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Background: The GPR-G�i complex has diverse functional roles, but regulatory mechanisms are not defined.
Results: The GPR-G�i complex is regulated by Ric-8A but not by increased expression of AGS1 or GIV/Girdin.
Conclusion: The GPR-G�i complex is differentially regulated by specific guanine nucleotide exchange factors.
Significance: The GPR proteins, G�i1 and Ric-8A, exhibit dynamic interactions in the cell that influence their subcellular
localization and regulate complex formation.

Group II activators of G-protein signaling (AGS) serve as
binding partners for G�i/o/t via one or more G-protein regula-
tory (GPR) motifs. GPR-G� signaling modules may be differen-
tially regulated by cell surface receptors or by different nonre-
ceptor guanine nucleotide exchange factors.Wedetermined the
effect of the nonreceptor guanine nucleotide exchange factors
AGS1,GIV/Girdin, andRic-8Aon the interactionof twodistinct
GPR proteins, AGS3 and AGS4, with G�il in the intact cell by
bioluminescence resonance energy transfer (BRET) in human
embryonic kidney 293 cells. AGS3-Rluc-G�i1-YFP and AGS4-
Rluc-G�i1-YFP BRET were regulated by Ric-8A but not by
G�-interacting vesicle-associated protein (GIV) or AGS1. The
Ric-8A regulationwasbiphasic anddependent upon the amount
of Ric-8A andG�i1-YFP. The inhibitory regulation ofGPR-G�i1

BRET by Ric-8A was blocked by pertussis toxin. The enhance-
ment of GPR-G�i1 BRET observed with Ric-8A was further
augmented by pertussis toxin treatment. The regulation of
GPR-G�i interaction by Ric-8Awas not altered by RGS4. AGS3-
Rluc-G�i1-YFP and AGS4-Rluc-G-G�i1-YFP BRET were
observed in both pellet and supernatant subcellular fractions
and were regulated by Ric-8A in both fractions. The regulation
of the GPR-G�i1 complex by Ric-8A, as well as the ability of
Ric-8A to restore G� expression in Ric8A�/� mouse embryonic
stem cells, involved two helical domains at the carboxyl termi-
nus of Ric-8A. These data indicate a dynamic interaction
between GPR proteins, G�i1 and Ric-8A, in the cell that influ-
ences subcellular localization of the three proteins and regulates
complex formation.

Activators of G-protein signaling (AGS)4 proteins were iden-
tified in a functional screen for cDNAs that activatedG-protein
signaling in the absence of a seven-membrane span receptor (1,
2). The discovery of such regulatory mechanisms led to the
concept that G� and G�� regulate intracellular events distinct
from their role as transducers for cell surface seven-transmem-
brane span receptors (2–15). Such regulatory mechanisms
include a panel of accessory proteins that may serve as binding
partners for G� and G�� independent of the classical hetero-
trimer G���. AGS proteins may also influence G�-G�� inter-
action and modulate guanine nucleotide binding or hydrolysis
by G� (1, 2, 10, 16). AGS proteins are involved in a wide spec-
trum of biological effects (17–29) providing attractive mecha-
nisms for tissues to respond and adapt to physiological and
pathological challenges.
One group of accessory proteins of particular interest is

defined by the group II AGS proteins (16), all of which contain
one or more G-protein regulatory (GPR) motifs, also known as
GoLoco or LGN motifs (30, 31), that stabilize the GDP-bound
conformation of G� serving as alternative binding partners for
G�-GDP (G�i, G�t, and/or G�o) free of G��. Group II AGS
proteins (AGS3 (GPSM1), LGN (GPSM2/AGS5), AGS4
(GPSM3), RGS12 (AGS6), Rap1Gap (transcript variant 1),
RGS14, and PCP2/L7 (GPSM4)) provide 1–4 docking sites for
G� and form complexes with subpopulations of G�i class sub-
units in the cell. There are three types of group II AGS proteins.
One group includes AGS3 and LGN (AGS5), both of which
have a tetratricopeptide repeat region that is separated from a
series of four GPR motifs by an extended linker region. The
second group of proteins (AGS3-Short, AGS4, and Pcp2/L7)
contains three GPR motifs without any other obvious protein
interaction domains. The third group of proteins (RGS12,
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RGS14, and Rap1GAP) has one GPR motif plus other defined
domains that act to accelerate G�-GTP hydrolysis (16).

The GPR-G� signaling module may also exist in different
subcellular compartments where it is differentially regulated
and involved in discrete biological events such as the control of
asymmetric cell division. One central question is what are the
mechanisms that regulate interactions between GPR-contain-
ing proteins and their G-protein partners? Such signals may
involve regulated positioning of the proteins within the cell,
second messengers, and/or guanine nucleotide exchange fac-
tors (GEFs) that act on the GPR-G�i complex (2, 3, 27, 32–41),
and these questions must be addressed in the intact cell. We
recently reported regulation of the AGS3-G�i and AGS4-G�i
signaling cassettes by a cell surface seven-transmembrane
span receptor and suggested that the GPR-G�i module was
one component of a larger signaling complex at the cell cor-
tex (42, 43).
GPR-G�i signaling modules are also regulated by nonrecep-

tor GEFs and may operate independently of the classical mem-
brane receptor-G��� signaling system. Such nonreceptor
GEFs include the group I AGS protein AGS1 (dexamethasone-
induced Ras-related protein or Rasd1), which interacts with
G�i1 and G�o and increases GTP�35S binding to purified het-
erotrimeric brain G-protein and purified G�i and G�o (1, 44).
AGS1 is also reported to interact with G� (45). GIV/Girdin
(coiled-coil domain containing 88A) interacts with G�i3 and
acts as a GEF for AGS3-G�i3 (36). The G�-interacting vesicle-
associated protein (GIV) carboxyl terminus (GIV(1660–1870))
increased the apparent G�i guanine nucleotide exchange rate
(6). The nonreceptor GEF Ric-8A (resistance to inhibitors of
cholinesterase 8A homolog, synembryn-A) directly regulated
purified AGS3-GPR-G�i1, AGS5/LGN-G�i1, and RGS14-G�i1
complexes (39–41, 46). Thus, GPR-G� signaling modules may
be regulated by nonreceptor GEFs and operate independently
of the classical membrane receptor-G��� signaling system. As
is the case for G-protein-coupled receptors coupled to G���,
various members of the family of regulators of G-protein sig-
naling (RGS)may also accelerate guanine nucleotide hydrolysis
following nonreceptor GEF-mediated generation of G�-GTP
from GPR-G�-GDP.
AGS1 is a Ras-related protein that regulates the ERK1/2 sig-

