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Abstract

Regulators of G-protein signaling (RGS proteins) comprise over 20 different proteins that have been classified into subfamilies on the basis of struc-
tural homology. The RZ/A family includes RGSZ2/RGS17 (the most recently discovered member of this family), GAIP/RGS19, RGSZ1/RGS20,
and the RGSZ1 variant Ret-RGS. The RGS proteins are GTPase activating proteins (GAPs) that turn off G-proteins and thus negatively regulate the
signaling of G-protein coupled receptors (GPCRs). In addition, some RZ/A family RGS proteins are able to modify signaling through interactions
with adapter proteins (such as GIPC and GIPN). The RZ/A proteins have a simple structure that includes a conserved amino-terminal cysteine string
motif, RGS box and short carboxyl-terminal, which confer GAP activity (RGS box) and the ability to undergo covalent modification and interact
with other proteins (amino-terminal). This review focuses on RGS17 and its RZ/A sibling proteins and discusses the similarities and differences
among these proteins in terms of their palmitoylation, phosphorylation, intracellular localization and interactions with GPCRs and adapter proteins.
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he specificity of these RGS protein for different G� proteins and receptors, and the consequences for signaling are discussed. The tissue and brain
istribution, and the evolving understanding of the roles of this family of RGS proteins in receptor signaling and brain function are highlighted.
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1. Regulators of G-protein signaling (RGS proteins)

1.1. RGS proteins and G-protein signaling

G-protein coupled receptors (GPCRs) comprise a superfam-
ily of cell surface, seven transmembrane-spanning proteins that
mediate the physiological actions of a diverse group of stimuli
including odorants, light, Ca2+, hormones, neurotransmitters,
small peptides and proteins [1,2]. GPCRs are functionally cou-
pled to intracellular heterotrimeric guanine nucleotide binding
proteins (G-proteins), which consist of G�, G� and G� subunits.
Activation of the receptor causes a conformational change that
allows it to act as a guanine nucleotide exchange factor (GEF) to
catalyse the exchange of GTP for GDP on the G� subunit, and
this ultimately leads to the propagation of downstream signaling
pathways via regulation of specific effector proteins. G-protein
signaling is terminated through hydrolysis of the bound GTP to
GDP by the intrinsic GTPase activity of the G� subunit. More
recently it has become evident that, in addition to coupling to het-
erotrimeric G-proteins and effectors, GPCRs can interact with
multiple intracellular regulatory proteins that affect the localiza-
tion, conformation and activity of the receptor, as well as serving
as scaffolds to form multimeric complexes with other signaling
proteins [3,4].

RGS proteins were first discovered in the 1990s as a group of
proteins that negatively modulate GPCR signaling [5,6]. These
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extended amino terminus) that are characterized by a very short
(10–11 amino acid) carboxyl terminus [11–13]. One distinguish-
ing feature of this RGS subfamily is the presence of a conserved
cysteine string in the amino-terminal region, which mediates
intracellular localization and protein interactions (Fig. 1). Ret-
RGS also contains a putative transmembrane-spanning domain
in its amino terminus, which is not found in other RZ/A family
members [14]. The RZ/A subfamily displays a selectivity pro-
file for G� subunits that is unique among the RGS proteins, and
the aim of this review is to discuss in detail the RZ/A family
members, with an emphasis on the most recently characterized
member, RGS17.

The first RZ/A member discovered, RGS19 (GAIP), was
found through a yeast two-hybrid screen for G�i3-interacting
proteins [11]. Ret-RGS was originally identified as a GAP for
transducin (G�t) in retina [14]. RGSZ1 (originally named Gz
GAP) was discovered in a search for G�z-specific GAP activity
in crude bovine brain membrane fractions [15]. RGSZ1 cDNA
was cloned and shown to be homologous to GAIP (RGS19) and
Ret-RGS1, and these were categorized together as the RZ/A
subfamily of RGS proteins [16,17]. RGS17, the newest member
of the RZ/A group, is a 210-amino acid protein which was first
isolated from a yeast two-hybrid screen of a chick dorsal root
ganglion library using constitutively active G�o as bait [18].
A subsequent yeast two-hybrid screen of a human brain cDNA
library using a different constitutively active G�o mutant led to
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roteins act as GTPase activating proteins (GAPs) to increase
he hydrolytic rate of the GTP-bound G� subunit to inactivate
t [5]. Thus, RGS proteins are integral components of GPCR
ignaling that accelerate the turn-off rate of G-protein signaling
y 100-fold or greater in in vitro studies [5,6].

