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The RGS (regulator of G-protein signalling) and GoLoco domains of RGS14
co-operate to regulate G;-mediated signalling

Sabine TRAVER, Anne SPLINGARD, Georges GAUDRIAULT and Jean pe GUNZBURG!'
INSERM U-528, Institut Curie-Section de Recherche, 26 rue d’'Ulm, 75248 Paris Cedex 05, France

RGS (regulator of G-protein signalling) proteins stimulate the
intrinsic GTPase activity of the « subunits of heterotrimeric G-
proteins, and thereby negatively regulate G-protein-coupled re-
ceptor signalling. RGS14 has been shown previously to stimu-
late the GTPase activities of Gu,, and Ge; subunits through its
N-terminal RGS domain, and to down-modulate signalling from
receptors coupled to G;. It also contains a central domain that
binds active Rap proteins, as well as a C-terminal GoLoco/
G-protein regulatory motif that has been shown to act in vitro
as a GDP-dissociation inhibitor for Ge;. In order to elucidate
the respective contributions of the three functional domains of
RGS14 toits ability to regulate G; signalling, we generated RGS14
mutants invalidated in each of its domains, as well as truncated
molecules, and assessed their effects on G; signalling via the By
pathway in a stable cell line ectopically expressing the G;-coupled

M, muscarinic acetylcholine receptor (HEK-m2). We show that
the RGS and GoLoco domains of RGS14 are independently able
to inhibit signalling downstream of G;. Targeting of the isolated
GoLoco domain to membranes, by myristoylation/palmitoylation
or Rap binding, enhances its inhibitory activity on G; signalling.
Finally, in the context of the full RGS14 molecule, the RGS
and GoLoco domains co-operate to confer maximal activity on
RGS14. We therefore propose that RGS 14 combines the inhibition
of G; activation or coupling to receptors via its GoLoco domain
with stimulation of the GTPase activity of Go;;—GTP via its RGS
domain to negatively regulate signalling downstream of G;.

Key words: extracellular-signal-regulated kinase (ERK), G,
GoLoco domain, GTPase, Rap, regulator of G-protein signalling
(RGS).

INTRODUCTION

Numerous receptors with seven transmembrane domains are
coupled to heterotrimeric G-proteins, through which they exert
their physiological effects. These proteins are composed of a GTP-
binding G subunit and a GBy dimer; activated receptors act as
GEFs (guanine nucleotide exchange factors) that promote GTP
binding to the « subunit and dissociation of the 8y dimer, both of
which are then free to interact with their respective downstream
effectors [1,2]. Signal termination is ensured by the hydrolysis
of GTP, thereby returning the protein to its basal GDP-bound
state; By dimers rapidly re-associate with inactive GDP-
bound Go subunits, which also terminates signalling downstream
of By [3,4]. G subunits carry an intrinsic GTPase activity that is
stimulated by proteins of the recently discovered RGS (regulator
of G-protein signalling) family, which comprises more than
20 members (see [5] for a review). The catalytic core of these
proteins consists of a conserved domain of 120 residues (RGS
domain) that acts by stabilizing the most favourable conformation
of the Ga subunits for GTPase activity [6].

RGS14 is a multidomain protein that is able to stimulate the
GTPase activity of Ge; and Ge,, in vitro [7], and to down-regulate
signalling from G-protein-coupled receptors acting through G;
[8]. It interacts with the GTP-bound form of the Ras-related
Rap1 and Rap2 proteins, through a central RID (Rap interaction
domain) that shares a high degree of similarity with the Ras-
binding domain of Raf kinases [7]; however, no modulation
of RGS14 activity by Rap proteins has yet been shown. In its
C-terminal region, RGS14 carries another G;-interacting motif,
termed the GoLoco or G-protein regulatory motif, similar to those
found in proteins such as AGS3 (activator of G-protein signalling
3), the AGS3-related protein Pins from Drosophila melanogaster,

RGS12, LGN, Pcp2 and Rap1 GAP (GTPase-activating protein) II
[9]. Previous studies have shown that the GoLoco motifs of AGS3
and RGS14 bind to Ga;—GDP complexes and are able to inhibit the
dissociation of GDP [GDI (GDP dissociation inhibitor) activity]
from Go; subunits in vitro [10-15]; however, their functional
role in G; signalling has not yet been elucidated. In the present
paper, we show that the RGS and GoLoco domains of RGS14 are
independently able to inhibit signalling downstream of G;, and
that they co-operate in the intact RGS14 protein to maximally
down-regulate G;-controlled pathways.