naling pathway and cell growth (44, 47–49). Loss of AGS1 is
associated with breast cancer, and alterations in AGS1 expres-
sion are observed in prostate cancer, renal cell carcinoma, dex-
amethasone-resistant multiple myeloma, and oligodendroglial
tumors in response to chemotherapy (50–54). GIV/Girdinmay
process signals from the epidermal growth factor receptor to
regulate autophagy andmetastasis (36, 55). GIV/Girdin expres-
sion is increased in gastrointestinal cancers (56). Among the
nonreceptor GEFs studied to date, Ric-8A is perhaps the best
characterized biochemically in terms of its interaction with
G-protein subunits and its action as a GEF. Genetically based
approaches in the model organisms Drosophila melanogaster
and Caenorhabditis elegans indicate a role for the Ric-8
ortholog in asymmetric cell division during early development,
which involves G� and GPR proteins (57–64). A similar func-
tional role for Ric-8A was recently reported in mammalian sys-
tems (65). In addition to the apparent role of Ric-8A as amolec-

ular chaperone for G� (66), Ric-8A may also play a variety of
roles in signal processing.
We recently developed an experimental approach tomonitor

the interaction of AGS3 andAGS4with G�i in the intact cell by
bioluminescence resonance energy transfer (BRET) following
expression of proteins tagged with Renilla luciferase (Rluc) and
yellow fluorescent protein (YFP) (42, 43, 67–69). Co-expres-
sion of AGS3-Rluc or AGS4-Rluc with G�i1-YFP generates
robust, specific BRET that results frombinding ofmultipleG�i1
subunits to the GPR domains of AGS3 and AGS4. The interac-
tion of G�i1-YFP with AGS3-Rluc or AGS4-Rluc stabilized the
GPR protein at the cell cortex where the GPR-G�i1 module was
regulated by activation of cell surface receptors (42, 43). We
used this system to determine the effect of nonreceptor GEFs
on the interaction of G�il with two different types of GPR pro-
teins, AGS3 and AGS4.
The functional role of AGS4 has not been determined, but it

is of particular interest due to its relatively restricted expression
to immune system tissues and the role of G-protein systems in
the immune cell response. AGS3 has multiple functional roles
in asymmetric cell division, neuronal plasticity and addiction,
autophagy, membrane protein trafficking, polycystic kidney
disease, cardiovascular regulation and metabolism (3, 17–20,
22, 24, 28, 29, 70–73). LGN (AGS5/GPSM2), which is closely
related to AGS3, also plays important functional roles in asym-
metric cell division and morphogenesis and was recently iden-
tified as a responsible gene for certain types of nonsyndromic
hearing loss as well as for the brain malformations and hearing
loss in Chudley-McCullough syndrome (26, 74).

EXPERIMENTAL PROCEDURES

Materials—AGS1 (RASD1) antisera were generated as
described previously (49). Anti-His6 antibody was obtained
from Pharmingen. Ric-8A antisera was described previously
(39). Ric-8A (NP_001093990.1), Ric-8A(Met1–Asn492), and
Ric-8A(Met1–Asn453) cDNA were cloned into pcDNA3.1 as
described previously (12). Full-length GIV/Girdin (NP_
001129069.1 Girdin isoform 1) was kindly provided by Drs.
Mikel Garcia-Marcos (Boston University, Boston) andMarilyn
Farquhar (University of California, SanDiego). Full-lengthGIV
was used as template in PCRs using Takara Taq (Fisher) to
generate pcDNA3.1/His::GIV(1660–1870). The following oli-
gonucleotides and restriction enzymes were used in the PCR
amplification and subsequent digestion: BamHI, GIV(1660–
1870) forward primer, 5�-TCG GAT CCA CAC CAT GTC
TGA AAC ACT GGA GAG TCG A-3�; EcoRI, GIV(1660–
1870) reverse primer 5�-GCAGAATTCGGAGCTTTGTTG
CTC CCT AGA CCT-3�. AGS1 (NP_057168, dexamethasone-
inducedRas-related protein 1 isoform1 proprotein) was cloned
into pcDNA3.1/His and provided by Dr. Mary Cismowski
(Nationwide Children’s Hospital, Columbus, OH). Complete
protease inhibitor mixture tablets were purchased from Roche
Applied Science and used in accordance with manufacturer’s
instructions. All other reagents and materials were obtained as
described elsewhere (12, 42, 43, 75). Ric-8A�/� mouse embry-
onic stem (ES) cells were generated and processed for comple-
mentation assays as described elsewhere (66).
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Cell Culture, Transfection, Immunoblotting, Bioluminescence
Resonance Energy Transfer (BRET)—The human epithelial cell
line (HEK-293) andneuronal catecholaminergic cell line (CAD)
was maintained in Dulbecco’s minimal essential medium (high
glucose, without phenol red) supplemented with 10% fetal
bovine serum, 2mM glutamine, 100 units/ml penicillin, and 100
�g/ml streptomycin. Cells were grown in a humidified incuba-
tor in the presence of 5% CO2 at 37 °C. These procedures are
described elsewhere in detail (42, 43). Generally, cells were
transfected with a fixed amount of phRluc::AGS3 (10 ng) or
phRluc::AGS4 (2 ng) and increasing amounts of pcDNA3::G�i1-
YFP without or with varying amounts of pcDNA3::Ric-8A,
pcDNA3::AGS1, or pcDNA3::GIV(1660–1870). The total plasmid
load was harmonized by including the appropriate amount of
pcDNA3 vector. For brevity, plasmid amounts used for trans-
fection are indicated as nanograms in the figures. The plasmid
amounts used for BRET measurements result in levels of the
individual tagged proteins that are comparable with that of the
endogenous protein (43).
Cell Lysis and Fractionation—Cells were split into 6-well tis-

sue culture plates and transfected with phRluc::AGS3 or
phRluc::AGS4, pcDNA3::G�i1-YFP, and/or pcDNA3::Ric8A
(42, 43). Forty eight hours later, cells were suspended in BRET
buffer (750 �l/well) (42, 43), and the suspensions from six wells
were pooled. 300 �l (�300,000 cells) of the pooled suspension
were used for intact cell measurements of fluorescence, lumi-

nescence, and BRET, and the remainder was processed for sub-
cellular fractionation. Total fluorescence (excitation, 485 nm;
emission, 535 nm) wasmeasured to determine the total cellular
levels of G�i1-YFP. Luciferase substrate coelenterazineH (5�M

final concentration) was then added and luminescence mea-
sured at 480 � 20 nm to determine the level of AGS3-Rluc or
AGS4-Rluc. The remaining pooled suspension (4.2 ml) was
centrifuged (200� g, 5min), and the pelletwas lysed in 0.8ml of
hypotonic lysis buffer (5 mM EDTA, 5 mM EGTA, 5 mM Tris-
HCl, pH 7.4, and protease inhibitor mixture) with a 26-gauge
syringe followed by centrifugation at 10,000 � g for 10 min to
obtain crudemembrane (pellet) and cytosol (supernatant) frac-
tions. Pellets were resuspended in 300 �l of membrane buffer
(50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 1 mM EDTA, 1 mM

EGTA, and protease inhibitor mixture). Pellet (50 �g of pro-
tein) and supernatant (50 �g of protein) samples from each
group were then mixed with 150 �l of BRET buffer for mea-
surements of fluorescence, luminescence, and BRET as
described above.
DataAnalysis—Statistical significance for differences involv-

ing a single intervention was determined by the Student’s t test
as noted in figure and table legends. Data involving multiple
treatment paradigms were analyzed by analysis of variance and
significant differences between groups determined by the
Tukey a posteriori test using GraphPad Prism version 4.03 for
Windows (GraphPad Software, San Diego).

