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Abstract: Members of the newly discovered regulator of
G protein signaling (RGS) families of proteins have a
common RGS domain. This RGS domain is necessary for
conferring upon RGS proteins the capacity to regulate
negatively a variety of Ga protein subunits. However,
RGS proteins are more than simply negative regulators of
signaling. RGS proteins can function as effector antago-
nists, and recent evidence suggests that RGS proteins
can have positive effects on signaling as well. Many RGS
proteins possess additional C- and N-terminal modular
protein-binding domains and motifs. The presence of
these additional modules within the RGS proteins pro-
vides for multiple novel regulatory interactions performed
by these molecules. These regions are involved in con-
ferring regulatory selectivity to specific Ga-coupled sig-
naling pathways, enhancing the efficacy of the RGS do-
main, and the translocation or targeting of RGS proteins
to intracellular membranes. In other instances, these do-
mains are involved in cross-talk between different Ga-
coupled signaling pathways and, in some cases, likely
serve to integrate small GTPases with these G protein
signaling pathways. This review discusses these C- and
N-terminal domains and their roles in the biology of the
brain-enriched RGS proteins. Methods that can be used
to investigate the function of these domains are also
discussed. Key Words: Regulator of G protein signal-
ing—Polybasic domain—GGL domain—DEP domain—
Polyproline domain—Sst2.
J. Neurochem. 75, 1335–1351 (2000).

HISTORICAL OVERVIEW

The continuous presence of a stimulus induces com-
plex biochemical adaptations in cells. Indeed, the re-
peated and long-term exposures to drugs of abuse, such
as cocaine or amphetamine, induce complex adaptations
in signal transduction proteins in brain. Chronic cocaine
regulates the cyclic AMP pathway in the nucleus accum-
bens at several levels of signal transduction, producing
increased adenylyl cyclase and cyclic AMP-dependent
kinase activity, and decreased levels of the G proteins,
Gai and Gao (Nestler et al., 1990; Terwilliger et al.,
1991). A new component to this signaling system, called

the rIegulators of GI -protein sIignaling (RGS), has been
discovered recently. The RGS are responsible for desen-
sitizing signaling by acting as guanosine triphosphatase-
aIctivating proteins (GAPs) toward Ga proteins. In fact,
some RGS mRNAs are transcriptionally induced in the
striatum in response to cocaine or amphetamine (Bur-
chett et al., 1998a, 1999). RGS are also transcriptionally
regulated following other treatments, such as high-fre-
quency stimulation (Ingi et al., 1998) or repeated stress
(Ni et al., 1999). Collectively, these observations suggest
that RGS proteins are components of the adaptational
response in neurons to a wide range of stimuli. Although
it is true, as described below, that virtually all RGS
proteins examined are GAPs for Ga proteins, their pos-
session of additional signaling modules (domains and
motifs) suggests more complex roles for the RGS than as
simply GAPs for Ga proteins in brain.

Here I will characterize the roles of the RGS proteins in
brain by focusing on these other domains and motifs that
RGS proteins possess. In particular, I will characterize the
current information on the role of these modular domains
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and motifs in the biology of the RGS4, RGS7, RGS9L, and
RGS12 proteins that are expressed predominantly in brain
(Gold et al., 1997; Snow et al., 1997; Granneman et al.,
1998; Khawaja et al., 1999). Many of the roles ascribed to
these domains are novel or completely unknown. Thus,
generating a comprehensive picture with regard to the bi-
ology that these domains impart to these RGS proteins is
somewhat speculative. However, a preliminary character-
ization will provide heuristic value by suggesting creative
research designed at a more integrated understanding of the
role of these RGS proteins in the adaptation of G protein-
coupled signaling pathways in brain. Historically, the study
of the RGS proteins begins with the prototype RGS ex-
pressed within Saccharomyces cerevisiae,the Sst2
(sIupersIensitivity tIo pheromone) protein.

G protein signaling: focus onSaccharomyces
cerevisiae

The yeastS. cerevisiaeis a unicellular eukaryote that
exhibits a biphasic life cycle, growing unicellularly as
diploid or haploid cells. Haploid cells secrete peptide
mating pheromones (a anda mating factor) that act on
cells of the opposite mating type to promote cell fusion,
leading to the formation of ana/a diploid cell. These
mating factors act through a complex three-component
signal-processing network: a seven transmembrane re-
ceptor, a GTP-binding protein (G protein), and an effec-
tor. G proteins are heterotrimeric molecules composed of
Ga, Gb, and Gg subunits. G proteins are present on
intracellular membranes as well as the plasma mem-
brane, and control growth, vesicular trafficking, secre-
tion, and transmembrane signaling pathways, in both
yeast and mammalian systems.

Transmembrane signaling, initiated when an agonist
binds to a G protein-coupled receptor, promotes the
exchange of GDP for GTP on the Ga subunit. Nucleotide
exchange induces the dissociation of Ga from Gbg. Free
Ga and Gbg associate with one or more effectors to
stimulate or inhibit the production of second messengers.
Signaling persists until GTP is hydrolyzed to GDP by the
slow intrinsic GTPase activity of Ga, allowing the free
heterotrimeric subunits to reassociate and terminate sig-
naling. The strength and duration of signaling by Ga are
determined by the rate of GTP binding and hydrolysis. A
number of protein factors, known as GAPs, have been
discovered that greatly accelerate the GTPase activity of
Ga, thereby accelerating signal termination.

In S. cerevisiae,the free Gbg moiety is responsible for
activating the mitogen-activated protein kinase (MAPK)-
signaling pathway (mating pathway). Free Gbg trans-
duces signaling by pheromone to biochemical changes
leading to mating. One of these changes necessary for
mating is growth arrest in the G1 phase of the cell cycle.
However, arrested cells that do not mate eventually re-
cover and resume growth as normal haploid cells. A
rapid desensitization process mediates recovery from
pheromone-induced growth arrest. Desensitization pro-
vides the basis for cellular adaptation to external signals.
Although poorly understood, in mammalian systems,

homologous desensitization of G protein signaling path-
ways is achieved by negative feedback loops involving
receptor phosphorylation by G protein-coupled receptor
kinases, binding of arrestin-like molecules to the phos-
phorylated receptor, and subsequent internalization of
the phosphorylated receptor via the association with
clathrin. In yeast, desensitization to mating pheromone
also involves receptor phosphorylation and internaliza-
tion. Studies withS. cerevisiaewere the first to demon-
strate that desensitization of signaling pathways can also
occur at the level of Ga.

The Sst2protein
In S. cerevisiae,several mutations affect pheromone

sensitivity and response with one of the most severe
defects in the capacity to desensitize to pheromone
caused by a mutation in the novel protein,Sst2(Chan and
Otte, 1982a,b). Sst2was cloned and found to encode a
698-amino acid polypeptide that lacked homology to
other known proteins (Dietzel and Kurjan, 1987).Sst2is
expressed at low constitutive levels in the absence of
mating pheromone. Pheromone strongly induces the
transcription of the SST2 gene, and up-regulation fol-
lows a time course that parallels that of desensitization.
A loss-of-function mutation of SST2, sst2-1, has no
effect on normal cell growth, but yeast cells aresuper-
sensitiveto pheromone and are unable to recover from
pheromone-induced growth arrest. Although this sug-
gests thatSst2 is critically involved in promoting the
recovery from growth arrest, until the characterization of
an additional variety of loss-of-function and dominant
gain-of-function sst2 mutants, the target and mechanism
of Sst2action remained obscure (Chan and Otte, 1982b;
Dohlman et al., 1995). Expression of mutantSst2pro-
teins strongly suggested that the native target forSst2is
Gpa1, the S. cerevisiaehomologue to the mammalian
Gai protein subunit (Dohlman et al., 1995). This hypoth-
esis was confirmed with the physical interaction and
colocalization ofSst2with Gpa1 at the plasma mem-
brane (Dohlman et al., 1996).

A SUPERFAMILY OF RGS PROTEINS

Other homologues toSst2exist in lower eukaryotes.
As identified through a yeast database search inS. cer-
evisiae,two uncharacterized homologues toSst2exist,
YOR107w and YOR301 (H. G. Dohlman, personal com-
munication).Egl-10 is an RGS protein fromC. elegans,
and 12 homologues ofEgl-10exist, as identified through
theC. elegans-sequencing consortium. One of these pro-
teins,Eat-16was isolated in a screen for suppressors of
Goa-1 activity (Hajdu-Cronin et al., 1999). Two RGS
proteins have been discovered inDrosophila, dRGS7
and theLoco gene product, homologous to RGS7 and
RGS9, and RGS12 and RGS14, respectively (Elmore
et al., 1998; Granderath et al., 1999). Using a variety of
cloning strategies,.20 mammalian RGS homologues to
the yeast and invertebrate proteins have been discovered.
In brief, RGS1 was identified in a genetic screen of
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mitogen-stimulated B-lymphocytes and lymphocytic leu-
kemia cells (Hong et al., 1993). A number of unknown
GOS genes (Go sIwitch genes) were isolated with the
immediate early genes c-fos andzif/268 in a screen for
genes rapidly induced from mitogen-stimulated B-lym-
phocytes. Of theseGOSgenes, one was later identified as
RGS2 (Siderovski et al., 1994). In a similar fashion,
RGS14 was identified as a novel target of the p53 tumor
suppressor gene (Buckbinder et al., 1997). Other RGS
[GAIP (Ga-iInteracting protein), RGS10, RGSZ1,Dro-
sophila Loco,and RGS17] were identified using the Ga
subunit as “bait” in the yeast two-hybrid screen (DeVries
et al., 1995; Hunt et al., 1996; Glick et al., 1998; Gran-
derath et al., 1999; Jordan et al., 1999). RGS have also
been identified through degenerate PCR cloning (Fau-
robert and Hurley, 1997; Snow et al., 1997, 1998c),
low-stringency hybridization, expression cloning, or da-
tabase searches for RGS cloned as expressed sequence
tags (Druey et al., 1996; Chen et al., 1997; Granneman
et al., 1998; He et al., 1998).

