
transfected in 10-ml dishes using calcium phosphate precipitation.
Cells were replated with fresh medium approximately 18 h after
transfection and used for assays on the following day. Protein ex-
pression was verified by immunoblotting. Sf9 insect cells were cul-
tured in serum-containing medium at 27°C and infected with bacu-
loviruses as indicated below.

Intracellular cAMP Assay. Cells cotransfected with G�s plus
adenylyl cyclase were incubated with 2 �Ci/ml [3H]adenine (30 Ci/
mmol) for 2 h at 37°C to allow for the accumulation of intracellular
[3H]ATP. After cells were rinsed with phosphate-buffered saline and
given fresh medium, the assay was started by the addition of 0.5 mM
3-isobutyl-1-methylxanthine at 37°C. After 2.5 min, cells were lysed
with 10% trichloroacetic acid, 2 mM cAMP, and 2 mM ATP.
[3H]cAMP was recovered by sequential chromatography over Dowex
and Alumina (Salomon et al., 1974). For each sample, cellular uptake
of [3H]adenosine was estimated from the lysate, and recovered cAMP
was calculated as a fraction of total cellular tritium. Cells transfected
with G�s yielded about twice as much cAMP as cells transfected with
vector only, and cells transfected with G�s plus adenylyl cyclase
yielded roughly 10 times as much as vector controls.

Assay of GTP Hydrolysis. Sf9 cells were infected with baculo-
viruses encoding N-terminally c-myc–tagged M2 muscarinic recep-
tor, G�i2, G�1, and G�2, or a baculovirus encoding a �2-adrenergic
receptor-Gs� fusion protein. After 48 h, cellular membranes were
prepared as described previously (Cladman and Chidiac, 2002) and
stored at �80°C. Membranes were assayed at 30°C for muscarinic
receptor-stimulated Gi GTPase activity in 1 �M [�-32P]GTP, 20 mM
HEPES, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM ATP, 0.1
mM phenylmethylsulfonyl fluoride, 1 �g/ml leupeptin, 10 �g/ml
aprotinin, plus 50 mM NaCl and 1.5 mM MgCl2 for 15 min and for
�2-adrenergic receptor-stimulated Gs activity in 1 �M [�-32P]GTP,
20 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM
ATP, 0.1 mM phenylmethylsulfonyl fluoride, 1 �g/ml leupeptin, 10
�g/ml aprotinin, 0.1 mM ascorbate plus 50 mM NaCl and 2 mM
MgCl2 for 10 min.

Assays were stopped by the addition of 5% Norit in 0.05 M
NaH2PO4, pH 3.0; the mixture was centrifuged and 32Pi was recov-
ered from the supernatant. The nonspecific membrane signal was
estimated by adding 1 mM unlabeled GTP and GTPase activity
attributable to the purified RGS proteins (�2% of specific signal) was
estimated in the absence of membranes and subtracted off as appro-
priate. Agonist-dependent GTPase activities were calculated as de-
scribed previously (Cladman and Chidiac, 2002).

Analysis of Data. GTPase and intracellular cAMP data are ex-
pressed as mean value � S.D. Mean values of intracellular cAMP
recovered from cells transfected with adenylyl cyclase VI �/�RGS2/
�RGS4 from six independent experiments were compared via re-
peated-measures analysis of variance followed by Student-Newman-
Keuls multiple comparisons test.
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Confocal Microscopy. GFP-tagged RGS proteins were visual-
ized in live HEK293 and COS-7 cells. Microscopy was performed
using a Zeiss LSM 410 confocal microscope equipped with a Krypton/
Argon laser. EGFP fluorescence was examined under fluorescein
isothiocyanate filter using a 63� oil immersion (Figs. 1 and 3) or 40�
water immersion lens (Fig. 2). Images for real-time movement of
RGS proteins were recorded as 5-s scans every 10 s for a duration of
10 min. For each experimental condition, fluorescence distribution
patterns similar to the image shown were observed in the majority
(60–90%) of cells inspected.

