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Abstract

The standard model of signal transduction from G-protein-coupled receptors (GPCRS) involves guanine nucleotide cycling by
heterotrimeric G-protein assembly composed of, GB, and Gy subunits. The WD-repedi-propeller protein @ and the alpha-helical,
isoprenylated polypeptide fare considered obligate dimerization partners; moreover, conventigdlh@terodimers are considered
essential to the functional coupling obkGubunits to receptors. However, our recent discovery ofa inding site (the G-like or “GGL”
domain) within several regulators of G-protein signaling (RGS) proteins revealed the potential for functional @R©ORBNg in the
absence of a conventionalyGubunit. In addition, we posit that the interaction betweegdb@oforms and the GGL domains of RGS
proteins represents a general mode of binding betvwBepropeller proteins and their partners, extending beyond the realm of G-protein-
linked signal transduction. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction differentiation. One major class of signal transduction path-
ways is that controlled by heterotrimeric “G-proteins”
Signal transduction controls a wide variety of cellular [1-3]. Loss-of-function and gain-of-function mutations to
activities, ranging from release of hormones and neurotrans-GPCRs and downstream regulators cause a variety of hu-
mitters, modulation of transmembrane ion flux, and activa- man diseases, including vision pathologies such as retinitis
tion or repression of gene transcription, to integrated re- pigmentosa [4,5] and endocrine disorders such as pseudohy-
sponses of cellular survival, proliferation, and poparathyroidism and McCune-Albright syndrome [6-9].
Whooping cough and fatal diarrhea, characteristic of infec-
_ tion by Bordetella pertussisnd Vibrio cholerae respec-
* Corresponding author. Tel.:+1-919-843-9363; fax:+1-919-966- . . . ..
5640. tively, are caused by direct effects on G-protein activity
E-mail addressdsiderov@med.unc.edu (D.P. Siderovski). catalyzed by pathogen-produced exotoxins [10,11]. Pertur-
Abbreviations: DEP, dishevelled/EGL-10/pleckstrin-related domain; bation of G-protein signaling is also central to the actions of
DH, dbl-homology domain; GAP, guanosine triphosphatase-activating pro- many drugs, from anti-asthmatics and anti-hypertensives to
tein; GEF, guanine nucleotide exchange factor; GGL, G-gamma-like; anti-depressants and anti-psychotics [12,13]. Thus, a better

GIRK, G-protein-gated inwardly rectifying potassium channel; GPCR, . . .
G-protein-coupled receptor; G protein, guanine nucleotide binding protein; underStandmg of the molecular maChmery underlylng G-

GTPase, guanosine triphosphatase; mAChR, muscarinic acetylcholine re-Protein-coupled signal transduction is key to its continued
ceptor; MAPK, mitogen-activated protein kinase; PDE, phosphodiesterase; exploitation for drug discovery and the amelioration of
PDZ, PSD-95/Discs-large/Z0O-1 related domain; PH, pleckstrin-homology human disease.

domain; PI3Ky, gamma isoform of phosphoinositide 3-kinase; PBC- In the “standard” model of heterotrimeric G-protein sig-
beta isoform of phospholipase C; PTB, phosphotyrosine-binding domain; . .

RACK1, receptor for activated C kinase type-1; RBD, Ras-binding do- nal transduction, serpeptlne ceII-surche QPCRS are'coupled
main; RGS, regulators of G-protein signaling; and SAPK, stress-activated {0 @& membrane-associated, heterotrimeric G protein com-

protein kinase. posed ofa, B, and vy subunits (Fig. 1A). Upon binding
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Fig. 1. (A) Standard model of GDP/GTP cycle governing activation of heterotrimeric G protein-coupled signaling pathways. Ligand-occupiéateell-su
receptors stimulate signal onset by acting as GEFs tos@units, facilitating GDP release, the subsequent binding of GTP, and release ¢hthuknter.