RGS: powerful GAPs for Ga proteins
In vitro studies with the mammalian RGS have illu-

minated the mechanism by whichSst2stimulates adap-
tation to pheromone. In vitro assays indicate that most, if
not all, RGS family members directly bind to and dra-
matically accelerate the GTPase activity of members of
the Gai (Gai, Gao, and Gaz) and/or Gaq subfamilies, but
not Gas or Ga12. This suggests that RGS proteins are
acting as Ga-GAPs for these Ga subunits. Although no
RGS protein that has been tested can be a GAP for Gas,
by mutating Gas

A229S, RGS16 or RGS4 then can act as
a GAP for Gas (Natochin and Artemyev, 1998).

Besides the inability to be GAPs for Gas, an additional
observation to emerge from in vitro studies is the pro-
miscuity of the RGS proteins toward Ga subunits. Spe-
cifically, RGS1, RGS3, RGS5, RGS10, RGS-r/RGS16,
and RET-RGS1 all enhance the rates of GTP hydrolysis
by as much as 100-fold for members of the Gai family
(Hunt et al., 1996; Watson et al., 1996; Chen et al., 1997;
Faurobert and Hurley, 1997). RGS4 and GAIP have been
observed to be GAPs for both the Gai and Gaq subunits
(DeVries et al., 1995; Berman et al., 1996a; Hepler et al.,
1997). Moreover, RGSZ1, RET-RGS1, RGS10, and
GAIP also be GAPs for Gaz (Berman et al., 1996a;
Hepler et al., 1997; Popov et al., 1997; Wang et al.,
1998). RGS12 has been demonstrated to be a GAP for
Gai (Snow et al., 1998a) and, in an independent study,
Ga12 and Ga13 (Mao et al., 1998).

The short splice variant of RGS9, RGS9S, has been
observed to be a GAP for transducin (Gat) in photore-
ceptor cells (He et al., 1998). RGS9S expressed within
the pineal gland could also be a GAP for other Ga
subunits, perhaps Gao (Granneman et al., 1998; Skiba
et al., 1999). RGS6, RGS7, and RGS11, all in complex
with Gb5, have been demonstrated to be remarkably
potent GAPs for Gao, and markedly less, or not at all, for
other Ga subunits tested (Snow et al., 1998b; Posner
et al., 1999). However, a broader Ga preference has been

observed for RGS7 in other, primarily physiological
assays (Shuey et al., 1998; Saitoh et al., 1999).

Initially, because RGS2 did not bind to Gai, Gao, Gas,
Ga12, or Ga13 subunits in some in vitro assays, the Ga
target for RGS2 action remained elusive (Chen et al.,
1997; Heximer et al., 1997a). Subsequently, Hepler and
colleagues (Heximer et al., 1997b) demonstrated that in
vitro RGS2 could serve as a very potent (10-fold
. RGS4) and selective GAP for Gaq; however, when
reconstituted with a signal transduction system in vitro,
RGS2 can also be a GAP for Gai (Ingi et al., 1998).
Indeed, other physiological assays indicate that RGS2
can negatively regulate MAPK signaling by “GAPing”
both Gai and Gaq (Ingi et al., 1998).

RGS negatively regulate MAPK signaling
BecauseSst2, FlbA(an RGS homologue expressed

within Aspergillus nidulans), andEgl-10 proteins either
have been demonstrated or are strongly suspected to
antagonize Ga activity by acting as GAPs (Lee and
Adams, 1994; Dohlman et al., 1996; Koelle and Horvitz,
1996), it was expected that the mammalian RGS would
act in a similar fashion and desensitize G protein-medi-
ated signaling in vivo. Indeed, when expressed in yeast
sst2D, some RGS mutants can complement the mutation
and stimulate recovery from growth arrest (Dohlman
et al., 1996; Druey et al., 1996; Chen et al., 1997, 1999).

Because it is the Gbg subunit that stimulates a down-
stream MAPK to mediate pheromone signaling in yeast,
it is expected that mammalian RGS could also attenuate
Gbg signaling through Gbg-regulated effectors, such as
phospholipase C-b (PLC-b), and the MAPK family
members, eIxtracellular signal-rIegulated kI inase (ERK),
c-JIun N-terminal kI inase/sItress-aIctivated pIrotein kI inase
(JNK/SAPK), and p38-MAPK, in mammalian cells.
MAPKs play important roles in growth processes in
cells. Thus, the various MAPK pathways are responsible
for coordinating mitogenic stimuli to cell growth, differ-
entiation, and proliferation. MAPKs are abundantly ex-
pressed in mature neurons of the developed CNS. How-
ever, for the most part, little is known of the roles of the
MAPK in neurons. ERK activity is induced by gluta-
mate-elicited Ca21 influx through NMDA receptors,
where activated ERK stimulates c-fos induction (Xia
et al., 1996), and owing to their role in growth-related
processes, ERK is also necessary for the induction of
long-term potentiation in the hippocampus (English and
Sweatt, 1997).

Different Gai- or Gao-coupled receptors can stimulate
the MAPK pathway by the release of Gbg. Gbg subunits
activate MAPKs through a sequential cascade of signal-
ing proteins involving phosphoinositide 3-kinase-g, ty-
rosine kinase, Shc, Grb-2, Sos, Ras, and Raf. Gaq can
also stimulate MAPKs by increasing phosphatidylinosi-
tol turnover. When expressed in mammalian cell lines,
RGS proteins can attenuate ERK or p38-MAPK signal-
ing using Gai or Gaq (Buckbinder et al., 1997; C. Huang
et al., 1997; Ingi et al., 1998; Y. Zhang et al., 1999).
Therefore, like their yeast counterpartSst2,RGS can act
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as GAPs for Gai, or Gaq, and attenuate Gbg activation
of MAPKs by accelerating the sequestration of Gbg.

Considering the promiscuity observed in vitro of many
RGS proteins for Ga subunits, a question arises as to
whether greater specificity in the action of RGS proteins
exists in vivo. In yeast, mammalian RGS proteins exhibit
different degrees of potency in their capacity to attenuate
pheromone signaling (Druey et al., 1996). Greater regu-
latory selectivity in mammalian systems is readily ap-
parent in the differential actions of the RGS proteins on
Gai- and Gao-signaling pathways (C. Huang et al., 1997;
Shuey et al., 1998; Diverse´-Pierluissi et al., 1999). Can
the differences in the in vitro and in vivo studies be
explained? One possible explanation is that sequence
differences within the RGS domain may influence the
efficacy of GAP activity toward particular Ga subunits
(de Alba et al., 1999; Heximer et al., 1999). A second
possibility, as will be described in more detail below, is
the presence of domains or motifs within the C- and
N-termini that confer interactions with particular recep-
tor Ga subunits.

The RGS domain
All the RGS proteins possess a common;125-amino

acid RGS core domain. Within the RGS domain, these

proteins are highly homologous (45–80%). Detailed
amino acid alignments show that the RGS domain is
broken up into three highly conserved GH (GI AIP or
GI OS hIomology) subdomains (GH1, GH2, and GH3)
(DeVries et al., 1995; Druey et al., 1996; Koelle and
Horvitz, 1996). In the mammalian RGS,Egl-10, and
Eat-16,each GH subdomain is nearly contiguous, but in
Sst2and FlbA the GH elements are widely dispersed
within nonconserved sequences of the C-terminus (for
Sst2,see Fig. 1) (Dohlman et al., 1995). GAP activity
toward Ga subunits may be a functional property of all
RGS domain-containing proteins (however, see L. J.-S.
Huang et al., 1997; Mao et al., 1998). For example,
genetic studies have demonstrated that deletions of the
RGS domain ofSst2, FlbA,or Egl-10 eliminate the
ability of these mutants to desensitize G protein signaling
in vivo (Lee and Adams, 1994; Dohlman et al., 1995;
Koelle and Horvitz, 1996). Similarly, deletions of small
portions of the RGS domain of RGS4, RGS10, or GAIP
abolish GAP activity in vitro (Faurobert and Hurley,
1997; Popov et al., 1997; Srinivasa et al., 1998a). Thus,
the RGS domain alone is sufficient for accelerating GAP
activity of Ga; however, modular domains and motifs
within some RGS protein C- and N-terminienhancethe

FIG. 1. Schematic representation of the different C-
and N-terminal modular protein domains in RGS
proteins. Indicated at the right above each protein is
the total number of amino acids. In Sst2, the dotted
line indicates overlap between the GAP and DEP
domain sequences (compare Dohlman et al., 1996,
and Ponting and Bork, 1996). The diagonal lines in
the Sst2, RGS9L, and RGS12 sequences indicate
the break in the depicted size of these three RGS
proteins. Within the PPr domain of RGS7 and
RGS9L, there are four or six, respectively, PXXP
motifs (hatched rectangle). Asterisks (p) below the
individual PXXP motifs correspond to class I sites
with the consensus sequence RXXPXXP. For human
RGS9L (accession number AF071476), these are
amino acids 567–573 RSRPRAP and 598 – 604 RL-
SPKCP; for rat RGS7 (accession number
AB024398), these are amino acids 455–461 RNIP-
IFP. f indicates the potential sites of phosphoryla-
tion by serine/threonine kinases. For human RGS9L,
this occurs with the first and second tandem PXX-
PXXP motifs, corresponding to amino acids 489–
495 PPSPSSP (see text for details). Abbreviations:
C, C-terminus; CC, coiled-coil region; DEP, dishev-
elled, Egl-10, pleckstrin domain; GAP, GTPase-acti-
vating protein domain; GGL, Gg-like subunit domain;
GoLoco, Gai/0–Loco motif; N, N-terminus; PBT, po-
lybasic track; PDZ, PSD-95, Dlg, ZO-1 domain; PPr,
polyproline domain; PTB, phosphotyrosine-binding
domain; RBD, Ras- and Rap-binding domain; ■,
RGS domain; dotted rectangle, C-terminal PDZ
docking site in RGS12; F, Cys2 and Cys12 palmitoyl-
ation sites in the PBT of RGS4.