There are at least 20 RGS proteins identified in mammals
o date, and these have been grouped into 4 subfamilies accord-
ng to sequence homology (R4/B, RZ/A, R7/C and R12/D) [6,7].

hile all RGS proteins possess a central highly conserved ∼130
mino acid RGS box which is both necessary and sufficient for
AP activity, the flanking regions differ greatly between sub-

amilies and contribute to the diversity of functions observed
etween them. For example, members of the R7/C subfamily
RGS6, RGS7, RGS9 and RGS11) contain a Disheveled/EGL-
0/Pleckstrin homology (DEP) domain that serves as a protein
inding interface, as well as a G-protein � subunit-like (GGL)
omain, that is required to form a stable complex with the
�5 subunit [8,9]. RGS12 and RGS14, which are members of

he R12/D family, both have two additional G-protein binding
omains—the Rap binding domain (RBD) and GoLoco homol-
gy domain at their carboxyl terminus [7,10]. Members of the
ther two RGS subfamilies, RZ/A (GAIP, Ret-RGS, RGSZ1 and
GS17) and R4/B (RGS1-5, RGS8, RGS13, RGS16, RGS18
nd RGS21) have simpler structures wherein the conserved
GS domain is flanked by relatively short amino- and carboxyl-

ermini.

.2. RZ/A family of RGS proteins

Members of the RZ/A family of RGS proteins are small pro-
eins (∼20–30 kDa, except for Ret-RGS that is 45 kDa due to an
he isolation of the first mammalian RGS17 clone [13].
The four RZ/A proteins are encoded by three genes

n mammals—RGS17, RGS19 (encodes GAIP) and RGS20
encodes both RGSZ1 and Ret-RGS), which are located on
uman chromosomes 6, 20 and 8, respectively [19]. RZ/A genes
re the most highly conserved RGS subfamily in metazoans and
re most closely related to the R4/B subfamily which itself may
ave evolved from an RZ/A progenitor [19]. All three genes
ontain multiple introns and are alternatively spliced to yield
ultiple mRNA molecules [12,13,19,20]. The alternative RNA

ranscripts of human GAIP and RGS17 differ only in their non-
oding regions and therefore splice variants of the proteins do
ot exist [13,20]. However, in rodents, GAIP is alternatively
pliced to generate a variant that is amino-terminally truncated
y 22 amino acids [20]. In contrast, alternative splicing of RGS20
roduces at least six mRNAs, which encode protein variants.
hese proteins include RGSZ1 and Ret-RGS (which is iden-

ical to residues 24–241 of RGSZ1 but contains an additional
56 amino-terminal amino acids, Fig. 1) and 4 additional pro-
eins that have yet to be characterized but possess amino termini
hat vary in size, hydrophobicity and the presence of a cysteine
tring [12]. Furthermore, RGSZ1 mRNA contains at least three
ranslational start codons that may account for the heteroge-
eous molecular weight of RGSZ1 that is observed following
urification from bovine brain [12].

RGS17 is highly conserved between species, with the human
roteins having greater than 90% homology to rat, chicken
nd mouse [13]. Furthermore, there is high homology between
GS17 and other members of the RZ/A family (62% with
et-RGS and RGSZ1 and 52% with GAIP) and the similarity
etween members increases in both the 13-amino acid cysteine
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Fig. 1. Alignment of RZ/A proteins. The amino acid sequences of four human RZ/A RGS proteins were aligned using Vector NTI software (Invitrogen) with the
blosum62mt2 matrix. The NCBI consensus RGS box is underlined (Ret-RGS, 258–278; RGSZ1, 111–231; RGS17, 80–200 and GAIP, 86–206) and the cysteine
rich string is outlined in black. Bold region (RGS17, 111–120; GAIP, 115–126) is putative consensus leucine-rich nuclear export sequence.

string region (100% homology with Ret-RGS and RGSZ1, and
85% with GAIP) and the RGS box (91% homology with Ret-
RGS and RGSZ1 and 70% with GAIP) (Fig. 1).

2. RZ/A protein domains-modifications and localization

Although RZ/A proteins consist primarily of an RGS box,
a number of post-translational modifications and interactions
that may contribute to their function have been identified or
postulated.