MATERIALS AND METHODS
Expression constructs

An expression vector encoding a (Mycs)-ERK?2 (extracellular-
signal-regulated kinase 2) reporter protein was generated by
cloning the mouse ERK2 coding sequence fused to six Myc
epitopes in the pCS2 + MT vector. The sequences encoding wild-
type Ga,, G, and Gy, the Gary, [Q204L] mutant, H-Ras, Rapl1 A
and residues 1-168 of Rap2A were amplified by PCR and cloned
into the yeast two-hybrid bait vector pGBT10.

A synopsis of the RGS14 constructs used in the present study is
shown in Figure 1(A). Fragments encoding the following regions
were excised with the indicated restriction enzymes from pGAD-
RGS14 and cloned into the pRK5Smyc vector for expression in
mammalian cells: sequences encoding residues 427-547 (excised
with Ncol and Xhol) contain the GoLoco domain (GoLoco), those
encoding residues 300-547 (excised with Ec/XI and Xhol) contain
the RID and the GoLoco domain (RID-GoLoco), those encoding
residues 1-300 (excised with BamHI and Ec/XI) contain the RGS

Abbreviations used: AGS, activator of G-protein signalling; BARK, g-adrenergic receptor kinase; ERK, extracellular-signal-regulated kinase; GEF, guanine
nucleotide exchange factor; mAChR, muscarinic acetylcholine receptor; RGS, regulator of G-protein signalling; RID, Rap interaction domain.
" To whom correspondence should be addressed (e-mail jgunzburg@curie. fr).

© 2004 Biochemical Society



628 S. Traver and others
A 1 RGS14 [ RGS | RID
1 300 427 Goloco Y7
3 el (0
} RGS14[RIY ——t+—1 % 0
4 RGS514 [R516F)] 1 T
¢ RGS14[ES24 N93A. RS19F] t
¢ fooum ——— 0
RID-Goloco [R336L) _“‘E 1
L
L] RID-GolLoco [RS189F) _: E
¥ Goeloco D
1L Myr-Pal-Goloco D
11 Myr-Pal-GoLoco [RS19F] Myr-Pal 5
12 RGS —  }+—
_::.:5g _\-:{\ &£ \,_E{‘W_E{‘ﬂ'@‘q{‘s lm 1 2345 678 9 w0z
- g R oF & M P -
¥ ¥ - oo o id
. ol we- [« RGS14
49 |—
RA-RIT o |— lg HGS
- H S =4 RID-GoLace
. RID-GolLoco =
- 19|— .
RID-Goloco |R336L ' = - [ Goloco
RID-Goloro [REI9F| - = . Mﬂ}’l*"il'
WH RGS14 -Goloco
Figure 1 Generation of RGS14 mutant proteins

() Diagram of the different RGS14 mutants; mutations are indicated by asterisks. The Myr/Pal-GoLoco construct expresses the GoLoco domain fused to the C-terminus of the sequence directing
the myristoylation and palmitoylation of the N-terminus of Gerip. (B) Hf7¢ yeast transformed by empty vector pGBT10 (—), or vectors containing the coding sequences of Rap2, Rap1, Ras, wild-type
(WT) Gexit, Garjp 01 Gerp Or mutant Geei, [Q204L] (QL) were mated with Y190 yeast transformed with empty pGAD-GE (—) or vector containing the Ras-binding (RA) domain of RIf, or the RID and
GoLoco domains of RGS14 mutated or not within the domains. Interactions were visualized using the 8-galactosidase reporter; similar results were obtained by monitoring growth in the absence of
histidine. (G) HEK-m2 cells were transfected with the different RGS14 constructs depicted in (A), and the expression of RGS14 proteins was monitored by Western blotting (WB).

domain (RGS), and those encoding the entire RGS 14 protein were
excised with BamHI and Xhol.

