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ABSTRACT RGS proteins constitute a newly appreciated
and large group of negative regulators of G protein signaling.
Four members of the RGS family act as GTPase-activating
proteins (GAPs) with apparent specificity for members of the
Gi, subfamily of G protein subunits. We demonstrate here
that two RGS proteins, RGS4 and GAIP, also act as GAPs for
Ggo, the G, protein responsible for activation of phospho-
lipase CB. Furthermore, these RGS proteins block activation
of phospholipase Cf by guanosine 5'-(3-O-thio)triphosphate-
Gga- GAP activity does not explain this effect, which appar-
ently results from occlusion of the binding site on G, for
effector. Inhibitory effects of RGS proteins on G protein-
mediated signaling pathways can be demonstrated by simple
mixture of RGS4 or GAIP with plasma membranes.

The o subunits of signal-transducing, heterotrimeric G pro-
teins are molecular switches and clocks, and these functions are
imparted to the proteins by conformational changes that result
from the binding and hydrolysis of GTP. G, proteins are
inactive as GDP-bound species because of reduced affinity
(compared with the GTP-bound protein) for downstream
effectors and, in addition, enhanced affinity for the G protein
B7 subunit complex. Binding of G,-GDP to By occludes sites
for interaction with downstream effectors on both « and By.
G proteins are activated by appropriate plasma membrane-
bound, heptahelical receptors, which catalyze exchange of
GDP for GTP, and they are deactivated as a result of their
intrinsic GTPase activity.

The last few years have brought heightened appreciation of
regulation of G,-catalyzed GTP hydrolysis by proteins known
as GTPase-activating proteins (GAPs). Such GAP activities
were first demonstrated with certain effectors for G protein
action—notably phospholipase CB and the vy subunit of retinal
cyclic GMP phosphodiesterase (1-7). Genetic studies (partic-
ularly in yeast and worms) have now resulted in discovery of
a large family (at least 20 members in mammals) of negative
regulators of G protein signaling (RGS proteins), and bio-
chemical characterization of a few of the family members has
demonstrated that they, too, act as GAPs, especially toward
members of the G; subfamily of G, proteins (8, 9).

Mammalian RGS proteins are presumed to play an impor-
tant role in the down-regulation or desensitization of G
protein-mediated signaling pathways, as one such protein
(Sst2p) does in yeast (10-16). However, much remains to be
learned, including such obvious and crucial questions as mech-
anisms of acceleration of GTPase activity, cellular distribution
of the family members, the specificity of their interactions with
G, subunits, mechanisms of regulation of RGS protein activ-
ity, and the importance of RGS protein-mediated inhibition of
G protein signaling compared with other mechanisms (partic-
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ularly receptor-directed kinases) that have been documented
over the past two decades.

In the relatively few reports that have appeared to date, RGS
proteins have been shown to interact preferentially with mem-
bers of the G; subfamily of « subunits and to have no apparent
effect on the GTPase activity of G, or G124, representatives
of two of the remaining three subfamilies of G, proteins
(17-20). Technical complexities have delayed examination of
interactions of RGS proteins with members of the important
Gy class of « subunits. We report here that two RGS proteins,
RGS4 and GAIP, accelerate the GTPase activity of Gy, and,
furthermore, that RGS proteins can interfere directly with the
interactions of activated G protein « subunits with at least one
effector, apparently inhibiting G protein function by acting as
effector antagonists as well as GAPs.

MATERIALS AND METHODS

Preparation of Proteins. Recombinant RGS4 and GAIP
were synthesized in Escherichia coli and purified as described
(17, 18). Recombinant G4, and G,, were purified after ex-
pression in Sf9 cells (21, 22), while myristoylated G,. Was
purified after expression in E. coli (23). Phospholipase CB1 was
purified from bovine brain (24).

Measurement of GAP Activity. Values of K, and Viax for
RGS4 and GAIP were determined with GTP-G,,, as substrate
(18). Briefly, myristoylated G,, was incubated with 10 uM
[v-**P]GTP and 10 mM EDTA at 20°C for 20 min to prepare
substrate. Varying concentrations of GTP-G,, were then
incubated at 4°C for 5 min prior to addition of 15 mM MgSQ,,
150 uM GTP, and either 2.2 nM RGS4 or 49 nM GAIP.
Aliquots of this reaction mixture were withdrawn at 10-sec
intervals during the first 40 sec, and the reaction was stopped
by addition of 5% (wt/vol) Norit A charcoal in 50 mM
NaH,PO,. The supernatant containing 3*Pi was counted, and
the initial rate of GTP hydrolysis was analyzed as a function of
substrate (GTP-G,,) concentration. Similar assays were per-
formed at a fixed concentration of GTP-G,, (18).