FIGURE 1. Regulation of AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET by nonreceptor GEFs. AGS3-Rluc (10 ng) (A) and AGS4-Rluc (2 ng) (B) were
expressed together with G�i1-YFP (250 ng) in HEK cells, and BRET was measured as described under “Experimental Procedures.” Ric-8A, AGS1, or GIV(1660 –
1870) was expressed as indicated. Data are presented as the mean � S.E. from four experiments with triplicate determinations. *, p � 0.05 compared with
control. The relative fluorescent units and relative luciferase units for sample points in A and B are presented in Table 1. Lower panels, Ric-8A, AGS1, and
GIV(1660 –1870) immunoblots. Ric-8A and AGS1 proteins were detected with affinity-purified anti-Ric-8A and anti-AGS1 antibody, respectively. GIV(1660 –
1870) was detected with anti-His6 antibody. Each lane contains 50 �g of total protein, and the immunoblot is representative of three separate experiments. The
GIV construct (pcDNA3.1/His::GIV(1660 –1870)) encoded the carboxyl-terminal region of the protein as described under “Experimental Procedures.”

TABLE 1
Influence of nonreceptor guanine nucleotide exchange factors on the expression levels of AGS3-Rluc, AGS4-Rluc, and G�i1-YFP
RFUandRLUgenerated for the data set presented in Fig. 1A andB,weremeasured as described under “Experimental Procedures” and expressed as percent of control values
obtained in the absence of pcDNA3::Ric-8A transfection. RFU andRLU control values for Fig. 1Awere 125,350� 27,902 and 383,258� 134,332, respectively. RFU and RLU
control values for Fig. 1Bwere 108,727 � 2,606 and 421,370 � 27,315, respectively. The GIV construct (pcDNA3.1/His::GIV(1660–1870)) encoded the carboxyl-terminal
region of the protein as described under “Experimental Procedures.” Results are expressed as the mean � S.E. of four independent experiments with triplicate determina-
tions.

pcDNA3::Ric-8A pcDNA3::AGS1 pcDNA3::GIV
200 1,000 200 1,000 200 1,000

ng ng ng
Fig. 1A RFU 225 � 27 504 � 80a 100 � 10 99 � 8 127 � 9 167 � 26

RLU 91 � 16 239 � 35 68 � 1 69 � 7 84 � 11 114 � 18
Fig. 1B RFU 329 � 7a 478 � 11a 90 � 3 84 � 4 105 � 1 146 � 2a

RLU 102 � 4 135 � 7a 85 � 1 82 � 3 110 � 5 116 � 4
a p � 0.05 compared with control values was determined by analysis of variance as described under “Experimental Procedures.”
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RESULTS AND DISCUSSION

Ric-8A, GIV/Girdin, andAGS1/RASD1 as Nonreceptor GEFs—
In contrast to cell surface seven-transmembrane span recep-
tors, nonreceptor guanine nucleotide exchange factors for
G-proteins, such as Ric-8A, GIV/Girdin, and AGS1/RASD1,
are not embedded in the plasmamembrane, and theymay differ

from the receptor in terms of their mechanisms of action
and/or the subpopulations of G-proteins that they regulate.We
first determined the effects of Ric-8A, AGS1, and GIV(1660–
1870) on the GPR-G�i1 interaction using our previously estab-
lishedBRETplatforms forAGS3 andAGS4 (Fig. 1,A andB) (42,
43). AGS3 and AGS4 were selected as representative group II
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AGS proteins that contain clearly defined regulatory domains
in tandemwith the GPR domain (AGS3) or primarily consist of
the GPR core domain (AGS4). Neither GIV(1660–1870) nor
AGS1 altered AGS3-Rluc-G�i1-YFP or AGS4-Rluc-G�i-YFP
BRET. Full-length GIV/Girdin also had no effect.5
In contrast, AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-

YFP BRET were both regulated by Ric-8A (Fig. 1). The regula-
tion appeared to be biphasic depending upon the level of
Ric-8A expression. Ric-8A also increased G�i1-YFP expression
levels (Table 1).
The action of Ric-8A was further explored by a series of

experiments, including determination of stoichiometric con-
siderations, the effect of pertussis toxin treatment, and the role
of nucleotide hydrolysis on the Ric-8A-mediated regulation of
AGS3- and AGS4-G�i BRET. We also examined the effect of
Ric-8A on theGPR-G�i1 complex in subcellular compartments
and the subcellular distribution of the binding partners. Finally,
we examined the role of the Ric-8A carboxyl-terminal region
on the Ric-8A-mediated regulation of endogenous G� expres-
sion and the regulation of the GPR-G�i1 signaling cassette.

Ric-8A-mediated Regulation of the GPR-G�i1 Signaling
Cassette—For a more complete understanding of the dynamics
of the signals generated through resonance energy transfer as a
result of protein interaction, the signals were evaluated over a
range of acceptor concentrations with a fixed amount of donor.
Fig. 2A presents data at one level of G�i1-YFP expression (250
ng), whereas Fig. 2, B andC, presents data over a range of G�i1-
YFP expression levels. At lower G�i1-YFP expression levels (25,
50, and 100 ng of pcDNA::G�i1-YFP), both AGS3-Rluc-G�i1-
YFP and AGS4-Rluc-G�i1-YFP BRET were reduced by Ric-8A
in a manner that was dependent upon the amount of Ric-8A
protein (Fig. 2, B and C). At higher G�i1-YFP expression levels
(250 and 500 ng of pcDNA::G�i1-YFP), the effect of Ric-8A on
AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET was
biphasic in that the BRET was augmented at the lower expres-
sion levels of Ric-8A but inhibited at the higher levels of Ric-8A
expression (Fig. 2).6

As noted earlier, Ric-8A increased G�i-YFP levels in the cell,
and this effect was also dependent upon the expression level of