J. Neurochem., Vol. 75, No. 4, 2000

1338 S. A. BURCHETT



efficacy of the GAP activity of the RGS domain (Table
1) (Chen and Lin, 1998; Zeng et al., 1998).

Topology of the RGS4-Gai interaction
Recent crystallization of RGS4 complexed with the

transition state mimic Gai–GDP–AlF4
2 has revealed the

topology of the RGS4-Gai complex (Tesmer et al.,
1997). The RGS domain of RGS4 forms ninea-helices
that fold into two compact globular subdomains. The
amino acids that form the hydrophobic core of the sub-
domains are conserved and are important for the stability
of RGS4 structure and GAP activity (Tesmer et al., 1997;
Srinivasa et al., 1998b). These subdomains each contact
the Gai surface at three so-called mobile “switch” re-
gions. The switches are also necessary for the binding of
GDP or GTP, as well as effectors.

Although there are a number of possible conformation
states of the Gai subunit that the RGS protein could
recognize to attenuate signaling, Gilman and colleagues
(Berman et al., 1996b) determined by competition stud-
ies that the affinity of RGS4 for the Gai subunit was
greatest for the transition state mimic (GDP–AlF4

2–
Gai). This suggested that the RGS4 protein allosterically
stabilizes the transition state conformation of Ga for
GTP hydrolysis. This supposition was borne out with the
complementary studies of Blumer and colleagues (Srini-
vasa et al., 1998b). Subsequent studies of the GAIP
protein have demonstrated that the structure of the RGS
protein may also be stabilized upon binding to Ga (de
Alba et al., 1999). A preferential affinity for the transi-

tion state has been found for other mammalian RGS
(Watson et al., 1996; Chen et al., 1997; Heximer et al.,
1997b; Natochin et al., 1998). Similarly, Dohlman and
colleagues (Apanovitch et al., 1998) have observed a
preference for the transition state mimic (Gpa1–GDP–
AlF4

2) in the binding of Sst2 to Gpa1. These same
authors also demonstrated thatSst2 is also a potent
accelerator of the intrinsic rate ofGpa1GTP hydrolysis
by recognizing the transition state conformation ofGpa1.
Thus, the mechanisms of RGS protein desensitization of
Ga activity are conserved between yeast and mammals.

RGS positively regulate signaling
Although studies with MAPK, PLC-b (C. Huang

et al., 1997), and the yeast mating response are consistent
with the RGS stabilizing the transition state complex and
functioning as Ga-GAPs, the affinity for the transition
state complex is not an absolute property of all RGS.
Because a number of RGS also have affinity for the
inactive conformation of Ga (Ga-GDP), or the active
GTP-bound state (Ga-GTP) (DeVries et al., 1995; Hunt
et al., 1996; Watson et al., 1996; Chen et al., 1997),
coupled with the fact that it is unlikely that Gbg and
RGS can bind to Ga simultaneously(Tesmer et al.,
1997), RGS proteins could be performing other functions
by recognizing additional conformational states of Ga.
In other instances, by binding to the switch regions
where effectors interact, some RGS proteins can antag-
onize Ga–effector interactions (Hepler et al., 1997;
Heximer et al., 1997b). As stated above, RGS proteins

TABLE 1. Domains/motifs within the brain-enriched RGS proteins

Domain/motif Biological role Role in RGS biology References

PBT Cooperates with other lipid modifications to
target proteins to subcellular membranes

Site of cysteine palmitoylation;
enhances the GAP activity
of the RGS domain; receptor
selectivity

Zeng et al. (1998)
Xu et al. (1999)

DEP Confers targeting of theDsh protein to
membranes and perhaps G protein-
coupled receptors (Frizzled)

Unknown Ponting and Bork (1996)
Yang-Snyder et al. (1996)
Axelrod et al. (1998)

GGL The GGL domain is present in a subfamily
of RGS proteins; confers select binding
to Gb5 subunits

All RGS-GGL examined are
specific GAPs for Ga0; Gb5

enhances the GAP activity
of the RGS domain

Lindorfer et al. (1998)
Snow et al. (1998b)
Kovoor et al. (2000)

PPr Binding to proteins with SH-3, WW, or
EVH-1 domains; binding induces
recruitment during transcription,
signaling, and cytoskeletal
rearrangements

Unknown Yu et al. (1994)
Granneman et al. (1998)
K. Zhang et al. (1999)

PDZ Assembly of signaling proteins into
multimeric complexes at submembranous
sites

Unknown Snow et al. (1998a)

GoLoco Provides Gai/o binding and GEF activity
toward Ga0

Unknown Luo and Denker (1999)
Siderovski et al. (1999)

PTB Binds primarily to phosphorylated tyrosine
residues on proteins

Unknown Forman-Kay and Pawson (1999)

RBD Binding sites in Raf-1 kinases for Ras and
Rap GTPases

Unknown Ponting (1999)

DEP, dishevelled, Egl-10, pleckstrin homology domain;Dsh,dishevelled; EVH-1, Enabled, Vasp, Homology 1 domain; GAP, GTPase-activating
protein; GEF, guanine-nucleotide exchange factor; GGL, Gg-like subunit domain;GoLoco,Gai/o-Loco motif; PBT, polybasic track; PDZ, PSD-95,
Dlg, ZO-1 domain; PPr, polyproline domain; PTB, phosphotyrosine-binding domain; RBD, Ras- and Rap-binding domain; RGS, regulator of
G-protein signaling; SH-3, Src homology domain-3.
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possess domains or motifs in their N- and C-termini that
confer other regulatory functions to the RGS proteins.
For example, RGS12 and RGS14 possess a Gai/o-Loco
or “GoLoco” motif that could possibly confer Gao-bind-
ing and gIuanine-nucleotide eIxchange fIactor (GEF) ac-
tivity upon these RGS proteins (Siderovski et al., 1999).
Thus, RGS proteins may regulate G protein signaling
through additional, more novel mechanisms, in addition
to their ability to accelerate GAP activity toward Ga.
Kinetic studies of GI protein-gated iInwardly rIectifying
KI 1 (GIRK) channels demonstrate emphatically that ad-
ditional mechanisms are necessary to account for the
regulatory effects of RGS proteins on these channels.

GIRK and N-type Ca21 channels
Besides PLC-b and MAPK, Gbg can also directly

regulate ion channels, such as voltage-gated N-type Ca21

channels and GIRK channels. GIRK channels expressed
within brain and heart, activated by G protein-coupled
receptors, such as D2-dopamine, GABAB, and M2-mus-
carinic receptors, regulate the onset and offset of slow
inhibitory postsynaptic potentials that control neuron ex-
citability. N- (and P/Q- and R-) type Ca21 channels on
presynaptic nerve terminals mediate the influx of Ca21

that triggers the release of neurotransmitters. The regu-
lation of N-type Ca21 and GIRK channels by Gbg is
substantially different. N-type Ca21 channels are acti-
vated by membrane depolarizations. The binding of Gbg
released from Gai or Gao rapidly inhibits the activation
of N-type Ca21 channels. In contrast, GIRK channels are
rapidly stimulated by Gbg released from Gai or Gao.
The regulation of N-type Ca21 channels has produced
data consistent with RGS proteins acting as Ga-GAPs:
RGS attenuate the inhibition of these channels produced
by the release of Gbg from Gai (Melliti et al., 1999).
When expressed in heterologous cell systems, RGS pro-
teins (RGS1, RGS3, RGS4, RGS7, RGS8, and RGS9L)
are capable of accelerating the kinetics of GIRK channel
activation and deactivation (Doupnik et al., 1997; Saitoh
et al., 1997, 1999; Kovoor et al., 2000). Surprisingly, this
occurs independently of a reduction in the peak current
of channel activation. If RGS were acting as GAPs, then
the activation phase and the peak current should be
profoundlydiminished,due to the GAP activation of Ga
by RGS and the consequent sequestration of free Gbg.

As RGS proteins do not diminish the activation phase
and peak current of GIRK channel activation, they must
directly accelerate the activation rate. As the rate-limit-
ing step for GIRK channel activation is unknown, there
are a number of possible ways that RGS proteins could
accelerate the activation rate. RGS proteins could accel-
erate dissociation of Ga from Gbg, or antagonize the
reassociation of Ga and Gbg by binding to Gbg. In both
cases, RGS proteins would increase the concentration of
free Gbg available to interact with effectors, such as
MAPK, PLC-b, GIRK, and N-type Ca21 channels. Sig-
nificantly, the expression of RGS4 is capable of modu-
lating the constitutive activation state of GIRK channels
in the absence of agonist stimulation that depends on

Gbg (Chuang et al., 1998; Bu¨nemann and Hosey, 1999).
Specifically, 50% of the total GIRK channels were acti-
vated by the expression of RGS4 in the absence of
agonist, and this response is blocked by the expression of
a Gbg binding protein (Hosey et al., 1999).

Although the mechanistic details are far from clear,
these observations support the idea that in addition to
desensitizing signaling by acting as Ga-GAPs, RGS
proteins can also produce additional effects on signaling
pathways, such as enhancing signaling positively by
increasing free Gbg for the modulation of their down-
stream effectors. By modulating GIRK and N-type Ca21

channel currents, RGS proteins may determine the tim-
ing, amplitude, and duration of GIRK and N-type Ca21

channel-mediated synaptic potentials in brain.