Results
Intracellular Localization of GFP-RGS2 and GFP-

RGS4 Is Affected by G Proteins. In the absence of exoge-
nous G protein or receptor, we found GFP-tagged RGS2 to
localize predominantly to the nucleus, whereas GFP-tagged
RGS4 localized to the cytosol in HEK293 cells (Fig. 1). To
investigate the effects of G proteins on RGS intracellular
distribution, we coexpressed these GFP fusion constructs
together with wild-type G�i2, G�q, and G�s. The coexpres-
sion of G proteins affected the intracellular localization of
GFP-RGS2 and GFP-RGS4. In the presence of either G�q or
G�s, GFP-RGS2 localized to the plasma membrane, whereas

G�i2 coexpression resulted in the plasma membrane recruit-
ment of GFP-RGS4 (Fig. 1).

Previous studies have shown that constitutively activated
“QL” forms of G�q (Heximer et al., 2001) and G�i (Druey et
al., 1998) cause RGS2 and RGS4, respectively, to localize to
the plasma membrane. Similarly, we found that two different
constitutively activated forms of each of the three G proteins
tested (G�i2-Q205L, G�i1-R178C, G�q-Q209L, G�q-R183C,
G�s-Q227L, G�s-R201C) yielded RGS localization patterns
like those of their wild-type counterparts (data not shown).
The present results with wild-type G proteins indicate that
constitutive activity is not required for promoting RGS pro-
tein association with the plasma membrane.

In addition to wild-type and constitutively activated G
proteins, we also tested several mutant forms expected to
show reduced interactions with RGS proteins. We found that
poorly activated “dominant-negative” mutants, including
G�s(�3�5/G226A/A366S) (Berlot, 2002), G�s-Q227L/D295N,
G�i2Q205L/D273N, and G�q-Q209L/D277N (Yu and Simon,
1998) produced effects similar to those of their wild-type
counterparts on intracellular RGS-GFP localization (Fig. 2).
In contrast, constitutively activated G proteins containing an
additional point substitution (Lan et al., 1998) that substan-
tially reduces RGS protein affinity (G�i2-Q205L/G184S,
G�q-Q209L/G188S) (H. Mao, Q. Zhao, A. Goto, M. Daigle,
M. H. Ghahremani, P. R. Albert and P. Chidiac, submitted)
did not promote GFP-RGS association with the plasma mem-
brane (Fig. 2), consistent with the findings of others (Sterne-

Fig. 1. Effects of G protein expression on the intracellular localization of
GFP-RGS2 and GFP-RGS4. HEK293 cells were transiently transfected
with GFP-RGS2 or GFP-RGS4 either alone or in the presence of G�s,
G�i2, or G�q as indicated under Materials and Methods. Confocal micro-
scopic images shown are representative of at least 100 living cells.

Fig. 2. Effects of G protein mutants on GFP-RGS intracellular localiza-
tion. HEK293 cells were studied after transient cotransfection with GFP-
RGS proteins and mutant G� proteins as indicated. Confocal microscopic
images shown are representative of at least 50 living cells.
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Marr et al., 2003). This implies that GFP-RGS2 and GFP-
RGS4 bind directly to G proteins in the plasma membrane.

Effects of Receptors on GFP-RGS Intracellular Lo-
calization. Receptors activate G proteins and additionally
may modulate RGS-G protein interactions. We therefore co-
transfected GFP-RGS proteins with plasmids encoding �2AR,
M2R, and AT1AR. These activate Gs, Gi, and Gq, respectively.
As shown in Fig. 3, GFP-RGS2 localized to the plasma mem-
brane in the presence of AT1AR and �2AR. GFP-RGS4 yielded
a different distribution pattern, localizing to the plasma
membrane when coexpressed with the M2 muscarinic recep-
tor. The redistribution of GFP-RGS2 and GFP-RGS4 in re-
sponse to the presence of these receptors thus corresponds
exactly to the effects of their cognate G proteins shown in Fig.
1.