Reconstitution of M1 Muscarinic Receptors and Gy, or Gyq
and Phospholipase CB1. M1 muscarinic receptors and phos-
pholipase CB1 were purified from baculovirus-infected Sf9
cells as described (2) and generously provided by Gloria
Biddlecome and Elliott Ross (this department). Gy, and the G
protein 31y, complex were purified from baculovirus-infected
Sf9 cells as before (21). M1 receptors, Gga, and By were
reconstituted into phospholipid vesicles as described, and
receptor-dependent, steady-state GTP hydrolysis by Gy was
measured (Fig. 1) (1, 2, 22). Assays (50 ul total volume) were
performed with 5 uM [y*?P]GTP (6000 cpm/pmol) for 8 min
at 30°C, and phospholipid vesicles contained 7 fmol of the M1
receptor and 24 fmol of Gy, per assay. The capacity of
guanosine 5’-(3-O-thio)triphosphate (GTPvS)-Gq. to activate

Abbreviations: GAP, GTPase-activating protein; GTPvS, guanosine

5'-(3-O-thio)triphosphate; PGE,, prostaglandin E;.
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FiG. 1. Activation of the GTPase activity of Gqo by RGS4 and
GAIP. M1 muscarinic cholinergic receptors and aqB1y2 were recon-
stituted into phospholipid vesicles as described in Materials and
Methods. The indicated concentrations of RGS4, GAIP, or phospho-
lipase CB1 were then added to the vesicles, and steady-state GTPase
activity was assayed for 8 min at 30°C. (4) Assays were performed in
the presence of 1 mM carbachol (C, open bar) or 10 uM atropine (A,
shaded bar). (B) Assays were performed in the presence of the
indicated concentrations of RGS4 (open symbols) or GAIP (filled
symbols) and 1 mM carbachol (circles) or 10 uM atropine (squares).

phospholipase CB1 was assessed as described previously (see
Fig. 3) (22).

Preparation of Cell Membranes. Confluent NG-108 cells
were grown at 37°C in DMEM supplemented with 10% fetal
calf serum, 0.1 mM hypoxanthine, 0.4 uM aminopterin, and 16
uM thymidine and harvested in buffer containing 50 mM
Na-Hepes (pH 8), 1 mM EDTA, 150 mM NaCl, and 0.1 mM
phenylmethylsulfonyl fluoride. Homogenates were prepared
by nitrogen cavitation and centrifuged at 500 X g to remove
nuclei and unbroken cells. Supernatants were centrifuged at
100,000 X g, and membranes were suspended in buffer A (50
mM Na-Hepes, pH 7.2/1 mM EDTA/3 mM EGTA/5 mM
MgCl,/150 mM NaCl/2 mM dithiothreitol/0.1 mM phenyl-
methylsulfonyl fluoride) prior to storage at —80°C.

Measurement of Phospholipase C Activity in NG-108 Cell
Membranes. Reactions were carried out as described (22, 25,
26) in a final volume of 60 ul. NG-108 membranes (5 ug/assay)
in 10 ul of buffer A were mixed with an equal volume of RGS4
or GAIP in 10 pl of buffer B (50 mM Na-Hepes, pH 7.2/3 mM
EGTA/100 mM NaCl/2 mM dithiothreitol/80 mM KCl) at
4°C for 30 min. Membranes and RGS proteins were then mixed
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with 20 ul of sonicated vesicles containing [*H]phosphatid-
ylinositol 4,5-bisphosphate and phosphatidylethanolamine (25,
27) and the indicated hormone and/or guanine nucleotide in
buffer B. Reactions were initiated by addition of 10 ul of 9 mM
CaCl, (25) in buffer B. Assays were carried out for 30 min at
30°C. Reactions were stopped and processed as described (26).

Measurement of Adenylyl Cyclase Activity in NG-108 Cell
Membranes. NG-108 membranes (22 ug per assay), prepared
as described above, were mixed with the indicated concentra-
tions of RGS4 or GAIP and incubated at 4°C for 15 min.
Adenylyl cyclase activity was assayed (28) in the presence of 50
mM Na-Hepes (pH 8.0), 4 mM MgCl,, 1 mM EDTA, 100 uM
GTP, 500 uM [a-*’P]ATP (80 cpm/pmol), 3 mM dipotassium
phosphoenolpyruvate, and 10 ug/ml pyruvate kinase for 20
min at 30°C.