THE N- AND C-TERMINI OF RGS PROTEINS
CONFER REGULATORY SELECTIVITY

RGS subfamilies
Some mammalian RGS proteins possess little more

than the RGS domain (e.g., RGS1, RGS2, RGS4, and
RGS8); however, other RGS, likeSst2,are much larger
proteins due to the possession of lengthy N- and C-
terminal extensions (e.g., RGS3, RGS9L, RGS12, and
RGS14). The N- and C-termini of these RGS proteins
share little sequence homology, suggesting that these
“extensions” have unique functions. These extensions
contain domains and motifs necessary for important as-
pects of RGS biology, such as protein translocation,
membrane anchoring, and subcellular targeting. In other
cases, these extensions are involved in selectively regu-
lating the association of RGS proteins with protein com-
ponents of specific signaling pathways and linking small
GTPases to G protein activity.

Based on the homology within these modular protein
or lipid binding domains or motifs outside the RGS
domain, RGS may be tentatively grouped into a number
of subfamilies: RET-RGS1, RGSZ1, GAIP, and RGS17
(Wang et al., 1998; Zheng et al., 1999); RGS4, RGS5,
and RGS16 (Srinivasa et al., 1998a); RGS6, RGS7,
RGS9L/S, RGS11, dRGS7,Sst2, Egl-10, Eat-16,and
FlbA (Ponting and Bork, 1996; Elmore et al., 1998;
Snow et al., 1998b, 1999); and theDrosophila Locogene
product, RGS10, RGS12, and RGS14 (Snow et al., 1997;
Granderath et al., 1999). However, other RGS are unique
(RGS2) and share little, if any, sequence similarity to
other RGS proteins outside the RGS domain (Ingi et al.,
1998).

C- and N-terminal regulatory domains in lower
eukaryotic RGS proteins

Sst2:a multifunctional RGS.That regions outside the
RGS domain played a role in RGS activity was evident
first with the Egl-10 and Sst2proteins.Sst2possesses
separate modular domains:GAP(GI TPase aIctivating pIro-
tein) and DEP (dI ishevelled,EI gl-10, pI leckstrin) domains
in the N-terminus, and in the C-terminus a dispersed
RGS domain (Fig. 1). TheGAPdomain ofSst2is similar
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to the GAP domains of the bovineGAP and human
neurofibromatosis proteins (Dohlman et al., 1996). The
GAPdomain is also present inFlbA, but not inEgl-10or
the mammalian RGS proteins, suggesting that theGAP
domain performs a role in these fungal RGS proteins that
is not required in other RGS proteins.

Both the GAP and RGS domains are required for
desensitization inS. cerevisiae.This is evident in the
studies of Dohlman et al. (1996) that demonstrated that
even small deletions of theGAP or RGS domain com-
pletely eliminated the ability of yeast cells expressing
these mutants to desensitize to mating pheromone. More-
over, a dominant gain-of-function alleleSst2P20L maps
within the N-terminalGAP domain (Dohlman et al.,
1995), demonstrating clearly the importance of the N-
terminus inSst2biology. What roles could the DEP and
GAP domains be playing in the biology ofSst2?The
features of theSst2protein that are involved in targeting
and localization ofSst2to the Golgi and plasma mem-
brane inS. cerevisiaeare unclear at this time. Like the
DEP domain of theEgl-10 protein, the DEP domain of
theSst2protein could potentially be involved in targeting
Sst2 to the Golgi and plasma membranes. In fact, the
presence ofSst2within Golgi membranes is provocative,
suggesting thatSst2has other roles in addition to regu-
lating Gpa1 at the plasma membrane, perhaps like the
GAIP protein, regulating some aspect of vesicular traf-
ficking (DeVries et al., 1999). Dohlman et al. (1996)
suggest that theGAPdomain could serve to enhance the
potency of the RGS domain, or to cross-linkGpa1and
Ras-dependent signaling pathways inS. cerevisiae.Al-
though evidence supporting either of these activities has
not been described yet, clearly the N-terminus has the
potential for multiple integrative roles involving the co-
operation of both domains for the biology ofSst2.

Egl-10. Egl-10 is expressed in the dorsal and ventral
nerve cord of theC. elegansnervous system and the
body wall muscles (Koelle and Horvitz, 1996).Goa-1
regulates the frequency of behavioral processes inC.
elegans,such as locomotion and egg laying, in a dose-
dependent manner.Egl-10 is believed to negatively reg-
ulateGoa-1activity (Goa-1 is most similar to mamma-
lian Gao). This regulation likely occurs by a mechanism
in which Egl-10accelerates the intrinsic GAP activity of
Goa-1 (Koelle and Horvitz, 1996).

What is the role of the N-terminus in the biology of
Egl-10? Egl-10 is part of a subfamily of mammalian
RGS proteins (i.e., RGS6, RGS7, RGS9, and RGS11)
that possess both an N-terminal GGL (GI protein gI -
subunit-lIike) and DEP domain (Table 1). The N-terminus
of Egl-10 is most similar to the N-terminus of RGS7.
Although the role of the GGL domain in the biology of
these RGS proteins is unclear, the DEP domain of the
Dishevelled (Dsh) protein is involved in membrane in-
teractions (Axelrod et al., 1998).Egl-10 is targeted to
cell processes as opposed to the soma of neurons. The
differential targeting ofEgl-10 could depend on the
N-terminal DEP (and GGL) domain, because a truncated
version of Egl-10, including the N-terminal DEP and

GGL domains, confers binding/targeting ofEgl-10 to
membranous structures (Koelle and Horvitz, 1996).

Eat-16:a model for GGL domain function in mamma-
lian brain?Another RGS protein expressed within theC.
elegansnervous system is theEat-16protein. LikeEgl-
10, Eat-16is a member of a larger subfamily of mam-
malian RGS proteins that contain both DEP and GGL
domains. LikeEgl-10, Eat-16is most similar to RGS7.
Genetic evidence demonstrates thatEat-16 functions
downstream from or parallel toGoa-1;however,Eat-16
does not regulateGoa-1,but rather negatively regulates
Egl-30, the Gaq homologue (Hajdu-Cronin et al., 1999).
This regulation could occur through a process in which
Eat-16 is acting as a GAP towardEgl-30. However,
Eat-16 is not simply a Ga GAP. Indeed, genetic studies
suggest that Gao antagonizesGaq signaling and this
antagonism involvesEat-16. Thus, Goa-1 could nega-
tively regulateEgl-30activity indirectly throughEat-16.
Evidence demonstrating thatEat-16can inhibit endoge-
nous Gaq-coupled PLC-b signaling in COS-7 cells sup-
ports this supposition. Thus, cross-talk between the Gao
and Gaq signaling pathways is mediated throughEat-16.

Guan and Han (1999) suggest an attractive model that
is in agreement with the genetic data of Sternberg and
colleagues (Hajdu-Cronin et al., 1999). Because the GGL
domain is demonstrated to associate mammalian RGS
proteins with G protein Gb5 subunits (described in
greater detail below; Snow et al., 1998b), these authors
propose that the GGL domain ofEat-16 would allow
Eat-16 to function as ag-subunit for Goa-1 in the G
protein heterotrimer. Specifically,Goa-1 in the resting
state (Goa-1–GDP–Gb5) could be bound toEat-16,via
Eat-16’s GGL domain; binding preventsEat-16 from
associating withEgl-30.Receptor stimulation would in-
duce the dissociation ofEat-16from Goa-1.FreeEat-16,
with or without Gb5, would then be available to GAP
Egl-30. Another possibility is thatEat-16 is a direct
effector ofGoa-1.Whatever the actual mechanism, the
properties conveyed uponEat-16by the DEP and GGL
domains likely play an important role in coordinating
cross-talk betweenGoa-1 and Egl-30 signaling path-
ways. The dramatic homology between theEat-16,
RGS7, RGS9, and RGS11 N-terminal DEP and GGL
domains suggests that some of these mammalian RGS
proteins could also participate in such Gao–Gaq cross-
talk in brain. Further insight into the roles of the N- and
C-termini in processes of membrane targeting, Ga sub-
unit, and receptor selectivity are evident in the study of
the brain-specific RGS, RGS4.

C- and N-terminal regulatory domains in the
mammalian RGS proteins

What biological role(s) could particular modular pro-
tein-binding domains or motifs within the mammalian
RGS C- and N-termini contribute to the activity of these
proteins (Table 1)? First, the RGS N-terminus contains
essential sequence elements necessary for GAP activity
and desensitization. Specifically, whereas the removal of
the C-terminus of RGS16 did not affect the ability of
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yeast cells to desensitize to mating pheromone, like the
expression of the N-terminalSst2deletion mutant (Dohl-
man et al., 1996), the expression of an RGS4 or RGS16
N-terminal deletion mutant failed to attenuate phero-
mone signaling (Popov et al., 1997; Chen and Lin, 1998).
Thus, whereas the C-terminus is dispensable, an intact
N-terminus is required for RGS4 and RGS16 function in
yeast. The question, which the remainder of this review
will address, is what additional contributions do the C-
and N-termini make to the biology of the mammalian
RGS proteins.

From cytoplasm to membrane: RGS protein translo-
cation. Interestingly enough, research with mammalian
RGS proteins indicates that the N-termini of many RGS
proteins subserve multiple biochemical roles. To begin
with, the N-terminus of RGS proteins appears to be
involved in the translocation or redistribution of some
RGS proteins to their cellular regulatory sites following
receptor activation. For example, in the absence of mat-
ing pheromone,Sst2is expressed at low levels. Upon the
addition of pheromone,Sst2 is rapidly expressed and
translocated to the plasma membrane whereSst2 can
then act as a GAP forGpa1(Dietzel and Kurjan, 1987).
In a similar, although by no means identical, fashion,
RGS3, RGS4, and RGS16 are mobilized to intracellular
membranes following receptor stimulation. For example,
RGS3, RGS4, and RGS16 are predominantly cytoplas-
mic proteins in mammalian cells. Activation of the Ga
subunit by agonist or expression of a constitutively ac-
tive form of Ga appears to signal translocation of these
RGS proteins from the cytoplasm to the plasma mem-
brane (Druey et al., 1998; Chen et al., 1999; Dulin et al.,
1999). For RGS3, translocation is dependent upon the
N-terminus, because deletion of the N-terminus of RGS3
prevents translocation and attenuation of Gaq/11-medi-
ated signaling in a mammalian cell line (Dulin et al.,
1999). Similarly, expression of an RGS4 N-terminal
deletion mutant is mislocalized to the cytoplasm, and
therefore unable to mediate desensitization inS. cerevi-
siae (Srinivasa et al., 1998a). Thus, for some cytoplas-
mic RGS proteins, activation of Ga-signaling pathways
may signal the subcellular redistribution of the RGS
proteins to their Ga target proteins expressed within the
plasma membrane.