Because receptors promote G protein activation and be-
cause RGS proteins tend to bind with higher affinity to acti-
vated G proteins in vitro, we anticipated that agonists would
promote the recruitment of RGS proteins to the plasma mem-
brane by receptors. In contrast to this expectation, we ob-
served no further changes in GFP-RGS localization upon the
addition of the agonists isoproterenol, carbachol, and angio-
tensin II to HEK293 cells expressing �2AR, M2R, and AT1AR,
respectively. Such observations suggest that signaling be-
cause of spontaneous receptor activity and/or the presence of
activators in the culture medium may be sufficient for the
localization of RGS proteins to the plasma membrane in
HEK293 cells; however, neither the M2R antagonist atropine
nor the �2AR inverse agonist timolol had any observable
effect on intracellular RGS protein distribution.

We also sought to demonstrate agonist effects in these cells

by decreasing the amount of receptor cDNA cotransfected
with the GFP-RGS fusion proteins. However, when receptor-
encoding plasmids were decreased to levels at which GFP-
RGS localization to the plasma membrane did not signifi-
cantly occur, we still did not detect any agonist-dependent
recruitment there (data not shown). In COS-7 cells cotrans-
fected with GFP-RGS2 and the �2AR, we did observe spo-
radic evidence of an isoproterenol-dependent decrease in nu-
clear GFP-RGS2 (� 10% of cells tested); however, increased
association with the plasma membrane could not be verified
(data not shown). The inability of agonists to increase RGS
protein association with the plasma membrane implies that
the observed effects of receptors are not dependent on their
ability to foster guanine nucleotide exchange.

GFP-RGS Plasma Membrane Localization Is Inde-
pendent of Downstream Signaling Events. The finding
that constitutively activated but “non-RGS binding” G pro-
teins G�i2-Q205L/G184S and G�q-Q209L/G188S failed to
alter intracellular GFP-RGS2 and GFP-RGS4 localization
(Fig. 2) suggests that RGS recruitment to the plasma mem-
brane is not caused by events that occur after G protein
activation. Consistent with this interpretation, agents that
promote events downstream of G protein activation did not
alter GFP-RGS localization. Agents tested included the cal-
cium ionophore ionomycin and the phorbol ester 12-O-tetra-
decanoylphorbol-13-acetate (which mimic events down-
stream of Gq), forskolin (which bypasses Gs to directly
activate adenylyl cyclase), as well as the tyrosine phospha-
tase inhibitor vanadate (data not shown). If downstream
processes were in fact responsible for RGS localization to the
plasma membrane, these would seem to involve neither ad-
enylyl cyclase nor phospholipase C� activation. Furthermore,
the G protein- and receptor-specific changes observed herein
clearly indicate that what drives RGS2 to the plasma mem-
brane is not the same as what causes RGS4 to go there.

Effects of RGS Proteins on Steady-State GTPase Ac-
tivity and Intracellular cAMP. To investigate functional
interactions complementary to the effects of G proteins on
GFP-RGS intracellular localization, we examined the effects
of purified RGS2 and RGS4 on agonist-driven, steady-state
GTPase activities. Using membranes prepared from Sf9 cells
expressing M2 muscarinic receptor plus heterotrimeric Gi,
we found that both RGS2 and RGS4 acted as GTPase-acti-
vating proteins (Fig. 4). RGS4 was approximately an order of
magnitude more potent than RGS2 as a Gi GAP, consistent
with the ability of Gi to recruit GFP-RGS4 but not GFP-
RGS2 to the plasma membrane.

Because the detection of RGS2 GAP activity on Gi appar-
ently requires the additional presence of an agonist-activated
receptor (Ingi et al., 1998), we tested the effects of RGS2 and
RGS4 on the steady-state GTPase activity of a �2AR-G�s
fusion protein in Sf9 insect cell membranes. Although a clear
agonist signal was evident with isoproterenol, there was no
increase in GTP hydrolysis with either RGS2 or RGS4 (Fig.
5).