5 S. S. Oner and S. M. Lanier, unpublished observations.

6 A similar effect of Ric-8A was observed with RGS14-G�i1 BRET experiments
as described in Vellano et al. (46).

FIGURE 3. Regulation of AGS3-Rluc-G�i1-YFP BRET by Ric-8A in the neuronal catecholaminergic cell line (CAD). AGS3-Rluc (10 ng) was expressed
together with G�i1-YFP and Ric-8A as indicated, and BRET was measured as described under “Experimental Procedures.” Data are presented as the mean � S.E.
from three experiments with triplicate determinations. *, p � 0.05 compared with their control. Inset, data are presented as the percentage of control values
(cells expressing only AGS3-Rluc and G�i1-YFP). Results are expressed as the mean � S.E. of four independent experiments with triplicate determinations. RFU
values for control cells transfected with 10 ng of phRluc::AGS3 and 50, 100, 250, and 500 ng of pcDNA3::G�i1-YFP were 21,969 � 2,231, 24,097 � 1,598, 35,383 �
2,472, and 49,359 � 4,926, respectively. RFU values at each level of transfected pcDNA3::G�i1-YFP were significantly different (p � 0.05) from the corresponding
control value with the exception of the RFU values for pcDNA3-G�i1-YFP (50 ng), pcDNA3::Ric-8A (200 and 500 ng).

FIGURE 2. Regulation of AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET by Ric-8A. A, BRET data presented in A were extracted from the larger,
complete datasets in B and C. Lower panels, 1% Nonidet P-40 lysates from HEK cells expressing AGS3-Rluc, AGS4-Rluc, and G�i1-YFP (250 ng of plasmid) and
increasing amounts of Ric-8A as in the upper panel were subjected to SDS-PAGE and immunoblotting with Ric-8A antisera. The immunoblot is representative
of two similar experiments. The numbers to the right of the immunoblots correspond to the migration of prestained Bio-Rad protein standards. *, p � 0.05
compared with their control. For AGS3-Rluc (10 ng) (B) and AGS4-Rluc (2 ng) (C), increasing amounts of G�i1-YFP (25–500 ng) and Ric-8A (as indicated in the
figure) were expressed in HEK cells, and BRET was measured as described under “Experimental Procedures.” In some experiments, cells were pretreated with
pertussis toxin (100 ng/ml) for 16 h. Data in B and C are presented as the mean � S.E. from four to five experiments with triplicate determinations. *, p � 0.05
compared with their control. Relative fluorescence units (RFU) were measured for each sample in B and C as described under “Experimental Procedures.” Insets
in B and C, data are presented as the percentage of control values (cells expressing only AGS3-Rluc and G�i1-YFP). Results are expressed as the mean � S.E. of
four to five (B) or three (C) independent experiments with triplicate determinations. Inset for B, RFU values for control cells transfected with 25, 50, 100, 250, and
500 ng of pcDNA3::G�i1-YFP were 41,729 � 793, 65,720 � 2,291, 98,810 � 2,716, 150,534 � 6,153, and 178,964 � 5,871, respectively, and for PT-treated cells
were 41,673 � 2,445, 55,531 � 3,899, 94,584 � 6,931, 148,609 � 5,501 and 160,708 � 5,583, respectively. RFU values at each level of transfected
pcDNA3::G�i1-YFP, with or without PT, were significantly different (p � 0.05) from the corresponding control value with the exception of the RFU value for
pcDNA3::G�i1-YFP (25 ng), pcDNA3::Ric-8A (200 ng). C, RFU values for control cells transfected with 25, 50, 100, 250, and 500 ng of pcDNA3::G�i1-YFP were
37,816 � 1559, 42,803 � 1,628, 55,727 � 1,858, 75,420 � 2,836 and 93,555 � 5,158, respectively, and for PT-treated cells were 40,313 � 2,031, 47,200 � 3,208,
62,215 � 4,841, 83,990 � 6,741, and 111,044 � 7,388, respectively. *, p � 0.05 compared with their control. RFU values at each level of transfected
pcDNA3::G�i1-YFP for PT-treated cells were significantly different (p � 0.05) from the corresponding control value with the exception of the RFU values the
following samples: pcDNA3::G�i1-YFP (25 ng), pcDNA3::Ric-8A (100, 750, and 1,000 ng); pcDNA3::G�i1-YFP (50, 100, 250, and 500 ng), pcDNA3::Ric-8A (100 ng);
pcDNA3::G�i1-YFP (500 ng), pcDNA3::Ric-8A (200 ng).
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G�i-YFP and Ric-8A (Fig. 2, B, and C, insets). These data sug-
gest that the effect of Ric-8A on AGS3-Rluc-G�i1-YFP and
AGS4-Rluc-G�i1-YFP BRET reflects a balance of the inhibitory
effect of Ric-8A on the GPR-G�i1 complex, and the augmenta-
tion of BRET as the overall level of G�i1 is increased by Ric-8A
co-expression (59, 60, 64, 75).
We then asked if the biphasic regulation of the GPR-G�i1

complex byRic-8Awas also observed in other cell types. Similar
overall resultswere obtained in the neuronal catecholaminergic
cell line (CAD) indicating that the regulatorymechanismswere
not restricted to a specific cell type (Fig. 3).
AGS4 andAGS3define twodifferent classes ofGPRproteins.

AGS4 (160 amino acids) contains threeGPRmotifs without any
other defined protein interaction or regulatory motif. In con-
trast, AGS3 (650 amino acids) contains four GPRmotifs and an
amino-terminal domain containing seven tetratricopeptide
repeats. A third class of GPR proteins consists of RGS12,
RGS14, and Rap1Gap. All three classes of GPR proteins are
apparently regulated byRic-8A (Fig. 2) (39–41, 46). Although it
is difficult to make direct comparisons, the level of resonance
energy transfer exhibited by AGS4-Rluc-G�i1-YFP was greater
than that observed for AGS3-Rluc-G�i1-YFP, despite appar-
ently similar amounts of protein as reflected by the levels of
luciferase activity and fluorescence. These data suggest that the
tetratricopeptide repeat domain may modulate the interaction
of the GPR motifs with G�i (35, 42).
Ric-8A-mediated Regulation of the GPR-G�i1 Signaling Cas-

sette: Effect of Pertussis Toxin Treatment and the GTPase-accel-
erating Protein RGS4—Pertussis toxin (PT) pretreatment,
which interferes with receptor coupling to G��� and Ric-8A-
mediated regulation of G�i, does not inhibit the interaction of