2.1. Cysteine string motif

The highly conserved cysteine string in the amino-terminus
of RGS17 is a potential site for palmitoylation. Palmitoylation
is a reversible post-translational lipid modification that involves
the addition of palmitate to a cysteine residue through a thioester
linkage [21]. GAIP incorporates [3H] palmitate to a much greater
extent than G� [22], which contains only a single palmitoylation
site [23]. This suggests that GAIP is palmitoylated at more than
one site, most likely on its cysteine string motif [22]. To date,
palmitoylation of other RZ/A members including RGS17 has
yet to be demonstrated.

The function of palmitoylation is not well understood, but
addition of this lipid moiety appears to be involved in mem-
brane association and/or targeting of the modified protein to
specific membrane subdomains. For example, palmitoylation
of p21ras and heterotrimeric G-protein G� subunits enhances
their membrane localization [24,25], while palmitoylation of
non-receptor tyrosine kinases is required for their inclusion into
lipid rafts [21,24]. Furthermore, palmitoylation of G� subunits
can enhance their binding to G�� and limit their sensitivity to
the GAP effects of RGS proteins [25,26].

Because RZ/A family RGS proteins may be extensively
palmitoylated on their cysteine string region, palmitoylation
may be very important for membrane localization and activ-
ity of these proteins (Fig. 2). For example, palmitoylated GAIP
is enriched in the membrane fraction, while GAIP is present in
both membrane-bound and cytosolic pools [22]. Furthermore, it
has been shown that GAIP is associated with endocytic clathrin-
coated buds and vesicles, as well as with vesicles located within
the trans-Golgi network [27–30]. RGSZ1 displays a similar pat-
tern of localization within the trans-Golgi network and this was
abolished in a truncated mutant lacking the first 49 amino acids
(including the cysteine string motif) [31]. This localization sug-
gests a role for GAIP and RGSZ1 (and possibly other RZ/A
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Fig. 2. A model for RZ/A protein signaling. A schematic diagram synthesizes
various aspects of RZ/A protein signaling, interactions, and subcellular localiza-
tion. The RZ/A protein is shown with RGS domain (RGS) and cysteine string
motif (cys); the latter is either palmitoylated (wavy lines) or not. The RZ/A
protein is either localized in nucleus (RGS17) or Golgi and secretory vesicles
(GAIP, RGSZ1). GAIP associates with GIPC, which recruits it to GPCR or tyro-
sine kinase receptors (R2); GAIP also interacts with GIPN, which ubiquiylates
(Ub) G�i protein. Upon activation of GPCR (R*), the RGS protein translocates
to the receptor-G�i-GTP complex and its GAP activity at the G-protein yields
the GDP-bound inactive G-protein. In addition, by association with clathrin-
coated endocytotic vesicles (bold circles) the RGS protein helps to maintain the
G-protein in the inactive GDP-bound state. See text for details.

family members) in maintaining G-proteins in an inactivated
state during vesicular trafficking and internalization, and pos-
sibly in vesicle trafficking, which is known to be regulated by
heterotrimeric G-proteins [32–34].

To examine the subcellular distribution of RGS17 protein,
an antibody to mouse RGS17 (RGSZ2) was generated that
specifically recognized RGS17, but did not bind to RGS-GAIP,
RGSZ1, RGS2 and RGS4 [13]. A single endogenous RGS17
species that migrated at ∼27 kDa was detected by Western blot
in neuronal (raphe RN46A, septum SN48) and neuroendocrine
cells (pituitary tumor cell GH4C1), but not in HEK293 cells
[13] (Mao et al., unpublished data). By subcellular fractionation
we found that unlike other RZ/A members, RGS17 is predomi-
nantly localized to the nucleus of cells (Mao et al., unpublished
data). Deletion of the N-terminal domain of RGSZ1 enhanced
its nuclear localization, suggesting that differences in the N-
terminal domains of these RZ-RGS proteins may lead to specific
localization [31]. While RGS17 is predicted to be nuclear, no
consensus nuclear localization signal was identified. However,
there is a putative nuclear export sequence or leucine-rich motif
[31] embedded in the RGS domain of RGS17 (Fig. 1), which
suggests that RGS17 export to the cytoplasm may be regulated.
Furthermore, RGS17 is present in the synaptosomal fraction of
mouse brain [35], hence at least a portion of RGS17 is localized
to cytoplasmic and perhaps membrane structures.