It is not immediately clear how the distribution of the
RGS proteins is controlled or how these proteins associ-
ate with their membrane-bound Ga target proteins. It is
unlikely thatall mammalian RGS proteins are mobilized/
translocated from the cytoplasm to their subcellular sites
of action concomitant with receptor stimulation. Other
RGS proteins could beconstitutivelyassociated with the
G protein signaling complex. Specifically, based on ki-
netic anomalies of the M1-muscarinic receptor–Gaq–
PLC-b1 signaling pathway, it has been proposed that
these signaling components may exist together as a “qua-
sistable” system (Ross, 1995). In fact, kinetic evidence
favors this type of association for the M2-muscarinic
receptor–G protein–GIRK channel complex (Huang
et al., 1995). Based on similar kinetic evidence, Lester

and colleagues (Doupnik et al., 1997) suggest that some
RGS proteins may also be components of such a system.

Membrane anchoring of RGS proteins: focus on
RGS4.What features of the N-terminus are necessary for
membrane localization of RGS proteins? Posttransla-
tional covalent modifications of amino acids within the
N-terminus may be important for regulating RGS protein
activity, such as membrane localization. Many proteins
lacking transmembrane spanning domains are translo-
cated and anchored to the plasma membrane by the
covalent attachment of lipids (e.g., Gas and Gai). With
the exception of RET-RGS1, which possesses a putative
transmembrane domain and is likely an integral mem-
brane protein (Faurobert and Hurley, 1997), lipidation of
RGS proteins that lack transmembrane spanning regions
could serve as a means for peripheral membrane anchor-
ing following synthesis or translocation. In fact, RGS1
possesses threeN-myristoylation motifs within its N-
terminus that could confer membrane anchoring (De-
necke et al., 1999); however,N-myristoylation by itself
is relatively weak and not sufficient to anchor a protein to
the membrane. A second signal, such as palmitoylation
or a series of basic amino acids within the N-terminus, is
necessary for stable membrane binding (Resh, 1999).

Palmitoylation: the cysteine string.Indeed, the N-
terminus of RET-RGS1, RGSZ1, GAIP, and RGS17
possesses a cysteine (Cys)-“rich” region, labeled a cys-
teine string (DeVries et al., 1996; Faurobert and Hurley,
1997; Wang et al., 1998; Zheng et al., 1999) (human
GAIP’s cysteine-rich region: amino acids 39–49,
CCLCWCCCCSCWNQERRR). GAIP’s cysteine string
is analogous to that found in cysteine string-synaptic
vesicle proteins involved in the regulation of vesicular
secretion inDrosophila(Umbach and Gundersen, 1997).
Palmitate attachment to Cys residues is a reversible post-
translational modification used for membrane anchoring,
trafficking, and protein–protein interactions. Although
Ga subunits do not possess a cysteine string, palmitoy-
lated Gaz or Gai inhibits these Ga subunits to the GAP,
accelerating activity of GAIP and other RGS proteins
(Tu et al., 1997). Besides Ga, the cysteine string of
GAIP is also palmitoylated; however, the effects of a
palmitoylated cysteine string on the biology of GAIP are
unclear. It has been suggested that palmitoylation could
be involved in the membrane anchoring of GAIP to
clathrin-coated vesicles (DeVries et al., 1996). In other
cases, palmitoylation could regulate the efficacy of RGS
protein GAP activity toward Ga subunits. For example,
a palmitoylation-defective mutant of the RGS16 is un-
able to attenuate completely Gai- and Gaq-linked sig-
naling pathways (Druey et al., 1999), suggesting that
palmitoylation of Cys amino acids in RGS16 plays an
important regulatory role.

Palmitoylation: the polybasic track (PBT).In addition
to the cysteine string, RGS proteins possess other palmi-
toylation motifs within their N-termini. Specifically,
RGS4, RGS5, and RGS16 all possess Cys amino acids
(Cys2 and Cys12) embedded within a highly conserved
33-amino acid stretch rich in basic amino acids. Accord-
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ingly, this stretch has been labeled a PBT (for RGS4, see
Table 1 and Fig. 1). Could palmitoylation of these two
Cys residues contribute to the anchoring of this subfam-
ily of RGS proteins? In fact, RGS4is membrane-an-
chored and heavily palmitoylated on Cys2 and Cys12;
membrane anchoring of RGS4 is necessary for mediating
desensitization in yeast (Srinivasa et al., 1998a). How-
ever, features other than palmitoylation of the Cys resi-
dues may be necessary for membrane anchoring and
desensitization. Significantly, in RGS4 mutants that are
unable to undergo Cys palmitoylation, RGS4 is still
membrane-anchored and able to promote desensitization
in S. cerevisiae.Similar studies with RGS16 also point to
an important role of palmitoylation of the PBT in regu-
lating G protein signaling. For example, like RGS4, Cys2

and Cys12 palmitoylation of the PBT of RGS16 is dis-
pensable for membrane binding (Chen et al., 1999;
Druey et al., 1999); however, removal of the entire PBT
profoundly impairs the ability of RGS16 to attenuate
signaling of the yeast mating pheromone pathway (Chen
et al., 1999). Thus, whereas palmitoylation of the PBT is
dispensable for membrane anchoring, other features of
the PBT are involved in membrane anchoring of RGS4
and RGS16.

How does the PBT mediate membrane anchoring in
RGS4?For RGS4 and RGS16, the PBT could be neces-
sary and sufficient for membrane anchoring, because Cys
palmitoylation is dispensable, and the N-terminus lacks
additional SH-2 (Src homology domain-2), SH-3, WW
(named after two tryptophans that mostly contributed to
the signal in sequence comparisons), and PH (pleckstrin
hIomology) domains that mediate protein–protein or pro-
tein–phospholipid interactions (Druey et al., 1998).
Many signaling proteins of the Ras superfamily contain
a polybasic domain that is necessary for biological ac-
tivity (Hancock et al., 1990). In other, non-Ras signaling
proteins, the polybasic domain can provide an alternative
second signal for membrane anchoring (Kwong and Lu-
blin, 1995). An essential feature of polybasic domain-
containing proteins is a positive charge contributed by
the basic amino acids (Hancock et al., 1991). How could
the PBT of RGS4 and RGS16 mediate membrane an-
choring? Like other polybasic domain-containing pro-
teins, structure analysis of the PBT of the RGS4 and
RGS16 proteins indicates that the PBT has the capacity
to adopt an amphipathica-helix (Srinivasa et al., 1998a;
Chen et al., 1999). The amphipathica-helix forms a
stretch of hydrophobic residues on top, which orient
toward the nonpolar face of the helix, and a stretch of
positively charged residues below, which orient toward
the nonpolar–polar interface. Both groups of residues are
necessary for membrane binding. The positively charged
basic amino acids interact with the negative charges of
the phospholipid head groups, and the hydrophobic res-
idues intercalate into the hydrophobic interior of the
membrane. Considering the high conservation of the
PBT between the RGS4, RGS5, and RGS16 proteins
(Srinivasa et al., 1998a), these amphipathic features of

the PBT are likely conserved and mediate membrane
anchoring of these RGS proteins.

PBT functions: enhancement of GAP activity and re-
ceptor selectivity.Besides translocation and membrane
anchoring, could the N-terminus be necessary for addi-
tional biological roles in the biology of RGS4 in mam-
malian systems? Although Wilkie and colleagues (Zeng
et al., 1998) demonstrated that the RGS domain of RGS4
alone functions effectively as a GAP for the Gaq subunit,
corroborating earlier studies (Popov et al., 1997), the
C-terminus, but especially the N-terminal PBT, signifi-
cantly enhancedthe potency of the RGS domain to
attenuate Gaq-coupled Ca21 signaling. Similarly, anti-
bodies raised toward the RGS4 C- or N-terminus signif-
icantly attenuated the augmented rate of desensitization
of the norepinephrine-induced inhibition of N-type Ca21

channels produced by RGS4 (Diverse´-Pierluissi et al.,
1999). Collectively, these observations demonstrate the
important functional role of the N-terminus in enhancing
the GAP activity of RGS proteins.

Removal of the PBT of RGS4 also abolished the
ability of this mutant to discriminate between two dif-
ferent Gaq-coupled receptors. Specifically, when exam-
ined with different Gaq-coupled receptors that stimulate
similar levels of intracellular Ca21 release, RGS4 pref-
erentially inhibited Gaq/11-mediated signaling evoked by
the muscarinic agonist carbachol, relative to the peptides
bombesin and cholecystokinin, regardless of the identity
of the Gaq subunit. When tested without the N-terminus,
C-RGS4 attenuated Gaq-coupled Ca21 signaling from
those receptorsequivalently,demonstrating a loss of
receptor selectivity (Xu et al., 1999). Not only is the
flanking C- and/or N-terminal sequences of RGS4 nec-
essary for membrane anchoring, and full GAP potency,
but the PBT also confers receptor selectivity to RGS4.
Thus, a particular RGS protein may desensitize specific
G protein signaling pathways.

Besides the PBT, other C- and N-terminal protein-
binding modules contribute to regulatory selectivity in
RGS proteins. The N-terminus of RGS12 contains a PDZ
(PSD-95, Dlg, ZO-1) domain and a C-terminal PDZ
docking site (Snow et al., 1998a). The C-terminus of
GAIP associates with a novel PDZ domain-containing
protein GIPC (GI AIP-iInteracting protein CI -terminus)
through its PDZ docking site (DeVries et al., 1998). The
selectivity of GAIP for Gao-mediated signaling path-
ways is mediated by GAIP’s N-terminus (Diverse´-Pier-
luissi et al., 1999).