Site-directed mutagenesis of RGS14 at codons 92, 93, 336 and
519 was performed by overlapping PCR, using Pfu polymerase
(Stratagene). For the [E92A ,N93A] mutation of the RGS domain,
GAG AAC codons were replaced by GCG GCC. For the [R336L]
mutation of the RID, AGA was replaced by CTG, and for the
[R519F] mutation of the GoLoco motif, AGA was replaced by
TTC. Mutated fragments were subcloned into pRK5-myc?2 for
mammalian expression, as well as into pGAD-GE [16] for yeast
two-hybrid assays. The sequence that directs the myristoylation
and palmitoylation of the N-terminus of G, (ATG GGC TGC
ACC CTG AGC GCC) was added to the N-terminus of a frag-
ment encoding residues 427-547 of RGS14 by PCR (Myr-Pal-
GoLoco) and cloned, without the addition of an epitope tag,
into the mammalian expression vector pRKS. The integrity of
all constructs, as well as the presence of the indicated mutations,
was verified by DNA sequencing.

Two-hybrid assays

Bait constructs in pGBT10 expressing Ras/Rap or Ga subunits,
and prey constructs expressing the Ras-binding domain of RIf
or RGS14-derived domains, were respectively transformed into
Hf7c and Y190 yeast. Two-hybrid assays were performed by
mating as described in [16].

Cell line, transfection and ERK2 phosphorylation assay

HEK-293 cells stably expressing the M, mAChR (muscarinic
acetylcholine receptor) (HEK-m2 cells) were kindly provided
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by Professor Marlene Hosey (Northwestern University Medical
School, Chicago, IL, U.S.A.) [17]. They were seeded at 600 cells/
mm? and transfected the next day with 0.1 ug of (Myc).—ERK2
reporter and 5 ug of the various RGS14 expression constructs
or pRK-BARK1-(495-689) (where BARKI1 is B-adrenergic re-
ceptor kinase 1) [18] by a calcium phosphate precipitation
method. At 24 h after transfection, cells were serum-starved
for 16h in Dulbecco’s modified Eagle’s medium containing
0.2% (w/v) BSA; 500 ng/ml pertussis toxin (Sigma) was in-
cluded in the starvation medium when indicated. Cells were
stimulated with vehicle, 100 uM carbachol (Sigma) or 10 nM
epidermal growth factor (Oncogene Research Products) for
5 min, washed rapidly with ice-cold PBS and solubilized in
SDS/PAGE sample buffer containing 5% (v/v) B-mercapto-
ethanol, 1 mM sodium orthovanadate and 1 uM okadaic acid.
Expression and dual phosphorylation of the (Myc)s—ERK?2 re-
porter protein were assessed by Western blotting using anti-
ERK1/2 antibodies (Upstate Biotechnology) and phospho-
specific ERK1/2 antibodies (Cellular Signaling) respectively. The
expression of RGS14 proteins was monitored using a rabbit
polyclonal antibody [7]. Western blots were visualized using a
CCD camera (Fuji) and quantified with the Image Gauge software
(Fuji). Statistical analysis of differences between the effects of
wild-type and mutant RGS 14 molecules on ERK phosphorylation
was performed using Student’s ¢ test; P<0.02 was considered
statistically significant.

Trapping assay for activated Rap1 and Rap2

The levels of active Rapl-GTP and Rap2—-GTP complexes were
determined as described previously using RalGDS-RA, the
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Ras-binding domain of RalGDS (Ral guanine nucleotide dis-
sociation stimulator) as an activation-specific probe [19]. HEK-
m?2 cells were serum-starved, stimulated with vehicle or 100 uM
carbachol as described above, and lysed in trapping lysis buffer
[50 mM Tris/HCl, pH 7.5, 15 mM NacCl, 20 mM MgCl,, 5 mM
EGTA, 1% Triton X-100, 1% n-octyl glucoside, 100 uM 4-
(2-aminoethyl)benzenesulphonyl fluoride, 10 uM leupeptin and
10 uM pepstatin A]. Lysates were centrifuged for 15 min at
10000 g, and supernatants were incubated with 10 ug of
(glutathione S-transferase)-RalGDS-RA bound to 30 ul of glu-
tathione—Sepharose for 2h at 4 °C, and washed three times in
trapping lysis buffer. The levels of activated Rap1 and Rap2 bound
to the beads, as well as total Rap1 and Rap?2 in the lysates, were
determined by Western blotting using a rabbit polyclonal antibody
against Rap1 [20] and a mouse monoclonal antibody against Rap2
(Transduction Laboratories).