GPR proteins with G�i1 (42, 43, 65). We therefore asked if PT
pretreatment influenced the effect of Ric-8A on the GPR-G�i1
signaling cassette. PT ADP-ribosylates a cysteine residue four
amino acids from the carboxyl terminus of G�i1. PT pretreat-
ment had no effect or slightly increased AGS3-Rluc-G�i1-YFP
and AGS4-Rluc-G�i1-YFP BRET (42, 43). The inhibitory effect
of Ric-8A on AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP
BRET was completely blocked by PT pretreatment (Fig. 2).6
Themagnitude ofAGS3-Rluc-G�i1-YFP andAGS4-Rluc-G�i1-
YFP BRET observed upon co-expression of Ric-8A was
increased following PT treatment (Fig. 2), likely reflecting the
increased levels of G�i1-YFP observed upon expression of
Ric-8A and the elimination of any Ric-8A-mediated GEF activ-
ity.6 Thus, the magnitude of the increased AGS3-Rluc-G�i1-
YFP and AGS4-Rluc-G�i1-YFP BRET observed after PT treat-
ment of the cells likely correlates with the magnitude of the
inhibitory action of Ric-8A on AGS3-Rluc-G�i1-YFP and
AGS4-Rluc-G�i1-YFP BRET at the higher concentrations of
G�i1-YFP where the effect of Ric-8A is biphasic.
PT treatment did not prevent the increase in G�i1-YFP pro-

tein observed upon co-expression of Ric-8A (Fig. 2, B and C),
which may reflect an action of Ric-8A that occurs before PT
treatment and/or the presence of a population of G�i-YFP that
is not an effective substrate for PT and is stabilized by interac-
tion with Ric-8A. However, the Ric-8A-mediated increase in
G�i1-YFP protein was also observed when cells were treated
with PT prior to transfection,7 which suggests that Ric-8A
interacts with G�i1-YFP before it becomes an effective sub-

7 E. M. Maher and J. B. Blumer, unpublished observations.

FIGURE 4. Effect of RGS4 on AGS3-Rluc-G�i1-YFP and on AGS4-Rluc-G�i1-YFP BRET. AGS3-Rluc (10 ng) (left panel) and AGS4-Rluc (2 ng) (right panel) were
expressed in HEK cells with G�i1-YFP (250 ng) in the presence and absence of Ric-8A, and BRET was measured as described under “Experimental Procedures.”
RGS4-C2S (500 ng) was co-expressed as indicated. Data are presented as the mean � S.E. from four experiments with triplicate determinations. *, p � 0.05
compared with their control. Lower panel, Ric-8A and RGS4 immunoblot. Each lane contains 50 �g of total protein, and the immunoblot is representative of two
separate experiments.
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strate for ADP-ribosylation by PT (76). These data with the
Ric-8A-mediated enhancement of G�i1-YFP levels appear to
delineate two seemingly independent functions of Ric-8A, one
as aGEF for G�i/o/q subunits and the other as a G� biosynthetic
factor and/or chaperone (66), with the former but not the latter
blocked by PT treatment. A trend of minimally increased lucif-
erase activity was also observed with increasing expression of

Ric-8A and G�i1, likely reflecting increased expression of
AGS3-Rluc and AGS4-Rluc.8 Notably, this trend was not
observed after pertussis toxin treatment suggesting that it was

8 S. S. Oner, E. M. Maher, J. B. Blumer, and S. M. Lanier, unpublished
observations.

FIGURE 5. Ric-8A regulates AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET in both pellet and supernatant fractions. A, AGS3-Rluc (10 ng) and
AGS4-Rluc (2 ng) were expressed in HEK cells with G�i1-YFP (250 ng), and BRET was measured in intact cells, pellet, and supernatant as described under
“Experimental Procedures.” Ric-8A was expressed as indicated. Results are expressed as the mean � S.E. of three independent experiments with triplicate
determinations. *, p � 0.05 compared with their control. B, AGS3-Rluc (10 ng) was expressed in the neuronal catecholaminergic cell line (CAD) together with
G�i1-YFP (50 ng) and Ric-8A as indicated, and BRET was measured as described under “Experimental Procedures.” Data are presented as the mean � S.E. from
three experiments with triplicate determinations. *, p � 0.05 compared with their control as determined by Student’s t test. The relative fluorescent units and
relative luciferase units for sample points in A and B are presented in Table 2. C, AGS3-Rluc (10 ng) and G�i1-YFP (50 ng) (left panel) or G�i1-YFP (250 ng) (right
panel) in the presence and absence of Ric-8A (1,000 ng) were expressed in HEK cells, and BRET was measured in intact cells, pellet, and supernatant fractions
prepared from control cells or cells pretreated with PT as described under “Experimental Procedures.” RFU and RLU are presented as the percentage of control
values obtained in cells expressing only AGS3-Rluc and G�i1-YFP. Results are expressed as the mean � S.E. of two independent experiments with triplicate
determinations. *, p � 0.05 Ric-8A versus control. **, p � 0.05 PT versus non-PT treated control. Basal levels of RFU and RLU for control cells were as follows: 50
ng of pcDNA3::G�i1-YFP: intact cell RFU � 89,412 � 837, RLU � 524,526 � 115,170; pellet RFU � 61,037 � 9,021, RLU � 182,237 � 82,483; supernatant RFU �
28,810 � 7,388, RLU � 455,064 � 255,751. 250 ng of pcDNA3::G�i1-YFP: intact cell RFU � 141,573 � 6,692, RLU � 338,131 � 75,783; pellet RFU � 113,476 �
11,240, RLU � 204,852 � 76,241; supernatant RFU � 41,276 � 9,572, RLU � 204,829 � 110,133.
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dependent upon the ability of Ric-8A to promote guanine
nucleotide exchange.8
The loss of Ric-8A-mediated regulation of the GPR-G�i1 sig-

naling cassette after PT treatment indirectly suggests that the
G�i1-YFP complexedwithAGS3-Rluc orAGS4-RlucwasADP-
ribosylated, as AGS3-Rluc-G�i1-YFP and AGS4-Rluc-G�i1-
YFP BRETwere not altered by Ric-8A after PT pretreatment of
the cells. This point is of particular interest, as it would suggest
that the GPR-G�i1 complex is a substrate for PT. Certainly G�i
alone is not an effective substrate for pertussis toxin, but it is
ADP-ribosylated by pertussis toxin when it is complexed with
G�� (76). An analogous situation may exist for G�i complexed
with a GPR motif. Alternatively, G�i may be ADP-ribosylated
by PT when it is complexed with G�� and then ADP-ribosy-
lated G�i is transferred to a GPR protein and such a GPR-G�i1
complex would not be a substrate for Ric-8A GEF activity. Cel-
lular responses elicited through seven-transmembrane recep-
tors that are blocked by PT pretreatment are categorized as
coupling to a subset of heterotrimeric G-proteins. However, as
PT treatment also prevents receptor and Ric-8A mediated reg-
ulation of the GPR-G�i1 signaling module, it is plausible that
PT-sensitive cellular effects of receptor activation may involve
both G��� and GPR-G� complexes (65).
We also examined the effect of the GTPase accelerating pro-