Binding of G4, to RGS4. Gy, (50 nM) and hexa-histidine-
tagged RGS4 (500 nM) were mixed in 100 ul of buffer C (50
mM Na-Hepes, pH 8.0/5 mM MgCl,/10 mM 2-mercapto-
ethanol/0.1% Cy;Ej¢) containing 100 mM NaCl and incu-
bated on ice for 10 min in the presence or absence of 200 nM
phospholipase CB1. NaF (5 mM) and AICI; (30 uM) were
included in the buffer to prepare G4-GDP-AIF;. Ni-NTA
resin (Qiagen, Chatsworth, CA) was equilibrated with buffer
C containing 100 mM NaCl and 25 pul was added to the
mixture of proteins, followed by further incubation on ice for
5 min. The resin was collected by brief centrifugation, and
the supernatant was saved as the flowthrough fraction. The
resin was washed three times with 150 wl of buffer C
containing 400 mM NaCl, and 10 mM imidazole. NaF and
AICl; were included in the wash buffer when they were
present initially. The supernatant from the third wash was
saved as the wash fraction. The resin was finally eluted with
50 wl of buffer C containing 150 mM imidazole. Fractions
(10 pl) were analyzed by immunoblotting after PAGE in the
presence of SDS using anti-G4, serum Z811 (26).

RESULTS

RGS4 and GAIP Are GAPs for Gyo. RGS4 and GAIP
markedly accelerate GTP hydrolysis by Gi, subfamily mem-
bers, but not by Gy, 0r G124 (17-19). These G, proteins can be
prepared in their GTP-bound forms by incubation with the
nucleoside triphosphate in the absence of Mg?*, and the
GTP-G, substrates can then be used in single-turnover assays.
Conventional assays that assess steady-state hydrolysis of GTP
are irrelevant because the rate of catalysis is limited by product
(GDP) dissociation. It has not been possible to prepare
sufficient quantities of GTP-Gg, for single-turnover assays.
Accordingly, G4 must be reconstituted with an appropriate
guanine nucleotide exchanger (receptor) to regenerate sub-
strate for steady-state GTPase assays (by catalyzing dissocia-
tion of product, GDP-Gg.). Thus, G4, was reconstituted with
purified G protein Bvy subunits and M1 muscarinic cholinergic
receptors in phospholipid vesicles, and steady-state rates of
carbachol-stimulated GTPase activity were measured follow-
ing addition of potential GAPs (Fig. 1). RGS4 and GAIP both
stimulated this rate dramatically. Appropriately, the effects of
these GAPs were dependent on the presence of an agonist
(carbachol) for the receptor and were invisible when the
antagonist atropine was present. The effect of RGS4 was
evident at 10-fold lower concentrations than was that of GAIP.
RGS4 also appeared to be a more efficacious GAP than was
either GAIP or a saturating concentration of phospholipase
CB1, although it was not possible to achieve sufficiently high
concentrations of GAIP to assess its maximal effect unequiv-
ocally. The maximal rate of GTPase activity observed in these
assays may have been limited by the rate of receptor-catalyzed
nucleotide exchange. Other members of the Gy, subfamily
(Gi1a Gi4as Gi6a) Were not available for testing.
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RGS4 and GAIP Inhibit Receptor- and G Protein-Directed
Activation of Phospholipase CB. The G, subfamily of G
proteins couples cell-surface receptors to activation of phos-
pholipase CB. NG-108 cells express both Gq, and Gy (27),
and bradykinin activates phospholipase Cf in these cells and
membranes derived therefrom to stimulate synthesis of
Ins(1,4,5)P5 (29). However, for unknown reasons this effect of
bradykinin is not observed when GTP is present (not shown)
and requires a nonhydrolyzable guanine nucleotide analog
such as GTPyS (Fig. 24); this anomaly is consistent with
previous observations using membranes derived from mam-
malian cells (30, 31). Despite the fact that G, proteins do not
hydrolyze GTP+S, even in the presence of RGS4 or GAIP,
both RGS4 and GAIP inhibited bradykinin plus GTP+S-
mediated activation of phospholipase C (Fig. 2). Consistent
with the data shown in Fig. 1, RGS4 was roughly 10-fold more
potent than GAIP. Since the data of Fig. 1 demonstrate that
RGS4 and GAIP do not inhibit receptor-mediated nucleotide
exchange on Gy, this activity of the RGS proteins implies their
capacity to inhibit directly the stimulation of phospholipase C3
by activated Gg,. Such inhibition is demonstrated in Fig. 3
using purified GTPyS-Gq, and phospholipase CS1, although
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FiG. 2. The effect of RGS4 and GAIP on GTPyS * bradykinin-
activated synthesis of inositol 1,4,5-trisphosphate by NG-108 cell
membranes. (4) NG-108 membranes were incubated as described
under Materials and Methods with 10 uM GDPBS (basal) or 3 uM
GTP»S in the presence or absence of 1 uM bradykinin and/or 1 uM
RGS$4, as indicated, and production of [*H]inositol 1,4,5-trisphosphate
(InsP3) was measured. (B) NG-108 membranes were incubated as
described for A4 in the presence of bradykinin + GTP»S (circles) or
GTP+S (squares) and the concentration of RGS4 (filled symbol) or
GAIP (open symbols) was varied as indicated.
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FiG. 3. The effect of RGS4 and GAIP on activation of phospho-
lipase CB1 by GTPyS-Ggya. Purified Gq, was activated with 1 mM
GTP~S for 1 h at 30°C. Activated Gg« (10 nM) was then mixed with
purified phospholipase CB1 (1 ng) and [*H]phosphatidylinositol-4,5-
bisphosphate-containing phospholipid vesicles in the presence of the
indicated concentrations of RGS4 or GAIP. Synthesis of [*H]inositol
1,4,5-trisphosphate was measured.