RGS proteins stimulate signal termination by acting as GAPs tos@units, thereby accelerating their intrinsic rate of GTP hydrolysis. (B) Possible modes
of signaling and desensitization by axGGB5/RGS9-coupled m2-mAChR. The DEP domain within thB58RGS9 heterodimer may serve to facilitate
membrane recruitment in the absence of a conventional, lipid-modifiesLiBunit. Akin to conventional @y subunits, the B5/GGL moiety may associate
with inactive, GDP-bound &,; this association would presumably preclude any binding @f @ith the RGS box as both binding events involve the same
regions on the G subunit [14,15]. Upon carbachol binding, receptor-catalyzed guanine nucleotide exchange would syiitto e active, GTP-bound
state, releasing the 5/GGL moiety to stimulate either conventionaBg-effectors or novel effector proteins. GAP activity of the RGS-box within the
GB5/RGS9 heterodimer would revert the system back to ground state (GDP-bagnall@wing rapid “re-interrogation” of receptor status and thus avoiding
diffusional limitations to rapid signal kinetics [3,16].

extracellular ligand, the GPCR becomes a GEF through dissociation from @vy. Both GTP-bound @ and free By
conformational changes in its intracellular loops, thus pro- subunits initiate signals by interactions with downstream
moting replacement of bound GDP for GTP on the G effector proteins, until the intrinsic GTPase activity ofeG
subunit [17]. The binding of GTP changes the conformation returns the protein to the GDP-bound state (Fig. 1). Reas-
of three “switch” regions within @ [18,19], allowing its sociation of @y with GDP-bound & obscures critical
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effector contact sites [20,21], thereby terminating all effec- structure of @ and by forming a parallel coiled-coil with
tor activations. In this manner, therefore, the duration of the G3 N-terminus (Fig. 3B). We hypothesized a similar
heterotrimeric G-protein-coupled signaling is controlled by role for the GGL domain in binding & subunits. Indeed,
the lifetime of the G-proteinx subunit in the GTP-bound  using in vitro co-translation/immunoprecipitation assays,
state. we demonstrated robust and selective binding of RGS6,
The recent discovery of the “regulators of G-protein RGS7, and RGS11 to the neurospecifig33ubunit (and its
signaling” or RGS proteins [22-25] has added several new retinal-specific isoform @5L); deletion, point mutation,
levels of complexity to this standard model of GPCR sig- and domain-swapping experiments have since confirmed
naling [16]. At the simplest level, RGS proteins act via their the essential role of the GGL domain t@8& binding [43,
hallmark, alpha-helical RGS-box [14,26,27] to accelerate 54 55].
the intrinsic GTPase activity of & subunits [28-30] and Specific formation of B5/RGS heterodimers is also
thus attenuate signals derived from GTP-bounda@d free  readily detectable after subunit co-expression in COS-7 and
GpBy subunits (Fig. 1A). While small RGS proteins such as sfg cells, with PB5/RGS6, B5/RGS7, and B5/RGS11
GAIP, RGS1, GOS8/RGS2, and RGS4 encompass little heterodimers purified from the latter expression system ex-
more than an RGS-box [31-33], other RGS proteins are pipjting selective GAP activity toward &, in vitro [43,54,
composeq of multiple domains which b_estow addltlo_nal 56]. Subsequent reports from several groups [55,57-59]
functionality. As one example, F-subfamily RGS proteins  gescriping the existence of native8&/RGS heterodimers in
[34], typified by p115-RhoGEF [35] and PDZ-RhOGEF ) ain and retinal tissue, as well as our own mutagenesis and
[36], bear DH and PH domains C-terminal t0 ax{z,s molecular modeling studies [54], support the notion that the

specific RGS-box; these proteins not only accelerate gs/561 complex is a structural analogue of conventional

%?12{[13GTPaseF?gg 'Ey’ but also act ct:)orltc;c_)rmplte;_ntlyla?G GpBy dimers and, as such, its formation excludes concomi-
effectors, since -box occupancy by stimulates -0t pinding of a G subunit to G85.