OTHER N-TERMINAL MODULAR DOMAINS
IN RGS7, RGS9L, AND RGS12

The DEP domain
As indicated above, the N-termini of RGS6, RGS7,

RGS9S, RGS9L, RGS11, dRGS7,Sst2, Egl-10, Eat-16,
andFlbA proteins possess a highly conserved DEP do-
main (Table 1; for RGS7 and RGS9L, see Fig. 1) (Pon-
ting and Bork, 1996; Elmore et al., 1998; He et al.,
1998). The DEP domain is present in other non-RGS
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proteins, such as Pleckstrin and theDrosophila Dshgene
products. The conservation of the DEP domain between
the RGS proteins ofS. cerevisiae, Drosophila, C. el-
egans,and mammals points to an important role. Al-
though this role is not entirely clear, Ponting and Bork
(1996) have hypothesized that the DEP domain may play
a role in the regulation of Ras GDP–GTP exchange, or a
role in targeting DEP-containing proteins to G protein-
coupled receptors.

The Dishevelled protein: a model for the activity of the
DEP domain in the RGS proteins.One of the specula-
tions with regard to the role of the DEP domain has been
borne out with investigations of theDrosophila Dsh
protein. In brief, in the Wingless (wnt) signaling pathway
of Drosophila,thewnt receptors Frizzled and Notch are
upstream of the signaling proteins, Zeste-white-3/Shaggy
and Armadillo/b-catenin. Frizzled is a G protein-coupled
receptor, and the activation of Frizzled stimulates the
phosphatidylinositol cycle and intracellular Ca21 release
through Gbg released from Gai/o (Slusarski et al., 1997).
Although the regulatory nature of theDshprotein in this
signaling pathway is not entirely clear, the activation of
Frizzled induces the translocation ofDsh to the plasma
membrane, whereDsh is believed to associate with Friz-
zled (Yang-Snyder et al., 1996). Importantly, a single
point mutation in theDsh-DEPL417M domain profoundly
impairs membrane targeting ofDsh following activation
(Axelrod et al., 1998). In addition,Dsh-DEPL417M and
other mutations of the DEP domain dramatically atten-
uate the capacity ofDsh to activate JNK signaling
(Boutros et al., 1998; Lin et al., 1999). Clearly, the DEP
domain of theDshprotein is important for translocation
and the regulation of Frizzled signaling. In fact, removal
of the adjacent PH domains of Pleckstrin-2, leaving the
DEP domain intact, still confers membrane binding of
Pleckstrin-2 (Hu et al., 1999).

What role could the DEP domain play in the biology
of the mammalian RGS? Some RGS proteins are local-
ized to both cytosolic and membrane fractions. When
expressed in Sf9 cells, RGS7, in complex with Gb5, is
present in the cytoplasm (Posner et al., 1999), yet in
brain, RGS7 is present in both the cytoplasm and mem-
brane (Khawaja et al., 1999). RGS9S in complex with
Gb5L, the long splice variant of Gb5, is localized to rod
outer segment (ROS) membranes (Watson et al., 1994;
Cowan et al., 1998). The biology regulating the distri-
bution of RGS proteins in brain is complex. RGS7 and
RGS9S lack transmembrane-spanning domains, canoni-
cal N-myristoylation, and isoprenylation sites. Similarly,
palmitoylation is unnecessary for the membrane anchor-
ing of RGS9S to ROS membranes (Cowan et al., 1998).
The processes that contribute to membrane anchoring/
targeting and subcellular distribution of these RGS pro-
teins in brain are unclear. It is intriguing to speculate that
in the absence of additional membrane anchoring motifs,
the DEP domain could play a selective role in targeting
the mammalian DEP domain-containing RGS proteins to
specific subcellular membranous sites, perhaps even to
specificG protein-coupled signaling pathways.

The GGL domain of RGS7
When compared with the Gb1–4 subunits, Gb5 is re-

markably different: whereas Gb5 is expressed predomi-
nantly in the cytoplasm (Watson et al., 1994), the Gb1–4
subunits are membrane-anchored to isoprenylated Gg.
Moreover, whereas the Gb1–4 subunits are widely ex-
pressed in somatic and neural tissues, mouse Gb5 is
expressed nearly exclusively in brain and retina. Gb5 has
other unusual functional properties: compared with other
Gbg subunits, Gb5 dimerizes predominantly with Gg2,
and Gb5g2 specifically associates with the Gaq subunit
(Fletcher et al., 1998). The Gaq–Gb5g2 complex selec-
tivity activates PLC-b2, whereas Gb1g2 activates the
MAPK or JNK pathways, and not PLC-b2 (Zhang et al.,
1998). Thus, the effector pathways that Gb5g2 associates
with are remarkably specific. Collectively, these data
suggest that Gb5g2 subunits may specifically associate
with Gaq- and Gaq/11-coupled PLC-b2 signaling (Lin-
dorfer et al., 1998).

The Egl-10, Eat-16,RGS6, RGS7, RGS9S, RGS9L,
and RGS11 subfamily of RGS proteins is particularly
interesting: these members are expressed predominantly
or exclusively in brain or the retina (Gold et al., 1997;
Granneman et al., 1998; He et al., 1998; Snow et al.,
1998b). These RGS proteins contain a GGL domain
located between their DEP and RGS domains (Table 1;
for RGS7 and RGS9L, see Fig. 1) (Snow et al., 1998b).
The GGL domain is similar to the Gg5 subunit, suggest-
ing that the GGL domain of this RGS subfamily may
interact with Gb subunits (Snow et al., 1998b). Indeed,
RGS6, RGS7, RGS9S, and RGS11 proteins associate
very strongly and with high affinity to Gb5 through their
GGL domains. This association has been demonstrated
when these RGS proteins are expressed in heterologous
cell lines, or when purified from native systems (Snow
et al., 1998b; Levay et al., 1999; Makino et al., 1999;
Posner et al., 1999; Snow et al., 1999). That the RGS–
[GGL]–Gb5 interaction is important physiologically has
been demonstrated recently in the studies of Lester and
colleagues (Kovoor et al., 2000). Coexpression of Gb5
and RGS7 or RGS9L withinXenopusoocytes signifi-
cantly enhanced the acceleration of GIRK channel kinet-
ics greater than that produced by either of these RGS
proteins when expressed alone. It is unclear whether this
enhancement is due to targeting, conformational stabili-
zation, or some other effect of Gb5 on RGS9L biology.
Nevertheless, these studies are consistent with experi-
ments examining RGS4, which does not possess a GGL
domain, yet clearly demonstrate a role for the RGS4
N-terminus in enhancing its GAP activity (Xu et al.,
1999).

The GGL domain: a mediator of conventional ornovel
G protein interactions?A question with regard to these
RGS proteins is whether these proteins interact with
Gab by substituting for Gg, as suggested for theEat-
16–Goa-1interaction (Guan and Han, 1999), and form
conventional Gabg complexes, or interact in some other,
more novel manner. Recent evidence suggests, rather
surprisingly, that the GGL domain-containing subfamily
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of RGS proteins is involved in novel regulatory activi-
ties. In particular, Siderovski and colleagues (Snow
et al., 1998b) have shown that full-length RGS11 in
complex with Gb5 (RGS11-Gb5), or truncated RGS7 in
association with Gb5 (RGS7-Gb5), binds to and is a very
specific GAP for Gao. Similarly, very specific GAP
activity toward Gao is detected readily with RGS7-Gb5
or RGS6-Gb5 (Posner et al., 1999); in these assays,
RGS6 and RGS7 did not act as a GAP for Gai1–3, Gaq,
Gas, Gaz, or Ga12. However, in another study, the
incubation of full-length RGS7 with Gb5 preventedthe
association of RGS7 with Gao; GAP activity of RGS7
toward Gao was not measured (Levay et al., 1999).
Gilman and colleagues (Posner et al., 1999) point out
that, in addition to not performing GAP assays, com-
plexes of RGS7-Gb5 with Ga0 were not demonstrated
(Levay et al., 1999). This omission is significant: the
GAP activity of RGS6-Gb5 and RGS7-Gb5 is a function
of this complex. RGS7 cannot be dissociated from Gb5
by incubation with an excess of Gao–GDP–AlF4

2 (Pos-
ner et al., 1999). Similarly, purified complexes of
(His6)RGS6-Gb5-Ga-GDP or RGS7-Gb5(His6)-Ga-
GDP are not detected when these RGS proteins are
incubated with Gaq or myristoylated Gao. Thus, RGS6-
Gb5 and RGS7-Gb5 do notform conventional heterotri-
meric complexes with Ga.

Finally, some evidence suggests that RGS7 might
selectively act as a GAP for Gaq-coupled PLC-b signal-
ing. RGS7 attenuates Gaq-PLC-b-induced Ca21 release,
but not Gai- or Gas-mediated adenylyl cyclase signaling
in cells (DiBello et al., 1998; Shuey et al., 1998). How-
ever, Gilman and colleagues (Posner et al., 1999) failed
to observe any RGS7 GAP activity toward Gaq in single
turnover assays. These differences are puzzling, but
these authors did observe that either RGS7-Gb5 or
RGS6-Gb5 is able to inhibit the activation of PLC-b2 by
Gb1g2. This evidence tentatively suggests a novel role
for the RGS-Gb5 complex in brain. Gilman and col-
leagues (Posner et al., 1999) propose that RGS6 and
RGS7 proteins could act as GAPs for Gao, thereby
effectively sequestering Gbg, which would attenuate the
activation of PLC-b2 and terminate inositol trisphos-
phate-induced Ca21 release. Hence, by stimulating the
GTPase activity of Gao, RGS6 and RGS7 may determine
theselectivityof receptors that can activate both Gai and
Gao in brain.