Nuclear localization has been shown for several other RGS
p

RGS12TS-S [39], and RGS9-2 [40]. Two general functions of
nuclear localization have been described: to regulate nuclear
functions (e.g., gene transcription), or to sequester RGS proteins.
In the case of RGS12TS-S, a unique N-terminal domain distinct
from the RGS domain localizes the protein to the nucleus and
mediates repression of transcription at the nuclear matrix. Sim-
ilarly, nuclear localization signals at the N-terminal domain of
RGS3T target it to the nucleus where it augments apoptosis [37].
For RGS9-2, a proline-rich carboxyl-terminal domain and inter-
action with G�5 are necessary for its partial nuclear localization,
and transfected RGS9-2 can weakly regulate preprotachykinin
A gene transcription [40]. In other cases (especially for small
RGS proteins), nuclear localization appears to sequester RGS
proteins. For example, PKA-induced phosphorylation of RGS10
inactivates its ability to inhibit coupling to potassium channels
at the plasma membrane by promoting its translocation to the
nucleus [38]. Similarly, RGS8 is targeted to the nucleus by its
N-terminal domain, but translocates to the cytoplasm upon G�o
activation to regulate ion channel coupling [41], while RGS2
is recruited to the plasma membrane upon the co-expression of
G�q, G�s, or receptors that couple to these G-proteins [42]. In
the case of RGS17 the function of nuclear localization is unclear,
but our preliminary data suggest it may translocate to the mem-
brane upon receptor/G-protein activation. However, RGS17 may
also have roles in regulating nuclear function or signaling.
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.2. Phosphorylation

RGS17 contains a number of serine and threonine residues
hat meet the criteria as potential phosphorylation sites for pro-
ein kinase C (PKC, six sites) and casein kinase 2 (CK2, three
ites) [13], suggesting that phosphorylation of RGS17 may be
nvolved in its function and/or regulation. A number of these sites
re conserved among the other RZ/A family members and phos-
horylation of GAIP is detected in rat liver extracts, in part due to
lathrin-coated vesicle-associated CK2 [43]. GAIP is also phos-
horylated by PKC and ERK1/2 (but not PKA or p38 MAPK)
n human colon cancer HT-29 cells [44]. Functionally, ERK2-

ediated phosphorylation of Ser151 of GAIP (which lies within
he RGS box) leads to an increased rate of GTP hydrolysis for
�i3 [44]. Ser151 is conserved among all four RZ/A family
embers suggesting this may be a putative ERK phosphoryla-

ion site in all RZ/A proteins.

. RZ/A protein interactions and signaling

There is increasing evidence that the cellular functions of
GS proteins (including RZ/A proteins) may extend beyond

heir GAP activities, and can involve interactions with receptors
r intracellular signaling proteins (for review see Abramow-
ewerly et al. [7]).

.1. GIPC

GAIP contains a PDZ (PSD-95/DLG/ZO-1) binding motif at
ts extreme carboxyl terminus which was found to interact with
he novel 36 kDa PDZ domain-containing protein, GIPC (GAIP-
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interacting protein, C terminus), in a yeast two-hybrid screen
using a rat pituitary cell cDNA library [45]. The PDZ binding
motif is unique to GAIP among the RZ/A family members sug-
gesting that this interaction may be specific for GAIP. GIPC is a
highly promiscuous protein with multiple membrane-associated
protein binding partners including GPCRs (D2 and D3 dopamin-
ergic, �1-adrenergic and lutropin receptors), receptor tyrosine
kinases (IGF-1, Trk-A and TGF-�III receptors), the Glut-1 glu-
cose transporter, semaphorin F and �6 integrin [29,46–55]. Pro-
teins with PDZ domains have multiple roles including the forma-
tion of protein complexes at the plasma membrane, and spatially
clustering and anchoring transmembrane proteins within spe-
cific subcellular domains [56,57]. GIPC in particular has been
shown to play important roles in organising signaling cascades
and anchoring proteins into subcellular compartments [51].

The role of the GIPC-GAIP interaction was initially thought
to facilitate palmitoylation of the RGS protein, since GIPC
contains an acyl carrier protein domain that is an acceptor
motif for acyl moieties (including palmitate) [45]. However,
it is now known that GIPC functions as a scaffolding pro-
tein that links GAIP to form complexes with other signal-
ing molecules including G-proteins, GPCRs, the NGF receptor
TrkA and the IGF-1 receptor [29,49–53]. The formation of these
complexes mediates the GAP activity of GAIP, regulation of
endocytic trafficking, and cross-talk with other signaling path-
ways [7] (Fig. 2). The TrkA receptor forms a complex with
G
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its G� substrate. This putative mechanism would represent a
unique function for RGS17, RGSZ1 and GAIP in the degrada-
tion of G� subunits, thereby providing an additional mechanism
by which this RGS subfamily is able to attenuate G-protein
signaling.