the guanine-nucleotide exchange activity of the DH/PH
tandem directed toward the monomeric G-protein Rho [36,
37]. The D-subfamily members, RGS12 and RGS14, are
also presumed to play a role in coordinating cross-talk
between heterotrimeric and Ras-superfamily G-proteins
[38], given the recent identification of putative Ras-binding bi
(RBD) and novel &-binding (GoLoco) domains within
both RGS proteins [39—-41], as well as PDZ [30] and PTB
domains [16,42] unique to RGS12. However, the most rad-
ical affront to the standard model of GPCR signaling has
come from the identification of the like or “GGL” do-

3. The true partner for G B5?

The discovery of C-subfamily RGS proteins as avid
nding partners for 85 brings into question the relevance
of recent research exploring the signaling capacity 86G
in complex with conventional § subunits. In their papers
describing the original identification of @ and G35L,
Simon and colleagues [60,61] suggested thaR G the

main within the C-subfamily RGS proteins [43]—a discov- most likely d.imerization_ partner for both /& isoforms.
ery that has presaged not only the existence of novel G_However, this suggestion was based not on the frank

protein subunit assemblies but also a potentially universal 'S0lation of G85/Gy2 dimers, but solely on an indirect
mode of interaction wittB-propeller proteins measurement of conventionalBg dimer activity: the
stimulation of PLCB2 phospholipase activity [62] upon

cellular co-transfection of €2 and @35 cDNAs. G35/
2. Discovery of the GGL domain and its binding Gy2 co-transfection can also cause othegdike ef-
partner, G 5 fects, such as the modulation of adenylyl cyclase activity
[63,64] and the inhibition of N-type calcium channels
In a continuing effort to identify and characterize novel [65.66], but cannot activate MAPK/ERK or JNK/SAPK

RGS family members, we cloned the hunR6S11cDNA signaling pathways [67] presumably because of an inabil-
and performed a detailed bioinformatic analysis of its en- ity to activate PI3Ky [68].

coded polypeptide sequence. Between N-terminal DEP [44] ~ The observation that £5/Gy2 co-expression elicits only
and C-terminal RGS-box domains, we observed a 64 ami- @ subset of conventional@% activities has been interpreted
no-acid region with striking similarity to G-proteip sub- ~ as reflecting the uniqueness ofg& which shares only
units [43]. This GGL domain was also noted to be present ~50% sequence identity with the other fouBGroteins

in the related RGS proteins RGS6, RGS7, RGS9, and [60]. We suggest an equally plausible explanation: ti$/G
EGL-10 [43] (Fig. 2), denoted the “C-subfamily” by Far- Gvy2 heterodimer formed upon over-expression of both sub-
quhar and colleagues [34]. In the standard model of hetero-units is an unnatural and weakly-associated heterodimer that

trimeric G-protein assembly, conventionaly Gubunits ex- only inadvertently affects some conventiongB-{effector
ist as extended alpha-helical polypeptides that form tightly- systems.
held heterodimers with @ subunits [51], both by While Simonds and colleagues have shown tha2/G

interacting with the bottom of the WD-repegtpropeller Gp5 co-transfection increases36 protein levels in COS-7
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RGS6 254 RKTTKEDQ TFENAQ 317
RGS7 251 KPPTE] YWQIQ . 314
RGS9 215 OQKQTVVASIENMMYYQQAIA, 278
RGS11 219 MTKSAEFHE EYFRKAIf. 282
EAT16 200 RRQNAQGYHICLUDRMRFA 264
EGL10 330 CTQVQ| QIANSR| 401
dRGS7 425 AEKNPV LRKQK 488
CG7095 417 KRKTVpPDUQIADWDYAGKS 480
CG18511 7 QNMDR| 72
CG15844 779 MAANLQQQRISINLQ RREWE R 844