RESULTS

Generation of RGS14 mutant proteins invalidated in each
functional domain

The individual biochemical activities of the RGS domain, RID
and GoLoco domain of RGS14 have been extensively char-
acterized [7,8,13—15]; however, their respective contributions to
the regulation of G; signalling by RGS 14 remain to be established.
To this end, we generated expression constructs encoding full-
length as well as truncated RGS14 proteins carrying amino acid
substitutions at critical positions in each of its functional domains
(see Figure 1A).

The RGS domain was inactivated by mutating two highly
conserved residues, Glu-92 and Asn-93, to alanines, changes that
have been shown previously to abolish the capacity of RGS14 to
down-regulate G;-dependent signalling [8].

The RID, which is responsible for the interaction of RGS14
with Rap proteins, is highly similar to the region of Raf kinases
involved in Ras binding [7]. Arg-336, corresponding to Arg-89
in Raf-1, a residue critical for its interaction with Ras and Rapl
[21,22], was mutated to leucine. As shown in the yeast two-hybrid
assay depicted in Figure 1(B), this mutation abolished the ability
of a fragment of RGS14 containing the RID and GoLoco domains
(RID-GoLoco) to interact with Rap1 and Rap2.

Arg-519 of RGS14 is a highly conserved residue among
GoLoco domains [10], and structural analysis has shown that this
residue of RGS14 exerts an important contact with the GDP-
binding pocket of Ga;; [23]. Arg-519 was mutated to phenylala-
nine, a substitution that has been shown to abolish the interaction
of the GoLoco domains of AGS3 with Ga;, [10]. In a yeast
two-hybrid assay, the GoLoco domain of RGS14 was able to
interact with the wild-type form of Ge;;, and to a lesser extent
with Gaj,; however, as expected from biochemical experiments
(S. Traver and J. de Gunzburg, unpublished work; [14,15,23]), it
interacted neither with the active Gy, [Q204L] mutant, which is
mainly in its GTP-bound form in vivo, nor with G, (Figure 1B).
Mutation of the conserved Arg-519 to phenylalanine totally
abolished its ability to interact with Ge;, and considerably reduced
its interaction with Ge;; (Figure 1B).

The sequences encoding these mutants were introduced into
mammalian expression vectors, and their ectopic expression was
assessed by Western blotting (Figure 1C). Mutants of the full-
length protein and the RID-GoLoco fragment were expressed at
levels similar to the corresponding unmutated molecules. The
protein expressed from the Myr/Pal-GoLoco construct (expres-
sing the GoLoco domain fused to the C-terminus of the sequence
directing the myristoylation and palmitoylation of the N-terminus
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Figure 2 ERK is phosphorylated downstream of G; in HEK-m2 cells

HEK-m2 cells were co-transfected with the (Myc)s—ERK2 reporter construct together with a
control plasmid, or vectors expressing full-length RGS14 or the C-terminal domain of BARKT.
Serum-starved cells, preincubated in the absence or presence of pertussis toxin (PTX), were
stimulated by vehicle (—) or 100 .M carbachol (CCh) for 5 min. Cells were lysed in SDS/PAGE
sample buffer; expression and phosphorylation of the (Myc)s—ERK2 reporter were monitored by
Western blotting (WB).

of Gay,) migrated faster in SDS/PAGE than the one devoid of
lipidation sequences, attesting that it had indeed been post-
translationally modified; however, it was expressed at a lower
level than the unlipidated molecule, and the expression of the
R519F mutated fragment was slightly reduced as compared with
its unmutated equivalent.