3.3. Superior cerival ganglia, neural specific 10
(SCG10)

RGSZ1 was found to interact with a neuronal growth-
associated protein SCG10 in a yeast two-hybrid screen [60].
In vitro pull-down experiments confirmed the interaction with
the amino-terminal domain of RGSZ1 (including the cysteine
string region) and immunofluorescence revealed co-localization
of RGSZ1 and SCG10 within the Golgi apparatus in PC12 cells
[60]. SCG10 is a member of the stathmin protein family, which
destabilize microtubule formation. Overexpression of SCG10 in
PC12 cells enhances neurite out-growth, indicating its involve-
ment in neuronal differentiation [61,62]. The functional effect of
the RGSZ1-SCG10 interaction seems to be independent of GAP
activity but appears to inhibit SCG10-mediated disassembly of
microtubules, thus providing a possible link between G-protein
signaling and neuronal development [60].

4. RZ/A-G-protein selectivity
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IPC/GAIP, and overexpression of GIPC reduces coupling of
rkA to MAPK activation [29]. Interaction of GIPC with the C-

erminal of the �1-adrenergic receptor also decreases coupling to
i-mediated MAPK activation [51]. Conversely, the IGF recep-

or/GIPC interaction with GAIP is required for coupling of the
GF receptor to pertussis toxin-sensitive, Gi-mediated stimula-
ion of MAPK, presumably by recruiting Gi to the IGF receptor
53]. Interactions of GIPC with TGF-�III, lutropin receptor
52], HPV E6 protein, neuropilin, and other proteins affect their
ntracellular targeting and degradation, but these appear to be
AIP-independent actions [47,48,54,58]. Thus, GIPC appears

o mediate both GAIP-and G-protein dependent actions, as well
s actions that seem to be RGS- and G-protein independent
Fig. 2).

.2. GIPN

Recently the cysteine string region of RGS17, RGSZ1 and
AIP (but not Ret-RGS) was found to be involved in a novel

nteraction with a 38-kDa integral membrane protein named
IPN (GAIP-interacting protein N terminus) [59]. GIPN is
RING-finger like protein with E3 ubiquitin ligase activity.
biquitylation is a post-translational modification in which
biquitin is conjugated to specific lysine residues in protein tar-
ets, ultimately leading to their degradation or internalization. In
his case the substrate for ubiquitylation by GIPN appears not to
e the RGS proteins themselves, since overexpression of GIPN
n cells did not influence GAIP degradation, but G�i3 whose
alf-life was significantly decreased by overexpression of GIPN
59] (Fig. 2). Therefore, it is possible that the RGS protein acts
s a bifunctional adaptor to bring GIPN in close proximity with
As previously discussed, RGSZ1 was first isolated from
ovine brain as a GAP for G�z, and the RZ/A family was sub-
equently named after this activity. In spite of its relatively low
equence similarity (∼60% amino acid identity [63]), G�z is
onsidered to be a member of the G�i/o family of G-proteins
ased upon this homology and its ability to inhibit adenylyl
yclase and stimulate K+ channels [64,65]. However, it is not
typical G�i/o protein, since it is insensitive to pertussis toxin

nd its expression is limited to retina, brain adrenal medulla and
latelets (compared to the ubiquitous distribution of other G�i/o
roteins) [63]. G�z is also unusual in that it hydrolyses GTP
ery poorly compared to other heterotrimeric G-proteins—its
alf-life of hydrolysis is about 7 min compared to 10–20 s for
ther G�i/o members [66]. This slow intrinsic rate of hydrol-
sis suggests that activated G�z does not turn off immediately
fter receptor activation and implies that an efficient G�z GAP
s a required component of the G�z signaling system. Besides
he RZ/A family members, a number of RGS proteins including
GS4 and RGS10 have been shown to act as GAPs for G�z

67–69].

.1. RZ/A proteins as Gα GAPs

Despite the implication that RZ/A family members are G�z-
elective proteins, the RZ/A family members can bind to mul-
iple G-proteins and their individual G-protein binding profiles
ary between reports. One generally agreed upon fact is that
Z/A family members bind to G�z and, with varying degrees,

o other members of the G�i/o family based on studies using
east two-hybrid, immunoprecipitation and pull-down experi-
ents [11,13,16,22,70]. Binding to G�q has only been observed
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for RGS17 by co-immunoprecipitation [13]. In contrast, no
interaction has been observed with other G-protein subfamilies
including G�s and G�13 [11,13,16,22,71].