tein RGS4 (RGS4-C2S) on Ric-8A regulation of the GPR-G�i1
complex. The C2S mutation in RGS4 increases the stability of
the protein (77). RGS4-C2S does not alter basal AGS3-Rluc-
G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET (Fig. 4) (42), and it
had no effect on the Ric-8A-mediated regulation of the GPR-
G�i1 BRET signal (Fig. 4). In contrast, co-expression of RGS4-
C2S actually counteracted the receptor-mediated regulation
of AGS3-Rluc-G�i1-YFP BRET, and this action required the
GTPase-accelerating protein activity of RGS4 (42). Of inter-
est, co-expression of Ric-8A also increased the levels of
RGS4-C2S (Fig. 4, lower panels) suggesting the existence of
additional signaling complexes or pathways involving Ric-
8A, perhaps independent of the regulation of the GPR-G�i1
module by Ric-8A.
Influence of Ric-8A on GPR-G�i1 BRET and the Distribution

of AGS3, AGS4, and G�i1 Following Cell Fractionation—The
data presented here clearly indicate that Ric-8A regulates the
GPR-G�i module in the intact cell. However, it is not known
how these proteins position themselves in the cell and how
signals may be transmitted to and sensed by Ric-8A and the
GPR-G� module. As one approach to this question, we asked if
GPR-G�i BRET is observed in both pellet and supernatant frac-
tions and, if so, was the BRET signal differentially regulated by
Ric-8A?
In this series of experiments, the fluorescent, luminescent,

and BRET signals were obtained, in parallel, from intact cells
and from pellet and supernatant subcellular fractions prepared
following cell lysis. Cells were lysed in hypotonic buffer. BRET
measurements were obtained from these two fractions follow-
ing addition of substrate. This approach also allowed us to
determine the relative distribution ofG�i1-YFP andAGS3-Rluc
or AGS4-Rluc in the two subcellular fractions and how this
distribution may be influenced by Ric-8A. AGS3-Rluc-G�i1-
YFP BRET and AGS4-Rluc-G�i1-YFP BRET were observed in

both the pellet and supernatant fractions, and this interaction
was regulated by Ric-8A in amanner thatmirrored the biphasic
and concentration-dependent regulation of AGS3-Rluc-G�i1-
YFP BRET and AGS4-Rluc-G�i1-YFP BRET observed in the
intact cell (Fig. 5A).9 However, the magnitude of the BRET sig-
nalwasmuch greater in the pellet fraction as comparedwith the
supernatant fraction despite similar or even greater levels of
AGS3-Rluc or AGS4-Rluc and G�i1-YFP in the supernatant
fractions (Table 2). The subcellular distribution of AGS3-Rluc-
G�i1-YFP BRET and the action of Ric-8A in HEK cells was
similar to that observed in the neuronal catecholaminergic cell
line (CAD) (Fig. 5B andTable 2). These data are consistent with
the idea that the interaction of G�i1-YFP with AGS3-Rluc or
AGS4-Rluc stabilizes the proteins at the plasma membrane.
Nevertheless, significant AGS3-Rluc-G�i1-YFP BRET and
AGS4-Rluc-G�i1-YFP BRET were observed in the supernatant
fraction.
As themagnitude of the Ric-8A regulation ofGPR-G�i BRET

depends upon the relative expression of the proteins, we
expanded these studies to include a lower concentration ofG�i1
and to examine the effect of Ric-8A on the subcellular distribu-
tion of G�i and AGS3 in the pellet and supernatant. As indi-
cated earlier, the inhibitory action of Ric-8A on AGS3-Rluc-
G�i1-YFPBRETpredominated at the lowerG� expression level
(Fig. 5C). Ric-8A increased the levels of G�i1-YFP in the intact
cell at both levels of transfected G�; this increase was distrib-
uted to both the pellet and supernatant fractions with a notable
preference for the supernatant fraction (Fig. 5C and Tables 1
and 2). The effect of Ric-8A on AGS3-Rluc-G�i1-YFP BRET
and AGS4-Rluc-G�i1-YFP BRET was mirrored by altered dis-
tribution of AGS3-Rluc andAGS4-Rluc in the pellet and super-
natant fractions (Fig. 5,A andC, and Table 2). In circumstances
whereRic-8A reduced the amount ofAGS3-Rluc orAGS4-Rluc
in the pellet fraction, there were corresponding increases in the

9 The effects of receptor activation and Ric-8A on GPR-G�i1 BRET appear addi-
tive, and only the pellet-associated GPR-G� BRET was regulated by recep-
tor activation (S. S. Oner, J. B. Blumer, and S. M. Lanier, unpublished data).

TABLE 2
Influence of Ric-8A on the expression levels of AGS3-Rluc, AGS4-Rluc,
and G�i1-YFP in intact cells and lysed cell fractions
RFU and RLU generated for the data set presented in Fig. 5 were measured as
described under “Experimental Procedures” and expressed as percent of control
values obtained in the absence of pcDNA3::Ric-8A transfection. Fig. 5A (left panel)
RFU control values for intact cells, pellet, and supernatant were 135,611 � 8,324,
108,948 � 7,453, and 41,606 � 3,633, respectively. Fig. 5A (left panel) RLU control
values for intact cells, pellet, and supernatant were 279,532 � 55,954, 167,690 �
60,590, and 122,392 � 42,200, respectively. Fig. 5A (right panel) RFU control values
for intact cells, pellet, and supernatant were 135,611 � 8,324, 108,948 � 7,453, and
41,606� 3,633, respectively. Fig. 5A (right panel) RLU control values for intact cells,
pellet, and supernatant were 250,528 � 8,659, 132,706 � 24,573, and 148,439 �
11,220, respectively. Fig. 5B RFU control values for intact cells, pellet, and superna-
tant were 23,045 � 2,808, 29,560 � 3,299, and 17,530 � 816, respectively. Fig. 5B
RLU control values for intact cells, pellet, and supernatant were 37,396 � 1,360,
48,946 � 8,693, 96,874 � 13,848, respectively. Results are expressed as the mean �
S.E. of four independent experiments with triplicate determinations.