Notwithstanding its lack of GAP activity on receptor-acti-
vated or free G�s, we found that RGS2 decreased intracellu-
lar cAMP in cells cotransfected with adenylyl cyclase VI plus
wild-type G�s (Fig. 6). Thus, RGS2 is able to impede Gs
signaling even though it does not act as a GAP on Gs in either
pre-steady-state or receptor-driven, steady-state assays.

Fig. 3. Effects of receptor expression on the intracellular localization of
GFP-RGS2 and GFP-RGS4. GFP-RGS2 and GFP-RGS4 were studied in
live HEK293 cells after transient cotransfection with either the M2 mus-
carinic receptor, the angiotensin II1A receptor, or the �2-adrenergic re-
ceptor as indicated. Confocal microscopic images shown are representa-
tive of at least 100 living cells.

590 Roy et al.



Discussion
The present results illustrate previously unseen complex-

ities in the subcellular distribution of RGS proteins. Super-
ficially, the recruitment of RGS2 and RGS4 to the plasma
membrane by wild-type G proteins and by receptors that
activate those G proteins seems predictable, particularly in
light of similar findings with constitutively activated G pro-
teins (Druey et al., 1998; Heximer et al., 2001). Possible
explanations for such recruitment include 1) increased RGS
affinity for G proteins in the plasma membrane, 2) increased
RGS association with the plasma membrane caused by an
increase there in the density of RGS protein binding targets,

and 3) changes in RGS proteins and/or their binding targets
caused by signaling events downstream of the G protein, for
example altered intracellular ion concentrations or changes
in the activities of second messenger-dependent kinases. Un-
like the first two, the third mechanism can readily be ruled
out in the present study, because neither G�i2-Q205L/G184S
nor G�q-Q209L/G188S had any effect on GFP-RGS2 and
GFP-RGS4 localization (Fig. 2); moreover, agents that pro-
mote downstream events also were without effect. It is worth
noting that RGS proteins are not all alike in this regard,
because the intracellular localization of RGS3 clearly is in-
fluenced by events that occur after G protein activation (Du-
lin et al., 1999), as is that of RGS10 (Burgon et al., 2001).

Our original expectation was that GFP-RGS2 and GFP-
RGS4 would localize to the plasma membrane in response to
the binding of GTP to the G proteins with which they inter-
act. Although the present results do not strictly refute this
notion, the lack of clearly supportive data suggests that G
protein activation is at most a minor contributing factor in
the association of RGS2 or RGS4 with the plasma membrane.
If G protein activation were a primary determinant, recruit-
ment of RGS proteins should have been evident in response
to receptor activation by appropriate agonists, but this could
not be demonstrated. Also, we did not observe any major
differences between wild-type, constitutively activated, and
poorly activated G proteins with respect to their effects on
RGS localization, although it is possible that small differ-
ences may have been overlooked owing to the limitations of
the technique used.

Fig. 4.. Effects of purified RGS2 and RGS4 on M2R-stimulated G protein
GTPase activity. Sf9 insect cells were infected with a combination of
baculoviruses encoding the M2 muscarinic receptor, G�i2, G�1, and G�2 to
yield M2 � Gi–containing membranes. Gi GTPase activity in the pres-
ence of 100 �M carbachol was measured at the concentrations of RGS2
(f) and RGS4 (�) indicated on the abscissa. Background GTP hydrolysis
was estimated in the presence of 10 �M atropine and subtracted off to
yield the values indicated.

Fig. 5.. Effects of purified RGS2 and RGS4 on �2AR-stimulated Gs
GTPase activity. Membranes were prepared from Sf9 insect cells infected
with a single baculovirus encoding a �2-adrenergic receptor-G�s fusion
protein, and the hydrolysis of [ã-32P]GTP was assessed as described
under Materials and Methods. Gs GTPase activity was measured in the
presence of either 10 �M isoproterenol or 10 �M timolol, either in the
absence (�) of RGS protein or in the presence of 4 �M RGS2 (f) or RGS4
(u).