RGSZ1 is generally considered to be a G�z selective GAP.
In single-turnover GTPase assays (in which the rate of a sin-
gle catalytic turnover of GTP hydrolysis is examined in G-
proteins which are pre-bound to [�-32P]GTP), RGSZ1 was able
to increase the rate of GTP hydrolysis of G�z up to 400-fold
with nanomolar Km [15–17,70]. In contrast, RGSZ1 displayed
low apparent affinity for isolated G�i1 [17] and high concen-
trations (21 �M) of RGSZ1 had a 5-fold greater effect on G�z
than on G�i2 or G�o [16]. Using the non-hydrolysable G�-
GTP�S combination to quantify RGSZ1 binding confirmed a
100-fold greater affinity for G�z (2 nM) over G�i1 [17]. Sim-
ilarly, in an M2 muscarinic receptor driven steady-state GAP
assay, RGSZ1 increased Gz-GTP hydrolysis with an EC50 of
12 nM [17]. However, recent studies suggest that RGSZ1 does
interact with G�i1 to enhance its single-turnover GTPase activ-
ity, with 20 nM RGSZ1 producing a 3-fold (i.e. 200%) increase
in the rate of GTP hydrolysis [70]. Our own studies [13] show
that 30 nM RGSZ1 increased GTPase activity by about 40% and
110% on free G�i1 and G�o, respectively, with a higher con-
centration producing effects similar to those described by Wang
et al. [70]. In membrane-based steady-state GTPase assays,
RGSZ1 produced comparable GAP effects on receptor-coupled
Gi1, Gi2, Gi3, and Go albeit with a more pronounced effect on
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suring G-protein GTPase activity in cells or tissues. Moreover,
RGS proteins have been found to limit G-protein signals through
mechanisms that do not involve changes in the rate of GTP
hydrolysis, but are otherwise poorly understood [6,7]. Addi-
tional factors, such as GPCRs, effectors, and scaffolding proteins
can have profound effects on RGS protein-G-protein interactions
and thus the final effect of RGS proteins on cellular signaling
can be very different from the suggested selectivity and function
from GTP hydrolysis assays [7]. For the RZ/A subfamily RGS
proteins, effects on G-protein GTPase activities and downstream
signaling are largely similar, although a number of discrepancies
remain apparent.

The downstream actions of RGS17 were examined in
both cAMP accumulation (G�i/G�s) and Ca2+ mobilization
(G�q) assays [13]. These studies revealed that RGS17 blocked
dopamine D2 receptor-mediated inhibition of cAMP accumu-
lation (presumably via Gi/o) but did not have any effect on
G�s-coupled, dopamine D1 receptor-stimulated cAMP accumu-
lation. These data further demonstrate the functional specificity
of RGS17 for Gi/o proteins. Pertussis toxin insensitive G-protein
point mutants were used to elucidate the individual Gi/o proteins
involved and it was found that while GAIP and RGSZ1 blocked
the inhibition of adenylyl cyclase activity by G�i2, G�i3 and
G�z, RGS17 did not significantly interfere with G�z-mediated
inhibition of cAMP accumulation. These results suggest that
in vivo, RGS17 effects on G�i may be more important than
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z [13]. Together, these data suggest that RGSZ1 may func-
ion as a G�z selective GAP and a general inhibitor of signals

ediated via members of the G�i subfamily.
In contrast to RGSZ1, RGS17 appears to be a relatively

on-selective GAP for G�z and other G�i/o proteins in vitro.
or example, RGS17 efficiently increased the rate of GTP
ydrolysis of both G�i and G�o in single-turnover assays [13].
n steady-state M2 muscarinic receptor driven assays, RGS17
ad an appreciable GAP effect on Gi1, Gi2, Gi3, Go and Gz
13]. The size of the effect was lower than that of RGS4 for all
ubunits, however relative to RGS4, RGS17 displayed a slight
reference for G�o and G�z [13]. No RGS17 GAP effect could
e determined on M1 muscarinic receptor stimulated G11 (a Gq
omologue), possibly due to low assay sensitivity, since RGS17
nteracted with Gq and reduced Gq-mediated signaling [13].
AIP has been shown to increase the rate of GTP hydrolysis of
�i1, G�i2, G�i3, G�o, G�z and G�q subunits but does not
ave GAP activity towards G�s subunits [67,71]. Furthermore,
AIP was found to interact more strongly with G�i3 and
�i1 than with G�i2 and this was shown to be the result of a

ingle amino acid substitution (D229 in G�i1 and G�i3, A230
n G�i2) [22,71]. Finally, Ret-RGS, which was discovered
n a screen for a GAP for transducin in the retina has been
hown to be an efficient GAP for both G�z and transducin
14,17].