The polyproline (PPr) domain of RGS9L
The C-terminus of RGS9 is alternatively spliced. Al-

ternative splicing produces two forms (both of which
contain the DEP and GGL domains): RGS9S with a short
18-amino acid C-terminus, and RGS9L with an;200-
amino acid C-terminus rich in proline and serine resi-
dues, designated a PPr domain (Table 1; for RGS9L and
RGS7, see Fig. 1) (Granneman et al., 1998; K. Zhang
et al., 1999). Rat and human RGS9L are expressed
exclusively in the striatum (caudate-putamen and nu-
cleus accumbens), olfactory tubercle, and hypothalamus,
regions rich in dopamine terminals. In the rat striatum,

RGS9L is expressed in medium-sized GABAergic spiny
projection neurons that express substance P and dopa-
mine D1 receptors (Burchett et al., 1998b). RGS9L also
appears to be expressed within enkephalin neurons that
express dopamine D2 receptors (S. A. Burchett and M. J.
Bannon, unpublished observation). Thus, in rat, both
populations of GABAergic projection neurons express
RGS9L. RGS9S from rat and human is expressed exclu-
sively in retina (rods and cones) and pineal (Granneman
et al., 1998).

RGS9S.In the vertebrate retina, visual transduction is
initiated when rhodopsin captures a photon and stimu-
lates GDP–GTP exchange on transducin (Gat). Gat-GTP
then activates phosphodiesterase (PDE), and it is PDE
that hydrolyzes cyclic GMP. It is cyclic GMP in the
resting state that holds open the cyclic GMP-activated
channels in ROS membranes. These channels close as
the cyclic GMP slowly declines as hydrolysis of Gat-
GTP occurs. Discrepancies between the Gat GTPase
activity reported from reconstituted systems and that
observed from physiological assays suggested the pres-
ence of an unknown GAP within ROS membranes. Re-
cently, the endogenous GAP for Gat in the retina has
turned out to be an RGS protein, RGS9S (He et al.,
1998). In fact, in ROS membranes of mice lacking
RGS9S, hydrolysis of GTP occurs more slowly than in
ROS membranes from control mice (Chen et al., 2000).

RGS9S in retina exists as a complex with Gb5L, sug-
gesting that it is this complex that is responsible for
accelerating the GTPase activity of Ga t (Makino et al.,
1999; Chen et al., 2000). The processes that lead to the
association of RGS9S with Gat are unclear; however, it
is possible that the RGS9S–[GGL]–Gb5 heterocomplex
associates with Gat in the GDP-bound state. In effect,
RGS9S would substitute for Gg in the G protein hetero-
trimer; however, RGS6-Gb5 and RGS7-Gb5 are not be-
lieved to act as substitutes for Gg (Posner et al., 1999).
The GAP activity of RGS9S toward Gat is potentiated by
PDE (He et al., 1998). Potentiation occurs by PDE in-
creasing the affinity of RGS9S for Gat (Skiba et al.,
1999). Although other RGS proteins are expressed with
the retina that can act as GAPs for Gat, it is RGS9S that
is responsible for the rapid desensitization of Ga t (He
et al., 1998). Specifically, immunodepletion of RGS9S
from ROS membranes results in the depletion of ROS
GAP activity, and only the GAP activity of RGS9S is
enhanced by PDE; other RGS proteins expressed within
the retina, including RGS4, RGS16, and GAIP, arein-
hibited by PDE (Cowan et al., 1998; He et al., 1998).
RGS9S also binds and inhibits retinal guanylate cyclase,
thus regulating the levels of cyclic GMP in the retina
(Seno et al., 1998). The relationship between the inhibi-
tion of guanylate cyclase and the retinal phototransduc-
tion cascade is unclear; however, RGS9S could serve as
a mediator between the PDE and guanylate cyclase sys-
tems.

RGS9L.In contrast to RGS9S, very little is understood
with regard to the function of RGS9L in the striatum or
hypothalamus. Because there is no Ga t expression in the
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striatum or hypothalamus, RGS9L must clearly act as a
GAP for Ga subunits other than Gat. Work to that effect
has clearly demonstrated that RGS9L functions to sup-
press Gai-mediated inhibition of cyclic AMP accumula-
tion and GIRK channel activation (Granneman et al.,
1998; Kovoor et al., 2000). In another study, RGS9L, but
not RGS9S, effectively attenuated signaling through the
Gai/o-coupledm-opioid receptor (Rahman et al., 1999).
Indeed, the Ga target for RGS9L may be Gai and/or Gao
expressed within striatal neurons.

An important question is what are the features of
RGS9L that are involved in mediating the differences in
Ga GAP activity between RGS9S (Gat) and RGS9L
(Gai/o). The answers to this question may partially reside
in the PPr domain of RGS9L. The significance of the
RGS9L PPr domain is that it contains six consensus
PXXP (where P is proline and X is any amino acid; Yu
et al., 1994) motifs that are conspicuously absent from
the C-terminus of RGS9S. PXXP motifs mediate pro-
tein–protein interactions with SH-3, WW, or EVH-1
(EI nabled, VI asp, HI omology 1) domains. An arginine (R)
residue three residues N-terminal to the PXXP motif is
often observed in conferring specificity to these interac-
tions (RXXPXXP; Alexandropoulos et al., 1995). For
example, Src-SH-3-specific binding is mediated by a
seven-amino acid sequence of the sequenceRPLPPLP. It
is interesting that RGS9L contains two consensus high-
specificity class I sites (Fig. 1). Canonical PXXP motifs
are also present in the termini of RGS6, RGS7, and
RGS11. Indeed, the N-terminus of RGS7 has four PXXP
motifs, and one is a class I site (Fig. 1).

What role could the PXXP motifs play in RGS9L
activity? The absence of PXXP motifs in RGS9S sug-
gests that in RGS9L the PXXP motifs are necessary for
an important, albeit unknown, role for RGS9L in neurons
of the striatum and hypothalamus. PXXP–SH-3 binding
occurs within a variety of subcellular structures, such as
synaptic vesicles, the cytoskeleton, and the plasma mem-
brane. The PXXP motifs of RGS9L are likely necessary
for binding RGS9L to SH-3, WW, or EVH-1 domain-
containing proteins. SH-3 domains are found in a variety
of proteins that require rapid recruitment, such as during
the initiation of transcription, transmembrane signaling,
and cytoskeletal rearrangements. For example, the SH-3
domain of the adaptor protein Grb-2 binds to the proline-
rich region of the Ras-activating protein Sos during
growth factor signaling. Binding has other functional
consequences: the GTPase activity of dynamin is en-
hanced upon binding certain SH-3 domain-expressing
proteins to its proline-rich terminus, and the activation of
phosphoinositide 3-kinase-g occurs upon binding to the
SH-3 domain of its 85-kDa subunit. Many PXXP–SH-3
interactions are regulated by phosphorylation. In partic-
ular, phosphorylation of serine/threonine residues has
been demonstrated to inhibit the interaction between Sos
and Grb-2 following receptor activation. These sites of
phosphorylation frequently occur immediately preceding
the proline (PX[S/T]P) in the PXXP motif. The first two
PXXP motifs in the PPr domain of RGS9L occur in

tandem and conform to this pattern (Fig. 1), suggesting
that phosphorylation of these motifs may regulate
RGS9L[PXXP]–SH-3 binding.

It is tempting to speculate that RGS9L binding to
SH-3 domain proteins could rapidly regulate the subcel-
lular distribution of RGS9L, enhance the GTPase activity
of RGS9L toward Gai/Gao, and/or play an important
regulatory role in a neuron-specific process, such as
synaptic vesicle endocytosis (McPherson, 1999). Impor-
tantly, RGS9L in the human putamen and caudate basal
ganglia is expressed within GABAergic projection neu-
rons in a subcellular pattern described as vesicular (K.
Zhang et al., 1999). It is unclear whether this “vesicular”
pattern actually corresponds to synaptic vesicles, al-
though a prominent characteristic of synaptic vesicle
proteins is their possession of PXXP motifs (Linial,
1994). In fact, Baehr and colleagues (K. Zhang et al.,
1999) have observed that this vesicular expression pat-
tern of RGS9L is similar to the labeling pattern for the
dopamine D2L receptor, indicating to these authors that
RGS9L is expressed in GABAergic/D2L neurons. Our
own labeling studies indicate that RGS9L is expressed
within virtually all-medium spiny neurons of the human
striatum (S. A. Burchett and M. J. Bannon, unpublished
observation). The GABAergic/D2L neurons of the human
striatum are the origin of the indirect pathway that
projects to the globus pallidus. It is interesting that trans-
mission through this pathway is increased in Parkinson’s
disease, resulting in hypokinesia.

The PDZ domain and PDZ docking site of RGS12
In contrast to RGS9L, RGS12 and RGS14 are more

widely expressed in human brain, especially in the hip-
pocampus, caudate-putamen, cerebellum, and cerebral
cortex, and some somatic tissues (Snow et al., 1997,
1998a). RGS14 and RGS12 are the largest RGS proteins
discovered to date (;60 and;125 kDa, respectively).
RGS14 and RGS12 possess an array of protein interac-
tion modules that impart the capacity for cross-talk of
RGS12 and RGS14 with Gai, Gao, and Ras and Rap
signaling pathways (Table 1; for RGS12, see Fig. 1).