Intact cell Pellet Supernatant

Fig. 5A (left panel) RFU 423 � 27a 194 � 34a 608 � 97a
RLU 263 � 34a 62 � 10a 186 � 12a

Fig. 5A (right panel) RFU 574 � 28a 232 � 4a 708 � 25a
RLU 203 � 14a 100 � 6 153 � 13a

Fig. 5B RFU 225 � 19a 136 � 28a 321 � 49a
RLU 239 � 48a 106 � 38 212 � 8a

a p � 0.05 compared with control values was determined by Student’s t test.
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amount of AGS3-Rluc and AGS4-Rluc in the supernatant
fraction.
We then examined the effect of PT pretreatment on the

altered distribution of the GPR proteins in the pellet and super-
natant fractions. PT treatment did not alter the distribution of
G�i1-YFP in the presence or absence of Ric-8A. The subcellular
re-distribution of AGS3-Rluc to the supernatant upon co-ex-
pression of Ric-8A was reversed by cell pretreatment with PT
(Fig. 5C) resulting in a marked increase in the amount of both
AGS3-Rluc and the magnitude of the AGS3-Rluc-G�i1-YFP
BRET in the pellet fraction at both levels of G� expression (Fig.
5C).
Role of the Carboxyl Terminus of Ric-8A in the Regulation of

G� and theGPR-G�Complex by Ric-8A—As a first approach to
defining domains of Ric-8A required for the observed bioactiv-
ity, we examined the effect of carboxyl-terminal truncations on
the Ric-8A-mediated increases in G� and the Ric-8A-mediated
regulation of the GPR-G�i1 signaling cassette. Ric-8A contains
multiple helical domains (78) and is predicted to contain 10
armadillo repeats (79). Ric-8A (Met1–Asn492) lacks a carboxyl-
terminal helical domain, whereas Ric-8A (Met1–Asn453) lacks
two predicted helical domains. Purified Ric-8A (Met1–Asn492)
was a more robust GEF than full-length Ric-8A in promoting
purified G�i1-GDP release and GTP�S binding (78). Purified
Ric-8A (Met1–Asn453) actually exhibited less GEF activity than
full-length Ric-8A promoting GDP release but lacking any
effect on GTP�S binding with purified G�i1 (78). We first
examined the effect of carboxyl-terminal truncations on the
ability of Ric-8A to restore steady-state levels of G�i andG�q in
Ric-8A�/� ES cells and the increased levels of G�i1-YFP
observed upon co-expression of Ric-8A in HEK cells. Expres-
sion of Ric-8A (Met1–Asn492), but not Ric-8A (Met1–Asn453),
partially complemented the defect in G� expression observed
in Ric-8A�/� ES cells (Fig. 6A). Similarly, Ric-8A (Met1–
Asn492) exhibited a reduced ability to increase G�i1-YFP levels
in HEK cells, and Ric-8A (Met1–Asn453) had no effect on G�i1-

YFP levels (Fig. 6B).10 These data indicate that the Ric-8A car-
boxyl terminus is an important domain with respect to its role
in the regulation of steady-state levels of G� in the cell. The
region of Ric-8AbetweenAsn453 andAsn493 appears critical for
Ric-8A to increase G�i expression levels. The inability of
Ric-8A (Met1–Asn453) to complement the steady-state defect
in G� expression Ric-8A�/� ES cells may relate to its apparent
inability to promote bothGDPdissociation and binding ofGTP
(78). In the latter situation, the full cycle of nucleotide exchange
would not be completed, which may be required for stabiliza-
tion of G� in the cell as suggested by Gabay et al. (66).

We then examined the role of the carboxy-terminal region
on the Ric-8A-mediated regulation of the GPR-G�i1 signaling
cassette. Both Ric-8A (Met1–Asn453) and Ric-8A (Met1–
Asn492) exhibited a reduced ability to inhibit AGS3-Rluc-G�i1-
YFPBRET (Fig. 7). As themagnitude of theRic-8A regulation of
GPR-G�i1 BRET depends upon the relative expression of the
proteins, we further examined the regulation of GPR-G�i1
BRET by Ric-8A over a range of protein levels. Fig. 7A presents
the data obtained with two different levels of G� protein that
illustrate this point, whereas the data obtained over a more
complete range ofG� expression levels are presented as Fig. 7B.
As observed for full-length Ric-8A, at low concentrations of
Ric-8A (Met1–Asn492) the AGS3-Rluc-G�i1-YFP BRET was
inhibited, but at higher levels of Ric-8A (Met1–Asn492) the
AGS3-Rluc-G�i1-YFP BRET was augmented reflecting the
increased expression of G�i1-YFP (Fig. 7, B and C; Table 3).
However, only the inhibitory component was observed upon
expression of Ric-8A (Met1–Asn453) (Fig. 7, B and C). As
observed for full-length Ric-8A, the inhibitory effect of the car-
boxyl-terminal truncated Ric-8A constructs was reduced or
reversed by pertussis toxin treatment (Fig. 7C). These data sug-

10 RNAi-mediated knockdown of endogenous Ric-8A in HEK-293 cells also
reduced G�i1-YFP expression (S. S. Oner, J. B. Blumer, and S. M. Lanier,
unpublished observations.

FIGURE 6. Effect of carboxyl-terminal truncated Ric-8A on G� expression. A, complementation assay in Ric-8A�/� murine embryonic stem cells. Ric-8A�/�

ES cell clones stably expressing full-length Ric-8A, Ric-8A (Met1–Asn492), Ric-8A (Met1–Asn453), or pcDNA3.1 Hygro were lysed and fractionated into pellet and
supernatant as described elsewhere (66). Equal protein from the fractions was immunoblotted (IB) for Ric-8A, G�i1/2 (B084), and G�q/11 (Z811). B, AGS3-Rluc (10
ng), G�i1-YFP (500 ng), and Ric-8A WT, Ric-8A (Met1–Asn453), and Ric-8A (Met1–Asn492) (1000 ng) in pcDNA3 were expressed in HEK cells, and relative
fluorescence units (RFU) were measured as described under “Experimental Procedures.” Results are expressed as the mean � S.E. of four independent
experiments with triplicate determinations. *, p � 0.05 compared with control.
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gest that even though Ric-8A (Met1–Asn453) did not increase
G�i1-YFP levels, it apparently retains some affinity for G� con-
sistent with its reported effects on purified G�i1 (78).
Mechanistic Considerations—The overall data presented are