RGS14 down-regulates G;-mediated signalling from the M, mAChR

The M, mAChR subtype is specifically coupled to heterotrimeric
G; proteins; its activation by the acetylcholine analogue, carb-
achol, causes the activation of ERK 1 and ERK2 mitogen-activated
protein kinases via a signalling pathway involving the 8y dimer
and Ras [24]. We used HEK-m2, a previously characterized
stable cell line derived from HEK-293 cells overexpressing the
M, mAChR [17], and monitored signalling downstream of G;
by measuring the phosphorylation of a (Myc)s—ERK2 reporter
expressed by transient transfection as described in the Materials
and methods section. As shown in Figure 2, carbachol triggered
potent phosphorylation of the ERK2 reporter protein. This
response was strongly inhibited by the pretreatment of cells with
pertussis toxin, as well as by expression of the C-terminal domain
of BARKI1, attesting that the M, mAChR indeed signalled to the
ERK2 reporter via a pathway involving the By dimer of a receptor-
coupled G;. As expected, expression of RGS14 strongly depressed
the response to carbachol. Hence measuring the level of ERK
phosphorylation in HEK-m?2 cells in response to their stimulation
by carbachol constitutes a valid biological model in which to study
the regulation of a G;-dependent pathway by RGS14.

Rap proteins do not modulate the inhibition of G;
signalling by RGS14

Since RGS14 binds Rapl and Rap2 in their active GTP-bound
state, we investigated whether these proteins could modulate the
regulatory activity of RGS14 on G; signalling. Using a pull-down
assay to measure the level of active Rap proteins (Figure 3A), we
established that stimulation of HEK-m2 cells with carbachol led to
a rapid and substantial activation of Rap1 (approx. 9-fold within
5 min). In contrast, the basal level of Rap2-GTP was already
high, as reported previously for certain cell types [25], and was
only modestly increased by stimulating the cells with carbachol.
Introduction of an R336L mutation in RGS14, which invalidated
the ability of its RID to interact with active Rap proteins, had no
effect on the capacity of RGS 14 to inhibit G; signalling (Figure 3);
this lack of effect was observed over a range of RGS14 expression
levels (results not shown).

© 2004 Biochemical Society
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Figure 3 Rap proteins do not contribute to the inhibition of G; signalling
mediated by RGS14 in HEK-m2 cells

(A) Serum-starved HEK-m2 cells were stimulated for 5 min with vehicle (—) or 100 M
carbachol (CCh). The levels of active Rap1—GTP and Rap2—GTP complexes were determined
by a trapping assay (upper panels); total levels of Rap1 and Rap2 were determined in parallel by
Western blotting (WB; lower panels). (B, G) HEK-m2 cells were co-transfected with the (Myc)s—
ERK2 reporter construct together with control plasmid (lane 1) or expression vectors for wild-type
RGS14 (lane 2) or mutant RGS14 [R336L] (lane 3). Serum-starved cells were stimulated for
5 min with carbachol, and lysed in SDS/PAGE sample buffer. Phosphorylation and expression
of the (Myc)s—ERK2 reporter protein, as well as RGS14 expression, were detected and quantified
by Western blotting (WB) as described in the Materials and methods section. (B) Results from
atypical experiment are shown; (C) the quantified data from four independent experiments were
normalized relative to the total levels of (Myc)s—ERK2 expressed.

The GoLoco domain of RGS14 inhibits G; signalling in HEK-m2 cells

We then assessed whether the GoLoco domain exerts a regulatory
activity on G;-dependent signalling in HEK-m2 cells. As shown
in Figure 4, expression of the isolated GoLoco domain led to a
significant (close to 50 %) inhibition of ERK phosphorylation in
response to carbachol, and this activity was enhanced further by
targeting the GoLoco domain to membranes by the addition to its
N-terminus of the myristoylation/palmitoylation signal of Gaj,.
Mutation of the critical residue Arg-519 to Phe in the GoLoco
motif substantially reduced its effect; this mutant was expressed
at a 1.4-fold lower level than its non-mutated counterpart (as
assessed by quantification of the Western blot in Figure 4A), but
its ability to inhibit ERK phosphorylation was reduced from 72 %
to 20 %, attesting that the observed inhibition of G; signalling
was indeed attributable to the activity of the GoLoco motif. Since
we could not measure any regulatory effect of Rap proteins on
the activity of the full-length RGS14 protein, we investigated