Gy2 5 NTASIAQAN LWEQ KMEANID. RISQUSIHAAAD R R 71
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Fig. 2. Multi-domain structures of C-subfamily RGS proteins Bndnelanogasteopen-reading frames containing the GGL domain, and comparison of GGL
domain polypeptide sequences to the conventionas@unit, Gy2. RGS6, RGS7, RGS9, and RGS11 are mammalian proteins [43], EAT16 and EGL10 are
C. elegangproteins [25,45], dRGS7 is derived frobv melanogastef46], and CG7095, CG18511, and CG15844 are predicted open-reading frames from
theD. melanogasteGenome Project [47]. DEP, Dishevelled/EGL-10/Pleckstrin domain [44]; Pfam-B2463, block of conserved polypeptide sequence definec
in the Pfam database [48]; GGLy@ike domain [43]; RGS, regulator of G-protein signaling alpha-helical bundle [14,23]; KISc, kinesin motor catalytic
domain [49]; wavy line, site of potential isoprenylation on the C-terminus of CG15844. Regions wijBinf@lpha-helical secondary structure, as assigned

by crystallographic structure determination [50], are denoted byrtegmbol below the primary sequence. The position of isoprenylated cysteine residue
within Gy2 (and predicted for CG15844) is indicated by a black arrowhead. Asterisk (*), C-terminal end of polypeptide chain.

cells, compared to transfection with3& alone, no co-immu-  reflecting a higher affinity of the RGS protein fogg. (Com-
noprecipitation data were presented [67]. We have chronicledpetition between @2 and GGL domains for @6 association

our inability to isolate B5/Gy2 heterodimers in co-transfec- could explain the ability of RGS6 and RGS11 to antagonize
tion/co-immunoprecipitation experiments [43,54], presumably GB5/Gy2-mediated inhibition of N-type calcium channels
due to the profound detergent sensitivity of th@5B5y2 [66]; by use of RGS6 and RGS11 missense and deletion
complex that is not apparent for either conventiongdyG  mutants, we have shown that this antagonism is dependent
dimers or @5/GGL complexes [54,69]. By accounting for upon the GGL domain [66].) Second, immunoprecipitation
such detergent sensitivity, the laboratories of Garrison andand mass spectrometry experiments have failed to reveal the
Nirnberg have described the purification of%sGy2 het- existence of native @6/Gy2 heterodimers within brain and
erodimers from baculovirus-mediated Sf9 cell expression [68, retinal tissues, but have detected nati@5RGS dimers [57,
70,71]; this recombinant @5/Gy2 protein activates PLB2 59,69,72]. Finally, genetic ablation of tR&GS9ocus results in

in vitro, consistent with previous cell-based co-expression ex- the loss of detectable 5L protein in the mouse retina [73].
periments [60,61,67]. However, several lines of evidence in- This is consistent with observations from our group [54] and
dicate that the B5/GGL complex forms much more readily others [72] that expression of5 in COS-7 cells dramatically
than the B5/Gy2 complex. First, co-translation studies have increases the protein levels of co-transfected RGS6 or RGS7
demonstrated that the formation of 8&GGL complex oc- and vice versa; collectively, these results suggest that stable
cursin vitro even if the RGS protein is added to the reticulo- vivo expression of B5 isoforms requires complex formation
cyte lysate after B5/Gy2 dimer formation [55], presumably  with C-subfamily RGS proteins.
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Fig. 3. Sequence and structural similarity betweensBbunits, GGL domains, and the N-terminus of PDE4D5. (A) Representative GGLyarddBences

(from RGS11 and &1, respectively) are aligned with the N-terminus of PDE4D5 shown to be necessary for interaction with RACK1. Conserved regions
are highlighted with black boxes, and residues within PDE4D5 that, when substituted by alanine, abrogate binding to RACK1 [52] are denotedsby asteris
(B) Structural model of the interaction between RACK1 and PDE4D5 based upon ghglGlimer (PDB Accession Code 1TGB). A reasonable
three-dimensional profile of the model was confirmed using the VERIFY function within INSIGHT (Molecular Simulatiofisan@ PDE4D5 N-terminus

are colored red, and and RACK1B-propellers are colored yellow; the surfaces residues withirgtpeopeller structures found withi4 A of the Gy or

PDE4DS5 polypeptide are shaded pink. (C) Proteins containing WD repeats are highly abundant in eukaryotic genoi@asr{erbabditis eleganand
Saccharomyces cerevisjaelative to more-thoroughly studied structural domains [53].