.2. Actions on downstream signaling

RGS protein GAP effects are typically invoked to explain
heir inhibitory effects on downstream signaling; however, this
sually cannot be verified due to technical limitations in mea-
ts effects on G�z [13]. In Ca2+ mobilization assays, RGS17
as well as GAIP and RGSZ1) blocked thyrotropin releasing
ormone-stimulated Ca2+ mobilization, demonstrating that in a
ellular context RGS17 is able to act on G�q, either as a GAP
r as an effector antagonist (in which the RGS protein interacts
ith the G-protein in a manner that inhibits its interaction with

ts effector) [13].
GAIP has been shown to have inhibitory effects on G�q

ignaling in HEK293 and NG-108 cells [72,73], and also inter-
eres with the negative regulation of adenylyl cyclase by G�i/o
roteins [13,72–74]. Furthermore, in chick dorsal root gan-
lion neurons, GAIP is selective for G�o over G�i in block-
ng norepinephrine-induced inhibition of N-type Ca2+ channel
ctivity [75]. The amino terminus of GAIP seems to confer this
olecular selectivity since a truncated mutant of GAIP (consist-

ng only of the RGS box) had a similar effect on both G�i and
�o pathways [75].
In addition to being a G�z GAP in bovine brain extracts,

GSZ1 also inhibits G�z in pancreatic � cells where it blocks
z-mediated inhibition of glucose-stimulated insulin secretion

76]. The functional activity of RGSZ1 has also been extended to
�i/o proteins in a study of three different functional assays that

ct via pertussis toxin sensitive G�i/o proteins: yeast pheromone
esponse, �2A adrenoceptor-induced MAP kinase activation,
nd dopamine D2 receptor-stimulated activation of the serum
esponse element were inhibited by RGSZ1 [70]. RGSZ1 also
locked D2 receptor-mediated inhibition of cAMP accumulation
ediated by G�i2 and G�i3 [13]. Thus, despite being relatively

elective for Gz in vitro, RGSZ1 can also block G�i/o signaling
ither via its GAP activity for G�i/o proteins or possibly via
lternative mechanisms, such as effector antagonism.
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4.3. Receptor selectivity

It has been established that RGS proteins can display selectiv-
ity for GPCRs such that their effects on an individual G-protein
can differ depending on the receptor to which that G-protein is
coupled. For example, RGS4, RGS1 and RGS16 block G�q-
mediated M3 muscarinic receptor-stimulated Ca2+ mobilization
roughly 30-, 1000- and 100-fold, respectively, more potently
than they block the same response mediated via cholecystokinin
receptors [77].

There is some evidence that RZ/A family members may dis-
play receptor selectivity in their actions on G-proteins. Despite
the fact that GAIP has GAP activity on purified G�i1, G�i2,
G�i3 and G�o, GAIP was able to increase the rate of hydrolysis
by G�o but not the others when these proteins were expressed as
fusions with the �2A-adrenoceptor [78]. These data suggest that
this receptor may limit at least some GAIP-G-protein interac-
tions. Another factor may be that accessory proteins are involved
in mediating receptor selectivity. For example, the inhibitory
actions of GAIP on dopamine D2 receptor signaling required
the scaffolding protein GIPC that acts to recruit GAIP into a
plasma membrane complex that includes GIPC and the recep-
tor [49]. Since GIPC is able to bind to dopamine D2 and D3
receptors, but not D4 receptors, this may result in the selective
targeting of GAIP to certain receptor subtypes and pathways in
vivo [50].
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upon subsequent morphine challenge [35]. A recent study using
recombinant mouse GAIP and opioid receptors in COS-7 cells
suggested that GAIP blocks the inhibitory effect on adenylyl
cyclase activity of the ORL1 (opioid receptor-like 1) receptor
but not �-, �- or �-opioid receptors [74]. Taken together these
studies suggest different receptor specificities of RZ/A proteins,
but the precise mechanisms for this specificity vary, and can
involve RGS interactions with adapters like GIPC, or unknown
complexes that are receptor selective. To date there is no evi-
dence for direct interactions of RZ/A proteins with receptors.