In brief, RGS12 contains an N-terminal pIhos-
photIyrosine-bIinding (PTB) domain. Although PTB binding
may in some cases be independent of tyrosine phosphory-
lation, PTB domains bind primarily to phosphorylated ty-
rosine residues, such as occur on growth factor receptors
(Forman-Kay and Pawson, 1999). Thus, in the latter in-
stance, RGS12 may cross-link G protein and tyrosine ki-
nase-signaling pathways. C-terminal to the RGS domain
RGS12, RGS14 andLoco contain a tandemly duplicated
region homologous to the RI as- and RI ap-bIinding dIomain
(RBD) of Raf-1 kinase (labeled region “B” by Granderath
et al., 1999; Ponting, 1999). By interacting with Ras or Rap,
RGS12 or RGS14 could regulate MAPK signaling in neu-
rons. Adjacent to the RBD is a 17-amino acid region of
homology with theDrosophila Locogene product (labeled
region “D” by Granderath et al., 1999). The last three amino
acids of the D region have since been identified in other
non-RGS proteins that interact with Gai/o subunits, such as
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the Purkinje cell protein-2 (Pcp-2) and the human LGN
protein, and is labeled the Gai/o-Loco or “GoLoco” motif
(Siderovski et al., 1999). RGS12 and RGS14 also possess a
C-terminal coiled–coil (CC) region that may be involved in
the self-assembly of these proteins into multimeric com-
plexes, or associating RGS12 with the cytoskeleton (Snow
et al., 1997). RGS12 also contains a single PDZ-docking
site (ATFV-COOH) and a single PDZ domain.

The RGS12 PDZ domain is present at the N-terminus
and the docking site at the extreme C-terminus (Fig. 1).
RGS12 is expressed as four isoforms that arise through
alternative splicing. Alternative splicing of the RGS12
N-terminus distributes the PDZ domain to two RGS12
isoforms, RGS126.3 and RGS125.7. [The numbers 6.3,
5.7, 3.7, and 3.1 refer to the sizes (in kilobases) of the
alternatively spliced transcripts of RGS12 in brain (Snow
et al., 1998a)]. RGS125.7 also contains a C-terminal PDZ
docking site. Two other isoforms are also present in
brain, RGS123.7 and RGS123.1. Both contain the RGS
domain without the PDZ domain, but RGS123.1 contains
a C-terminal PDZ docking site. PDZ domains occur as
single or, more frequently, as multiple tandemly repeated
copies. Multiple PDZ domains are present in proteins
that are involved in the clustering of proteins into mul-
timeric receptor- or ion channel–PDZ–protein networks,
particularly at the postsynaptic density. For example, the
PDZ protein GRIP (gI lutamate rIeceptor iInteracting pIro-
tein) has seven PDZ domains and interacts witha-ami-
no-3-hydroxy-5-methylisoxazole-4-propionate receptors
(Dong et al., 1997). This interaction is necessary for
serotonin-induced activation of silent synapses in the
spinal cord (Li et al., 1999). Shank is another PDZ-
containing protein. Shank specifically associates with the
C-termini of group 1 metabotropic receptors via its sin-
gle PDZ domain (Tu et al., 1998). RGS12 associates
specifically with the C-terminal (A/S)-T-X-(L/V-COOH)
motif as found in the interleukin-8 receptor-B (IL-8-RB)
via its PDZ domain (Snow et al., 1998a).

Possible RGS12–IL-8-RB interactions in brain.The
association of RGS126.3/5.7 with the C-terminus of IL-
8-RB is intriguing. IL-8-RB is robustly expressed in
human brain regions where RGS12 is expressed (Xia
et al., 1997). IL-8-RB is also expressed in neuritic
plaques andb-amyloid-positive neurites of Alzheimer’s
tissue (Xia et al., 1997). The deposition ofb-amyloid
triggers the release of interleukin-8 from astrocytes, sug-
gesting that this system could mediate neuron–glia in-
teractions. IL-8-RB has the structural characteristics of a
G protein-coupled receptor, although its cognate G pro-
teins are unknown. Similarly, except for stimulating in-
tracellular Ca21 release, the signaling pathways that IL-
8-RB activates or inhibits in neurons are equally obscure.
It is tempting to speculate that the interaction of the
C-terminus of IL-8-RB with the PDZ domain of
RGS126.3/5.7could regulate RGS126.3/5.7activity, such as
self- or heteromultimerization, GEF or GAP activity,
MAPK signaling, etc. In fact, there are precedents for
such regulation between theb2-adrenergic receptor and
the Na1/H1 exchanger regulatory factor. Agonist bind-

ing to theb2-adrenergic receptor promotes the associa-
tion of its C-terminus with the PDZ domain of the
Na1/H1 exchanger regulatory factor to stimulate
Na1/H1 exchange (Hart et al., 1998). The additional
RGS12 isoforms suggest the possibility of more complex
interactions for these molecules. Specifically, it is un-
clear how stable such RGS126.3/5.7–IL-8-RB interactions
are, but as RGS123.1 contains a C-terminal PDZ docking
site and no PDZ domain, it seems reasonable to suggest
that RGS123.1 could antagonize the interaction of
RGS126.3/5.7 with IL-8-RB by RGS123.1 forming multi-
meric complexes with RGS126.3/5.7. This could occur by
RGS123.1 binding to the C-terminal PDZ docking site of
RGS126.3/5.7. In this instance, RGS123.1 would act as a
dominant-negative bydisrupting the RGS126.3/5.7–IL-
8-RB interaction. Such a precedent for this form of
negative regulation between protein isoforms occurs
with Homer1a and the CC-Homers.The induction of
Homer1a by high-frequency stimulation disrupts the
multimeric complexes of metabotropic glutamate recep-
tors and inositol trisphosphate receptors mediated
through the CC region of the CC-Homers(Xiao et al.,
1998).

The GoLocomotif of RGS12
Although the function of theGoLocomotif in RGS12

and RGS14 has not been functionally evaluated, insight
into the function of theGoLoco motif in these RGS
proteins is demonstrated with Pcp-2 (Luo and Denker,
1999). Pcp-2 binds Gao/i2, but not Gas, in the yeast
two-hybrid screen. Pcp-2 also stimulates the release of
GDP from Gao, suggesting that Pcp-2 is a novel form of
GEF. Although not an RGS protein, Rap1GAP also
specifically interacts with Gao (Jordan et al., 1999).
Interestingly enough, the N-terminus of Rap1GAP pos-
sesses a portion of theGoLocomotif. It is tempting to
speculate that, like Pcp-2, theGoLocomotif may be the
region involved in the association of Rap1GAP with
Gao. The finding that Pcp-2 is a novel GEF for Gao
raises the possibility that theGoLocomotif of RGS12
and RGS14 may also confer Gao binding and/or GEF
activity toward Gao, or possibly other Gao family mem-
bers (Gai or Gaz).

FUTURE DIRECTIONS

The Egl-10, Eat-16,RGS6, RGS7 RGS9S, RGS9L,
and RGS11 subfamily of RGS proteins is particularly
interesting. All members are homologous throughout
their N-terminus containing the GGL and DEP domains.
This homology suggests that these RGS proteins share a
number of common, albeit unknown, regulatory proper-
ties. The GGL domain could allow these proteins to
substitute for Gg; however, evidence for RGS6 and
RGS7 argues against these proteins acting as substitutes
for Gg. To the point, the possession of the DEP and GGL
domains confersnovel regulatory properties to these
RGS proteins that preclude such a simple role. Like the
GGL domain of theEat-16protein, the regulatory prop-
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erties conveyed upon these RGS proteins by their DEP
and GGL domains may be necessary for a form of novel
cross-talk between Gao and Gaq signaling pathways in
brain. RGS6, RGS7, and RGS11 are specific GAPs to-
ward Gao. The role of the GGL or DEP domain, if any,
in conferring this specificity is not immediately clear.
Coexpression of Gb5 with RGS7 or RGS9L enhanced
the acceleration of GIRK channel kinetics, although the
mechanism for the enhancement is also unclear.

C. elegansor S. cerevisiaecould be a valuable system
for the study of these domains. Specifically, because the
N-termini of Egl-10 or Eat-16are most homologous to
the N-termini of RGS7 and RGS9L/S, select mutations
of the DEP or GGL domains ofEgl-10 or Eat-16could
yield important clues to the analogous biological roles of
these domains in the activity of RGS7 and RGS9L in
brain. In fact, genetic studies ofSst2, Egl-10,andEat-16
could provide valuable for identifying novel proteins
and, through homology cloning, their mammalian coun-
terparts that interact with the RGS7 and RGS9L proteins.
Was it not the case that the first RGS protein (Sst2) was
discovered in yeast!

As there are so many RGS proteins expressed in brain,
and even within a given region of the brain (Gold et al.,
1997), gene-knockout studies may not be a practical
approach toward elucidating the biological role of the
RGS proteins. Toward that goal, two-hybrid screens us-
ing the unique domains or motifs as “bait,” e.g., the PPr
domain, may be used to identify the protein targets of
these domains. An alternative, reverse genetic approach,
taking advantage of the unique domain and motifs ex-
pressed within the RGS proteins, would involve the
creation of novel ligands that antagonize or act with
enhanced interactivity toward unique features of the
brain-enriched RGS proteins, or their target proteins
isolated in the two-hybrid approach. Indeed, one N-
substituted PXXP ligand was created that bound to the
SH-3 domain of Grb-2 with 100-fold greater affinity than
the original peptide sequence (Nguyen et al., 1998).
These ligands could be engineered further so that they
cross the plasma membrane for cell-culture studies, or
the blood–brain barrier for studies in animals (Schwarze
et al., 1999). Recent success has been achieved in dis-
rupting specific PXXP–SH-3 interactions in cells. A
dimeric peptide segment of Sos is able to block the Ras
signaling pathway in cells by binding to the SH-3 do-
main of Grb-2 (Cussac et al., 1999).

Another reverse genetic approach could involve the
use of peptide aptamers (peptamers). Peptamers bind
with nanomolar affinity, with specific recognition of their
target protein, and are capable of selectively inactivating
protein function in vivo (Colas et al., 1996). Twenty-
residue peptamers of random sequence are expressed
from combinatorial libraries. Peptamers that bind to a
specific target protein, e.g., the GGL or PPr domain of
RGS7 or RGS9L, are identified with the yeast two-
hybrid screen. Thus, it may be possible to isolate pep-
tamers with high affinity for these domains using this
system. Peptamers or ligands would be valuable as drugs

that selectively block or enhance the biological activity
of particular domains or motifs of the brain-enriched
RGS proteins.
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