4. The true function of GB5/RGS complexes? bound Gx [43,56]. However, a role for B5/RGS dimers in
facilitating receptor/@& coupling is suggested by the recent
If the truein vivo partners for 85 isoforms are GGL  findings of Harden and colleagdethat the G85/RGS9
domain-containing RGS proteins, what function(s) in heterodimer can support association atGvith phosphe
GPCR signaling is performed by these novel heterodimers?lipid vesicles and agonist-stimulated nucleotide exchange
The RGS-box contained within such heterodimers has de-on Ga, by m2-mAChRs (Fig. 1B). Such facilitation of
monstrable GAP activityn vitro toward Gy, (in the case of receptor GEF activity could explain the accelerated kinetics
RGS9 [57]) and @&, (in the case of RGS6, -7, and -11 of coupling of the m2-mAChR to GIRK channels that
[43,56]); thus, a potential role for @5/RGS complexes in  Lester and colleagues have observed upon co-expression of
accelerating GPCR signaling deactivation by enhancing GB5 with RGS7 or RGS9 irXenopusoocytes [74].
GTP hydrolysis can be predicted and, indeed, has been It is currently unclear what molecular mechanisms un-
observed recently in reconstituted mAChR systems [72,74]. derlie the apparent discordance between the lack @&f G
Should we necessarily assume, however, that t886/G ~ GDP association with @5/RGS dimers in solution and
GGL portion of such heterodimers exhibits any conven- enhanced G/receptor coupling mediated by85/RGS pro-
tional GBy-like activities? To this point, the predictive teins in phospholipid vesicles and transfected cells. One
value of the “standard” model of heterotrimeric G-protein possibility is a role for the associated, N-terminal DEP
signaling has been poor but not entirely useless. In thedomain [44] in enhancing recruitment of theB&RGS
context of testing whether @5/GGL is an effector activa-  dimer to the membrane (Fig. 1B) and thus overcoming a
tor, Posneret al. [56] have shown that B6/RGS6 and weak affinity for Gx, which prevents detection of G5/
GB5/RGS7 complexes do not share with conventiongyG ~ RGS trimer assembly in solution. There is currently no
dimers the ability to either modulate adenylyl cyclase ac- evidence that 85 or C-subfamily RGS proteins are myr-
tivity or activate PLCB isoforms. (The possibility still istolylated at the N-terminus or lipid-modified at the C-
exists, however, that novel, as-yet-unidentified effectors are terminus in a fashion similar to ¥subunit isoprenylation
specifically targetted by @5/RGS complexes). While gy [75], and so the DEP domain represents a likely membrane-
subunits bind avidly to GDP-bounddzsubunits and thus
facilitate functional coupling of @ to GPCRs, we and
others have reported the inability to form heterotrimeric 1 Gijman AG and Harden TK, personal communication. Cited with
complexesin vitro between @5/RGS dimers and GDP-  permission.
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anchoring module for the B5/RGS complex, especially CG15844 and CG18511, within thBrosophila melano-
given recent reports of a membrane-localizing function for gastergenome [47] that each possess &like polypeptide
the DEP domains of Dishevelled and Epacl [76,77]. An- sequence, yet lack an identifiable RGS-box (Fig. 2). While
other possible means of membrane recruitment is palmitoyl- we have been unable to detect any additional functional
ation of the RGS partner of 8/RGS complexes, similarto  domains within CG18511, the larger CG15844 open-read-
that seen for other RGS family members [32,78]; while ing frame appears to encode a member of the kinesin protein
several candidate cysteine residues are present within C-superfamily, a large collection of ATP-hydrolyzing, micro-
subfamily RGS proteins, there is only one published report tubule-dependent molecular motors involved in both the
to-date regarding palmitoylation at these sites [79]. intracellular transport of vesicles and organelles and the
An additional possible function for 85/RGS dimers is  assembly and movement in meiotic and mitotic spindles
that of Gu effector. Such a function could be transacted by [49]. The GGL domain of CG15844 appears to be much
modulation, upon G association with the RGS-box, of more closely related to conventionalyGubunits, given the
some hitherto-uncharacterized enzymatic activity possessedresence of both an Asn-Pro-Phe (NPF) tripeptide sequence
by C-subfamily RGS proteins, in a manner similar to the (rather than the Asn-Pro-Trp (NPW) tripeptide within all
activation of p115-RhoGEF and PDZ-RhoGEF by G5 RGS-associated GGL domains; [54]) and an apparent C-
subunits [36,37]. G-dependent enzymatic activity might terminal isoprenylation signal sequence (Cys-Ser-lle-Leu;
very well be encoded by the polypeptide sequence foundFig. 2). In contrast, the N-terminal location of the GGL
between the DEP and GGL domains (Fig. 2), an uncharac-domain within the CG18511 open-reading frame presum-
terized region which is well-conserved among C-subfamily ably precludes isoprenylation of the Cys-69 residue even
RGS proteins (Pfam-B-2463; Ref. [48]). Two additional though itis conserved in position relative to the NPW motif
models of effector function have been proposed by Guan (Fig. 2). We are currently testing whether either GGL do-
and Han [80] to explain the function i€aenorhabditis main binds theDrosophila homolog of mammalian @5
elegansbehavioral circuitry of the C-subfamily RGS pro- (i.e., CG10763; GenBank Accession No. #AAF46336), but
tein EAT-16. Egg-laying by the nematode. elegansis other G3 subunits orB-propeller proteins are equally likely
accelerated by signaling viadg and inhibited by signaling  binding partners.
via Ga,, in genetic studies, Koelle, Sternberg, and-col The strongest evidence supporting our contention that
leagues [45] found that loss of theofzspecific RGS the GGL domain is a modulaB-propeller binding unit
EAT-16 can suppress behavioral phenotypes caused bycomes from the recent report by Bolger, Houslay, and col-