5. Tissue and subcellular distribution of RZ/A proteins

In order to provide insight into RGS17 function in vivo, we
examined the distribution of RGS17 mRNA in human tissues by
Northern blot [13]. Our study showed that RGS17 is expressed
in both human CNS and peripheral tissues, which is consistent
with its GAP activity towards multiple G� subtypes that are
widely distributed in these tissues. Thus, RGS17 mRNA was
expressed as a single ∼2 kb transcript at a low level in a vari-
ety of human peripheral tissues with higher levels in spleen,
lung and blood leukocytes (Fig. 3, lanes 6, 11, 12). The size of
this transcript is similar to the 1.8-kb RGSZ1 [16,17] and the
1.6-kb RGS-GAIP [11]. By contrast, at least five RGS17 tran-
scripts were found in the brain. A similar pattern of RGS17
transcripts was observed in various brain regions with three
d
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Members of the RZ/A family of RGS proteins modulate
pioid receptor function in the CNS and display receptor
electively towards �-opioid receptors over �-opioid receptors
35,79–81]. Studies using antisense oligonucleotides directed
gainst RGSZ1 and RGS17 demonstrated that impairment of
he expression of these proteins augmented the antinocicep-
ive response to morphine (a �-opioid receptor agonist) but
ot to [d-Pen2,5]-enkephalin or [d-Ala2] deltorphin II (�-opioid
eceptor agonists) [35,81]. This potentiation led to increased
olerance to subsequent doses of morphine [35,79,81], imply-
ng that the association of RGS17 with G�z may contribute to

orphine tolerance by preventing �-opioid receptor signaling

ig. 3. Northern blot of RGS17 RNA in human tissues. Northern blotting was
robe; see Mao et al. [13] for details. Clontech blot (#7780-1) of human 12 tiss
pleen; (7) kidney; (8) liver; (9) small intestine; (10) placenta; (11) lung; (12)
resent in most tissues; in brain, additional RGS17 species were observed, inclu
ominant bands at 8 kb, 3 kb and 2 kb [13]. Throughout the
NS the 8-kb RGS17 transcript was expressed most abundantly

n the cerebellum. Consistent with this, quantitative RT-PCR
tudies also show that RGS17 is most strongly expressed in
uman cerebellum, nucleus accumbens and parahypocampal
yrus [82]. The presence of multiple RGS17 RNA transcripts
n brain, as anticipated, yielded only a single RGS17 protein
pecies as detected by Western blotting (Mao et al., unpub-
ished). The exact structure of the 8-kb brain-specific transcript
emains unclear. However, as noted above, brain cDNA had only
single 5′-untranslated and coding region [13] suggesting that

he additional sequence in the 8-kb RGS17 RNA species may be

rmed using human cDNA of RGS17 open reading frame labeled with 32P as a
1) brain; (2) heart; (3) skeletal muscle; (4) colon (no mucosa); (5) thymus; (6)
heral blood leukocyte. Shown is the major 2-kb RGS17 RNA species (arrow)
a predominant 8-kb band.
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located at the 3′-untranslated region. We did not detect evidence
of an amino-terminal extension as observed for Ret-RGS/RGS-
Z1. Alterations in the 3′-untranslated sequence of RGS17 RNA
may regulate the subcellular localization or stability of the longer
RNA species, but this remains to be tested.

In contrast to RGS17, RGSZ1 is expressed exclusively
throughout the brain [16,17,82] and in female sexual organs
[12], while RGS-GAIP is highly expressed in lung, heart, pla-
centa, and liver and to a lesser degree in brain, skeletal mus-
cle, pancreas, and kidney [11]. Our study showed that RGS17
is expressed in both human CNS and peripheral tissues [13]
(Fig. 3), which is consistent with its GAP activity towards
multiple G� subtypes that are widely distributed in these tis-
sues. Immunohistochemistry revealed that RGS17 is expressed
throughout the rat CNS, but is most abundant in the granule
and Purkinje cell layers of the cerebellum and weakly expressed
in the molecular layer (Mao et al., unpublished). In addition,
RGS17 is enriched in mouse periaqueductal gray area, where
it negatively regulates �-opioid receptor mediated analgesia
[35,79]. In cerebellar Purkinje cells, RGS17 was localized pri-
marily to the nucleus, as observed in cultured cells (Mao et al.,
unpublished). Localization of RGS17 mRNA and protein in the
cerebellum suggests a role in regulating Gi-mediated signal-
ing particularly in cerebellar granule and Purkinje neurons in
which RGS17 is most strongly expressed. Recently PDZ-RGS3
was found to interact with Ephrin-B C-terminal, and shown to
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