Fig. 6. Effects of RGS proteins on adenylyl cyclase activity. cAMP accu-
mulation was measured in HEK293 cells transfected with control vector
only, or G�s plus adenylyl cyclase VI and control vector, RGS2 or RGS4,
as indicated. Data are representative of six independent experiments.
Compared with cells transfected with G�s and adenylyl cyclase only,
RGS2 reduced intracellular cAMP by 51 � 14%, whereas RGS4 was
associated with a decrease of 28 � 14%. Measurements from all six
experiments (excluding the control vector only condition) were compared
by repeated-measures analysis of variance followed by Student-Newman-
Keuls multiple comparisons test, and the signal from RGS2-transfected
cells differed significantly (p � 0.01) from cells transfected with G�s and
adenylyl cyclase only. RGS4-transfected cells differed from those of both
of the other two conditions, although these differences were less signifi-
cant (p � 0.05).
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In retrospect, it may be naive to anticipate RGS recruit-
ment to the plasma membrane in response to G protein
activation, regardless of whether one views RGS proteins as
catalytically acting GAPs or as participants in multimeric
signaling complexes. In solution, RGS proteins form rela-
tively stable associations with G proteins locked into the
activated state by fluoroaluminate (Hepler, 1999). However,
a single RGS protein molecule can act as a GAP for multiple
G� subunits in pre-steady-state single turnover GTPase as-
says (Wilkie and Ross, 2000), which implies that the activa-
tion state-dependent binding of the two proteins in solution is
only transient. Furthermore, RGS4 binds to M2 muscarinic
receptor-Gi proteoliposomes in a slow, multistep process that
leads to maximal GAP activity (Tu et al., 2001). Because this
process is poorly reversible and is insensitive to agonist stim-
ulation (Tu et al., 2001), it follows that G protein activation-
dependent RGS association may not be significant in intact
cells.

The simplest explanation for the observed effects of heter-
ologously expressed G proteins may be that their increased
abundance in the plasma membrane provides more RGS
binding sites. Although G protein activation generally in-
creases RGS binding in vitro, it is not an absolute require-
ment, and appreciable binding to inactive, GDP-bound G
proteins has been observed (De Vries et al., 1996; Druey et
al., 1998; Ko et al., 2001). Overall, the degree of intracellular
RGS protein-G protein binding presumably would depend on
their affinity for one another as well as on the concentration
of each present, and the effects of G protein activation per se
may be of minimal importance.

In the present study, there was little or no apparent asso-
ciation of GFP-RGS2 and GFP-RGS4 with endogenous G
proteins in the plasma membrane of HEK293 cells. The re-
cruitment there of RGS proteins by transfected receptors
does not seem to reflect G protein activation, because ago-
nists had no effect. One plausible explanation for this ligand-
independent phenomenon is that endogenous G proteins in
the plasma membrane serve as better RGS targets when
coupled to receptors. Whereas G protein-independent effects
of receptors on RGS proteins cannot yet be formally ruled
out, previous studies have shown that RGS protein-G protein
interactions can be promoted by receptors (Ingi et al., 1998;
Zeng et al., 1998; Xu et al., 1999). This suggests that GFP-
RGS proteins may have greater affinity for receptor-coupled
as opposed to free G proteins. Moreover, it seems that differ-
ent RGS proteins may selectively target different receptor-G
protein combinations (Xu et al., 1999; Wang et al., 2002),
contrasting with the limited selectivity among RGS proteins
found in solution-based assays using only purified G� and
RGS proteins (Berman and Gilman, 1998; Hepler, 1999). In
addition, receptors may help to localize and orient RGS pro-
teins to optimize their GAP activities toward G� at the
plasma membrane (Hollinger and Hepler, 2002). Previous
work has indicated that the N-terminal domain outside of the
RGS box conveys high affinity and receptor selectivity (Zeng
et al., 1998), although the corresponding receptor/G protein
binding regions have yet to be identified.