transgenic expression of activatedr(s This finding pre leagues describing the interaction between RACK1 and
sents the possibility that EAT-16 might be a direct effector PDE4D5 [52]. RACK1 like @B subunits, contains seven
for Gag-mediated inhibition of &, such that &, activa WD-repeats and, when expressadvitro, exhibits hydro-

tion somehow increasesdspecific GAP activity of the  dynamic properties and trypsin resistance highly suggestive
EAT-16 RGS-box. Guan and Han envision two possible of a GB-like B-propeller structure [82]. PDE4DS represents
scenarios: (i) the binding of GTP«g to EAT-16 activates  an isoform of cyclic AMP-specific phosphodiesterase de-
the Gag-specific RGS-box, or (i) the release of EAT-16 rived from the humafPDE4D gene; this isoform encodes a
from a GPCR/GDP-G/GB5/EAT-16 complex upon re unigue 88 amino-acid N-terminus that binds specifically to
ceptor activation allows translocation of the RGS-box to RACKL1 in a yeast two-hybrid screen and in cellular co-
Ge, [80]. However, formal biochemical evidence for either immunoprecipitation andn vitro binding assays [52].
of these two scenarios has yet to be demonstrated. More-Through the use of deletions and point mutations to the
over, as proposed by Koelle and colleagues [81], the antag-PDE4D5 N-terminus, Bolger, Houslay, and colleagues
onism between @, and Gy, signaling pathways may arise identified a short polypeptide sequence, containing an Asn-
from their convergence at a point further downstream (e.g., Pro-Trp (NPW) motif (Fig. 3A), that is critical for RACK1
at the level of second-messenger generation/destruction)association. Given this evidence, we have created a model
and thus the only role for EAT-16 in this pathway may of the RACK1/PDE4D5 N-terminus interaction, starting
simply be to establish the baseline level of signaling from from the atomic-resolution structure of theBG Gyl het-
the Gay-coupled receptor(s). erodimer [51] and using side-chain replacements as previ-
ously described [54].
Three distinct regions characterize the interface between
5. The GGL domain as a modular B-propeller binding GpB and Gy subunits, primarily involving the insertion of
unit hydrophobic residues from s between 3-sheets of the
B-propeller structure [51]. These structural characteristics
We believe that the GGL domain represents a modular are mimicked within the modeled interface between
interaction site found within many different proteins that RACK1 and PDE4D5 (Fig. 3B). We have previously pos-
bind B-propeller partners, and not just g8& binding site ited [54] that the structural constraints imposed by high-
restricted to certain RGS proteins. For example, we have affinity interaction with @ subunits presumably give rise to
recently identified two novel open-reading frames, the observed sequence conservation betwegrs@bunits