higher concentrations of RGS4 were required to mediate the
effect in this reconstituted system compared with NG-108
membranes (and the effect of GAIP in this assay was not
apparent at the concentrations achieved).

The most obvious mechanism for RGS4-mediated blockade
of activation of phospholipase CB1 by Gg, would involve
overlapping binding sites on Gy, for the effector and the RGS
protein. The results shown in Fig. 4 indicate that this may be
true. Gy, activated with GDP-AIF, associated specifically with
hexa-histidine-tagged RGS4 bound to Ni-NTA resin (com-
pared with the GDP-bound form of G,). This interaction was
prevented by inclusion of phospholipase CB1 (in excess of Ga)
in the incubation mixture. The AlFj -activated form of Gsa did
not bind to RGS4 under the same conditions (data not shown).
We suspect that RGS4 and phospholipase CB1 cannot interact
with Gg, simultaneously (see Discussion).

RGS4 and GAIP Inhibit Receptor- and G Protein-Directed
Inhibition of Adenylyl Cyclase. The data shown above repre-
sent the first demonstration of attenuation of G protein-
mediated signaling by simple addition of an RGS protein to an
endogenous, membrane-bound signaling system. We have
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F1G. 4. Inhibition of Gq. binding to RGS4 by phospholipase Cf31.
Gga-GDP (50 nM; row 1) or Ggo-GDP-AIF; (50 nM; rows 2 and 3)
was incubated with hexa-histidine-tagged RGS4 (500 nM) in the
absence (rows 1 and 2) or presence (row 3) of phospholipase CB1 (200
nM). Ni-NTA resin was added and processed as described under
Materials and Methods, and fractions were analyzed by immunoblotting
(L, load; F, flowthrough; W, wash; E, eluate).
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tested the generality of this observation by examination of the
effects of exogenously added RGS4 and GAIP on hormone-
sensitive adenylyl cyclase activity in NG-108 membranes.
Members of the G; subfamily of G proteins couple cell-surface
receptors to inhibition of adenylyl cyclase activity. NG-108
cells contain several Gj, subfamily members, including Giq.o,
Giu3, Goaa, Goan, and G, (32-34), and opiate receptors inhibit
cyclic AMP synthesis in these cells or membranes derived
therefrom. In NG-108 membranes, the p-opioid receptor
agonist [Leu]enkephalin inhibited (by 33%) prostaglandin E;
(PGE,)-stimulated adenylyl cyclase activity (Fig. 5). Inclusion
of either RGS4 or GAIP reversed enkephalin-mediated inhi-
bition of cyclic AMP synthesis and enhanced PGE;-stimulated
activity significantly. The RGS proteins also elevated basal
adenylyl cyclase activity modestly (not shown). RGS4 was
more potent than GAIP in these assays.