In summary, the observed recruitment of GFP-RGS2 and
GFP-RGS4 to the plasma membrane in response to heterol-
ogous G protein or receptor expression, respectively, seems to
reflect increases in the abundance and affinity of target G
proteins. In neither case does G protein activation seem to

play a major role. Unlike the transient increase in RGS
affinity afforded by GTP binding, however, the present re-
sults seem to suggest that more long-term associations of G
proteins to receptors can significantly affect intracellular
RGS-G protein coupling.

Selectivity of RGS Protein-G Protein Interactions.
The effects of G proteins on RGS protein localization essen-
tially mirror the functional effects of the same RGS proteins
on G protein-mediated signaling. We showed previously that
RGS2 selectively acts as a GAP for G�q (Ingi et al., 1998).
Whereas even micromolar concentrations of RGS2 do not
GAP free G�i (Heximer et al., 1997), such interactions can be
observed in the presence of activated M2 muscarinic receptor
(Ingi et al., 1998). The relatively low Gi GAP potency of RGS2
compared with RGS4 (Fig. 4) implies a lower affinity of RGS2
for Gi, which in turn may explain why GFP-RGS2 does not
localize to the plasma membrane with either M2R or G�i2,
whereas GFP-RGS4 does (Figs. 1 and 3). Consistent with this
interpretation, RGS4 seemed to interact with higher affinity
than RGS2 for Gi and RGS2 with greater affinity than RGS4
for Gq in cell-based assays (Heximer et al., 1999). A differ-
ence in their potencies as GTPase-activating proteins for Gq
has not yet been reported.

Although the effects on RGS localization of G�i, G�q, and
their activating receptors can be rationalized in terms of GAP
interactions, this is not possible with G�s and the �2AR. So
far, only RGS-PX1 has been shown to act as a putative GAP
for free G�s (Zheng et al., 2001), and both RGS2 and RGS4
lack such activity on both free (Ingi et al., 1998) and receptor-
activated Gs (Fig. 5).

Although it had no Gs GAP activity, RGS2 did inhibit
Gs-dependent increases in intracellular cAMP in this study
(Fig. 6) and others (Tseng and Zhang, 1998; Sinnarajah et al.,
2001). The simplest explanation for this is that by binding to
the G protein, the RGS2 may preclude access to adenylyl
cyclase. A potential alternative mechanism is suggested by
the findings of Sinnarajah and coworkers (Sinnarajah et al.,
2001; Salim et al., 2003), who showed that RGS2 can interact
directly with adenylyl cyclase to inhibit cAMP production.
RGS2 is known to bind to free G�s (Ko et al., 2001), but it is
unclear whether simultaneous binding to the G protein and
effector occurs. In addition, the present results raise the
possibility that RGS2 can bind to the �2AR as well.

Intriguingly, a recent study (Dowal et al., 2001) reported
that purified RGS4 bound not only to G�q but also to the
effector phospholipase C�1, and the same study showed data
indicating the formation of ternary complexes containing
RGS4, phospholipase C�1, and G�q-guanosine 5�-O-(3-thio)
triphosphate. Analogously, it is possible that RGS2 could
bind to and inactivate Gs-adenylyl cyclase complexes. Fur-
ther complexity is suggested by apparent receptor-RGS in-
teractions (Zeng et al., 1998; Xu et al., 1999); beyond that,
there is evidence for RGS4-G�� binding (Dowal et al., 2001).
Thus, it seems that RGS proteins potentially can bind to all
of the major types of proteins that bind to G� (i.e., receptors,
effectors, and G��). Whether RGS binding to these proteins
occurs sequentially or simultaneously, the impact of these
interactions on G protein signaling and the significance of
these interactions in vivo are worthwhile issues for further
study.
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