J. Sondek, D.P. Siderovski / Biochemical Pharmacology 61 (2001) 1329-1337 1335

and the GGL domains of RGS proteins. Given the presence [6] Patten JL, Johns DR, Valle D, Eil C, Gruppuso PA, Steele G,
of similar sequence motifs (Fig. 3A) within the N-terminus Smallwood PM, Levine MA. Mutation in the gene encoding the

. Ch Affimihg . . stimulatory G protein of adenylate cyclase in Albright's hereditary
of PDE4D5 required for high-affinity interaction with osteodystrophy. N Engl J Med 1990:322:1412-9,

Weinstein LS, Gejman PV, Friedman E, Kadowaki T, Collins RM,
Gershon ES, Spiegel AM. Mutations of the, @-subunit gene in
Albright hereditary osteodystrophy detected by denaturing gradient

RACK1, it is tempting to speculate that the subunit interface

first characterized within @y dimers, and most likely
maintained within 85/GGL and RACK1/PDE4DS5 dimers,

—
—

gel electrophoresis. Proc Natl Acad Sci USA 1990;87:8287-90.

is a ubiquitous mode of interaction utilized by many of the
[8] Weinstein LS, Shenker A, Gejman PV, Merino MJ, Friedman E,

numerous WD repeat-containing proteins (Fig. 3C) and , e , _ .

. . . Spiegel AM. Activating mutations of the stimulatory G protein in the
their binding partners. Moreover, many proteins form McCune-Albright syndrome. N Engl J Med 1991;325:1688—95.
B-propeller structures without the presence of WD-repeats [g] schwindinger WF, Francomano CA, Levine MA. Identification of a
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the N-terminal domain of clathrin heavy chain [85]) and so protein of adenylyl cyclase in McCune-Albright syndrome. Proc Natl
it is possible that some of these proteins and their binding  Acad Sci USA 1992,89:5152-6. _
partners also recapitulate the functional interface first de- [10] Holmgren J. Actions of cholera toxin and the prevention and treat-

ibed for G . d buni ment of cholera. Nature 1981;292:413-7.
scribed for G-proteirg andy subunits. [11] Hewlett EL. Pertussis: current concepts of pathogenesis and preven-

tion. Pediatr Infect Dis J 1997;16:S78-84.
[12] Roush W. Regulating G protein signaling. Science 1996;271:1056—8.
[13] Stadel JM, Wilson S, Bergsma DJ. Orphan G protein-coupled recep-

tors: a neglected opportunity for pioneer drug discovery. Trends

The discovery of the GGL domain as a noves Ginding Pharmacol Sci 1997;18:430~7.
partner is leading to a bifurcated view of G-protein-coupled [14] Tesmer JJG, Berman DM, Gilman AG, Sprang SR. Structure of
signal transduction: a @/RGS heterodimer must now be RGS4 bound to Alf—a.ctlvated G,: stabilization of the transition
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