© 2004 Biochemical Society
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Figure 4 Effect of the GoLoco domain on G; signalling in HEK-m2 cells

HEK-m2 cells were co-transfected with the (Myc)s—ERK2 reporter construct, together with
control plasmid (lane 1) or expression vectors for wild-type RGS14 (lane 2), GoLoco (lane 3),
Myr/Pal-GoLoco (lane 4), Myr/Pal-GoLoco [R519F] (lane 5), RID-GoLoco (lane 6), RID-GoLoco
[R336L] (lane 7) or RID-GoLoco [R519F] (lane 8). Myr/Pal-GoLoco denotes the GoLoco domain
fused to the C-terminus of the sequence directing the myristoylation and palmitoylation of the
N-terminus of Ger;2. Serum-starved cells were stimulated for 5 min with 100 ..M carbachol, and
analysed as described in the legend to Figure 3. (A) Results from a typical experiment; (B) the
quantified data from four independent experiments were normalized relative to the total levels of
(Myc)s—ERK2 expressed. *Significantly greater inhibition by Myr/Pal-GoLaco than by GoLoco
(P < 0.01); **significantly greater inhibition by RID-GoLoco than by GoLoco (P < 0.02).

whether they could modulate the activity of the GoLoco domain
by interacting with the adjacent RID. Indeed, a protein containing
both the RID and the GoLoco domain was more potent at
inhibiting G;-dependent ERK activation than the GoLoco domain
alone, although the two proteins were expressed at similar levels.
This enhancement was lost upon mutation of the RID, suggesting
that Rap proteins, either by recruiting the GoLoco domain to
membranes or by relieving interference by the RID with the
GoLoco domain, are responsible for this effect.

The RGS and GoLoco domains of RGS14 co-operate to regulate G;

Finally, we sought to establish the respective contributions of
the RGS and GoLoco domains, in the context of the full-
length molecule, to the regulation of G; signalling by RGS14
(Figure 5). Whereas the ectopic expression of intact RGS14 in-
hibited the phosphorylation of ERK in response to carbachol
by approx. 80 %, invalidation of both the RGS and GoLoco
domains caused a nearly complete loss of activity of RGS14. As
expected, expression of the full-length RGS14 [R519F] mutant
molecule, still carrying an intact RGS domain, potently inhibited
the phosphorylation of ERK in response to carbachol; however,
this effect was only partial (60 % inhibition) and less pronounced
than that of the intact molecule (80 % inhibition). Furthermore,
expression of the RGS14 [E92A,N93A] mutant, invalidated in its
RGS domain, also led to a significant, but not maximal, inhibition
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Figure 5 The RGS and GoLoco domains of RGS14 co-operate to down-
regulate G; signalling in HEK-m2 cells

HEK-m2 cells were co-transfected with the (Myc)s—ERK2 reporter construct, together with control
plasmid (1) or expression vectors for wild-type RGS14 (lane 2), RGS14 [E92A,N93A] (lane 3),
RGS14 [R519F] (lane 4), RGS14 [E92A,N93A,R519F] (lane 5), GoLoco (lane 6) or the iso-
lated RGS domain (lane 7). Serum-starved cells were stimulated for 5 min with 100 «M
carbachol, and analysed as in Figure 3. (A) Results from a typical experiment; (B) the quantified
data from four independent experiments were normalized relative to the total levels of (Myc)g—
ERK2 expressed. *Significantly greater inhibition by RGS14 compared with RGS14 [E92A,N93A]
or RGS14 [R519F] (P < 0.01).

of ERK phosphorylation. Further mutation of the GoLoco domain
caused a nearly total recovery of ERK phosphorylation. Hence
these experiments show that the GoLoco and RGS domains
contribute to the inhibitory activity of RGS14 on G; signalling,
and that both domains are required for maximal activity of the
protein.