DISCUSSION

The observations described above extend knowledge of the
specificity of RGS protein action from the G, subfamily to at
least one member of the G, subfamily of G protein subunits.
This was not anticipated, since the receptors and effectors
associated with G;- and G-mediated signaling pathways are in
general quite distinct. However, there is some cross-talk,
evidenced, for example, by Gi-mediated activation of phos-
pholipase Cp; this effect appears to result from release of G
protein By subunits from Gj,-containing oligomers (35). De-
spite this, it seems premature to speculate on the physiological
significance of this pattern of specificity in the absence of a
great deal of other missing information. However, these data
do highlight the need to assess, quantitatively, the specificity of
the many members of the RGS protein family, and we thus
wonder how to approach this question most appropriately.
As noted above, the effect of RGS4 on the GTPase activity
of Gy was evident at 10-fold lower concentrations than was
that of GAIP. Examination of RGS protein specificity by
variation of RGS concentration may have some relevance,
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F1G.5. The effect of RGS4 and GAIP on adenylyl cyclase activity
in NG-108 membranes. NG-108 membranes and the indicated con-
centrations of RGS4 (open symbols) or GAIP (filled symbols) were
incubated for 15 min at 4°C. Adenylyl cyclase activity in these
membranes was then measured as described under Materials and
Methods in the presence of 10 uM PGE; (circles) or 10 uM PGE; +
2 uM [Leu]enkephalin (squares). The data shown are averages of
duplicates determinations from a single experiment, which is repre-
sentative of three experiments.
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since transcriptional or translational regulation of at least some
of these proteins seems likely (15, 36). We thus compared
increasing concentrations of RGS4 and GAIP for their capac-
ity to stimulate the GTPase activity of a fixed concentration of
GTP-G,, and noted that the effect of GAIP was evident at a
100-fold lower concentration than was that of RGS4 (not
shown), suggesting differential effects of RGS4 and GAIP on
Gy« and G,.. More conventionally, we took advantage of the
ready availability of G, to present increasing concentrations
of GTP-G,, to RGS4 or GAIP. We thus estimated that GAIP
has a relatively high apparent affinity for GTP-Goo (Km = 0.2
uM) but turned over substrate slowly (Vmax = 4/min at 4°C)
(not shown). By contrast, RGS4 has a high Kp,, for GTP-Ga (2
M) but an estimated Vi, in excess of 500/min (18). We have
chosen only to mention these analyses because of recent
findings that GAIP is palmitoylated in vivo (37); we also have
noted that our preparation of GAIP appears aggregated on gel
filtration. We thus believe that attempts to perform quantita-
tive assessment of the specificity of RGS protein action using
purified proteins in vitro is premature because of limited
knowledge of patterns of cellular expression, subcellular lo-
calization, and potential covalent modifications. Questions of
specificity should probably be approached with intact cells,
although this may be difficult.

Another novel finding is that RGS4 and GAIP can block
GTPyS-mediated activation of phospholipase CB by Gga.
Since RGS proteins do not act as guanine nucleotide dissoci-
ation inhibitors (17) and they cannot stimulate hydrolysis of
GTP»S by G, proteins (unpublished observations), we pre-
sume they must interfere directly with the interaction between
Ggqo and phospholipase CB1 (Fig. 4). Preliminary examination
of the crystal structure of a complex of RGS4 with Gi, (bound
to AlF; and GDP) indicates that the so-called RGS box of
RGS4 forms a four-helix bundle that contacts the flexible
switch I, II, and IIT domains of the G, subunit (J. G. Tesmer,
D.M.B., A.G.G,, and S. R. Sprang, unpublished observations).
Since these regions of G, have been implicated in interactions
with effectors, binding of an RGS protein at these sites should
interfere with effector binding. We thus envision that RGS
proteins can act as true effector antagonists, a novel mecha-
nism of inhibition of these signaling pathways.

We have shown previously that RGS4 interacts preferen-
tially with G,-GDP-AIF; complexes, which are transition state
analogs (18). However, Hunt et al. (20) demonstrated that
RGS10 has a relatively high affinity for GTPyS-G, complexes.
It is possible that some RGS proteins will bind preferentially
to the transition state for GTP hydrolysis while others may also
have high affinity for the ground state (GTP-G,). Such
considerations could dictate whether an RGS protein would
predominantly act catalytically as a GAP or stoichiometrically
as an effector antagonist.

Finally, we have demonstrated that RGS proteins can be
mixed with appropriate membranes to demonstrate their
inhibitory effects on G protein-mediated signaling—at least
with phospholipase CB and adenylyl cyclase. Such manipula-
tions may provide useful tools for evaluation of the role of G
proteins in poorly characterized signaling systems. Of interest,
RGS4 and GAIP both stimulated basal adenylyl cyclase ac-
tivity modestly and enhanced PGE-stimulated (unpublished
observations) enzymatic activity by >50%, in addition to their
anticipated effect to overcome [Leu]enkephalin-mediated in-
hibition of adenylyl cyclase. The simplest explanation is that
some level of tonic inhibition of adenylyl cyclase is evident in
these preparations and is relieved by the interaction between
the RGS protein and a Gj, subfamily member or that the
receptor for PGE; can activate both G and G; (38). Similar
results have been obtained after treatment of cells and mem-
branes with pertussis toxin, which ADP-ribosylates Gi, pro-
teins and blocks their interactions with receptors (39).
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