DISCUSSION

Upon activation by ligand binding, serpentine receptors act as
GEFs for heterotrimeric G-proteins, stimulating the formation of
the active Gae—GTP complex and concomitant release of the active
By dimer. It is thought that RGS proteins, by stimulating GTP
hydrolysis, cause re-association of GBy with Ga—GDP, hence
terminating the signal. RGS14, identified originally as a novel
RGS protein containing a RID [7,26], also contains a GoLoco
domain at its C-terminus [9]. GoLoco domains from AGS3 and
RGS14 have been shown to inhibit the dissociation of GDP,
and hence its exchange for GTP, on isolated Ge; subunits
[11,12,14]. Inthis respect, GoLoco serves a function similar to that
of GBy, although their precise mechanisms of action may differ
somewhat [27], a notion supported by structural data showing that
a peptide containing the GoLoco domain from RGS14 binds Go;
near the By interface [23]. This led to the proposal that GoLoco

peptides could enhance or prolong signalling via the 8y pathway,
by competing with o subunits for rebinding to the 8y dimer by
steric occlusion of the By binding site on «; such competition
by the GoLoco domains of AGS3 with By dimers for their
binding to Go has indeed been observed in vitro [28]. Alter-
natively, GoLoco peptides could act to activate GB8y pathways,
independently of receptor activation and nucleotide exchange on
Ga subunits, a hypothesis supported by the observation that
peptides containing the GoLoco consensus sequence promote
the dissociation of By dimers from G subunits in vitro [29].
However, our data show that the ectopic expression of the GoLoco
domain of RGS14, either isolated and targeted to membranes,
in tandem with the Rap-binding domain, or in the context
of the full-length RGS14 molecule, leads neither to receptor-
independent GBy signalling nor to the enhancement of By-
dependent responses; on the contrary, the GoLoco domain from
RGS14 reduces the amplitude of the G; response proceeding via
the By pathway downstream of the M, mAChR receptor (Fig-
ures 4 and 5) without affecting its kinetics (results not shown).

We therefore propose that in cells, where o subunits and Sy
dimers are tethered to the plasma membrane and may be pre-
coupled to receptors, the GoLoco domain could somehow interact
with Ga;,—GDP in the intact heterotrimer and inhibit G; activation
induced by the activated receptor. Accordingly, the addition of
GoLoco domains from AGS3 to heterotrimeric transducin in the
presence of rod outer segment membranes was shown to inhibit
binding of guanosine 5'-[y-thio]triphosphate to transducin in
response to illuminated rhodopsin [12]. Several distinct mech-
anisms, which are not mutually exclusive, could account for
the inhibition of G; signalling by GoLoco. GBy subunits have
been shown to be essential for the activation of heterotrimeric G-
proteins by G-protein-coupled receptors, and may be involved in
the process via direct contacts with the activated receptors [30];
it is possible that, through their interaction with Ge, close to
the «—By interface, GoLoco domains could modify the topology
of GBy in the complex and thereby prevent receptor-induced
activation. Another possibility is that the interaction of GoLoco
with heterotrimeric G; could lead to its uncoupling from receptors,
as observed with the GoLoco domain from AGS3, which was
able to prevent G; from inducing the high-affinity state of 5-HT,
receptors for their agonists in membranes from Sf9 cells [10].

Our observations show that the RGS and GoLoco domains of
RGS 14 contribute independently to the inhibition of 8y -mediated
signalling downstream of G;, and that they act in an additive,
rather than synergistic, manner to confer on the intact RGS14
molecule its maximal inhibitory activity. The GoLoco domain
prevents G; molecules from being activated by receptors, while
the RGS domain ensures the rapid and efficient return of activated
G; to its resting inactive state. Hence, by combining these two
mechanisms, RGS14 could achieve minimum spontaneous G;
activation, thereby minimizing ‘noise’, as well as the trans-
ient nature of responses downstream of G; following receptor
stimulation. Further work, using physiologically relevant bio-
logical models, will be required to assess the importance of
these mechanisms in phenomena such as lymphocyte signalling
responses and neural transmission occurring in those tissues
where RGS14 is naturally expressed.
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