consistent with the forward cycle of nucleotide exchange and
hydrolysis proposed by Thomas et al. (40), in which Ric-8A acts
upon a GPR-G�i1 complex to promote nucleotide exchange
and dissociation ofG�i1 from theGPRprotein (39). Subsequent
hydrolysis of the bound GTP generates G�i-GDP for re-associ-
ation with the GPR protein or perhaps G��. The G��� hetero-
trimer is not a substrate for Ric-8A, but the reformedGPR-G�i1
complex could again serve as a substrate for Ric-8A. The
reduced AGS3-Rluc-G�i1-YFP or AGS4-Rluc-G�i1-YFP BRET
signals in the presence of Ric-8A likely reflect such a cycle at
some degree of equilibrium. PT treatment in the presence of
Ric-8Awould gradually result in disruption of the cycle and the
accumulation of ADP-ribosylated G�i1-YFP bound to AGS3-
Rluc or AGS4-Rluc, which is then manifested as an increase in
AGS3-Rluc-G�i1-YFP BRET or AGS4-Rluc-G�i1-YFP BRET as
compared with the signal observed without PT pretreatment
(Figs. 2 and 5C). The magnitude of this increase would be an
indirect indicator of the cycling kinetics. At low concentrations
of G�i1, Ric-8A is capable of effectively driving the system to
shift the equilibrium such that minimal G�i1 is complexed with
AGS3-Rluc or AGS4-Rluc. However, as G�i1 increases, the
equilibrium favors the formation of the AGS3-Rluc-G�i1-YFP
or AGS4-Rluc-G�i1-YFP complex. It is difficult to completely
eliminate the possibility that the observed changes in GPR-
G�i1-YFP BRET reflect competition between Ric-8A andAGS3
for binding to G�i, independent of Ric-8AGEF activity. In con-
trast to Ric-8A-mediated reduction in AGS3-Rluc- or AGS4-
Rluc-G�i1-YFP BRET, AGS1 and GIV were without effect
despite their clear ability to bind G�i in vitro, which, together
with the action of Ric-8A as a GEF in vitro, indicates that the
regulation of the GPR-G�i complex by Ric-8A in the cell is not
likely a matter of competition for G� binding.
The timing and mechanism of the interaction of GPR pro-

teins with G�i1 and the Ric-8A-mediated reduction of GPR-
G�i1 BRET are of interest. As recently reported, both AGS3-
Rluc-G�i1-YFP and AGS4-Rluc-G�i1-YFP BRET were also
reduced by activation of a cell surface receptor. In this situation,
interaction ofG�i1 withAGS3orAGS4 translocates the protein

FIGURE 7. Effect of truncated Ric-8A on AGS3-Rluc-G�i1-YFP BRET. A, BRET
data presented in A were extracted from the larger, complete datasets in B. *,
p � 0.05, compared with its control. Lower panel, Ric-8A immunoblot. Each
lane contains 50 �g of total protein, and the immunoblot presented is repre-
sentative of three separate experiments. The numbers to the right of the
immunoblots correspond to the migration of prestained Bio-Rad protein
standards. B, AGS3-Rluc (10 ng), increasing amounts of G�i1-YFP (25–500 ng)
and Ric-8A WT, Ric-8A (Met1–Asn453), and Ric-8A (Met1–Asn492) (as indicated
in the figures) were expressed in HEK cells, and BRET signals were measured
as described under “Experimental Procedures.” Middle panel, RFUs for each
sample are presented as the percentage of control values (cells expressing
only AGS3-Rluc and G�i1-YFP). RFU values for control cells transfected with

25, 50, 100, 250, and 500 ng of pcDNA3::G�i1-YFP 50,476 � 6,117, 62,489 �
6,986, 87,708 � 11,705, 120,783 � 16,267, and 155,140 � 20,720, respec-
tively. Lower panel, RLU are presented as the percentage of control values
obtained in cells expressing only AGS3-Rluc and G�i1-YFP. Relative lumines-
cence unit values for control cells transfected with 25, 50, 100, 250, and 500 ng
of pcDNA3::G�i1-YFP were 462,452 � 134,067, 456,049 � 110,347, 400,833 �
100,309, 263,295 � 52,793, and 207,460 � 45,087, respectively. Results are
expressed as the mean � S.E. of four independent experiments with triplicate
determinations. *, p � 0.05 compared with their control. C, effect of PT pre-
treatment on the regulation of AGS3-Rluc-G�i1-YFP BRET by carboxyl-termi-
nal truncated Ric-8A. AGS3-Rluc (10 ng) and G�i1-YFP (50 ng) (left panel) or
G�i1-YFP (250 ng) (right panel) were expressed in HEK cells and BRET signals,
RFU and RLU values were measured as described under “Experimental Proce-
dures.” The relative fluorescent units and relative luciferase units are pre-
sented in Table 3. Ric-8A and truncated Ric-8A mutants were expressed as
indicated. In some experiments, cells were pretreated with pertussis toxin
(100 ng/ml) for 16 h. Results are expressed as the mean � S.E. of three inde-
pendent experiments with triplicate determinations. *, p � 0.05 compared
with their control.
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to the plasma membrane where it senses receptor activation
leading to apparent reversible “release” of theGPRprotein from
the plasma membrane (42, 43). Different scenarios may be
operativewith respect to the Ric-8A-mediated regulation of the
GPR-G�i1 complex as reported here. One possibility is that
AGS3 or AGS4 complex with G�i1-GDP co-translationally or
shortly thereafter, and the complex is then acted upon by
Ric-8A in the cytosol resulting in GPR-G� dissociation before
the complex localizes at the plasma membrane. A second pos-
sibility is that Ric-8A acts upon the GPR-G�i1-GDP complex
after it is localized or stabilized at the plasmamembrane. Either
possibility would lead to stimulation of G�i1 nucleotide
exchange and dissociation of G�i1 from the GPR motif. Such
regulation by Ric-8A would result in reduced AGS3 or AGS4
protein at the plasma membrane because G�i1 plays an impor-
tant role in cortical positioning of AGS3 and AGS4 (42, 43, 70,
80). A third possibility is that Ric-8A forms a stable complex
withG�i1 in the cytosol as the protein is translated before aGPR
protein can bind to G�i1. Purified Ric-8A and G�i1 can indeed
exist as a stable complex in the absence of added nucleotide,
and a recombinant Ric-8A-G�q complex was observed in the
soluble fraction during expression in insect cells (75). However,
within the cell one would imagine that the guanine nucleotide
exchange activity of Ric-8A and the cellular levels of guanine
nucleotides would lead to actual dissociation of the Ric-8A-
G�i1 complex unless other regulatorymechanismswere in play.

Each of these scenarios are consistent with published results
and the data presented here. In the third scenario involving the
formation of a Ric-8A-G�i1 stable complex, Ric-8Amay act as a
chaperone to stabilize nascent G� (66), which results in the
increased levels of G�i-YFP observed in this study. Our data
suggest that Ric-8A works upon G-proteins at two distinct
points of their life cycle. Ric-8A acts as a molecular chaperone
to promote proper G� levels and also acts as a guanine nucleo-
tide exchange factor for GPR-G�i complexes in the context of
cellular signaling functions. The molecular chaperone activity
of Ric-8A would be PT-insensitive as a Ric-8A-G�i1 complex is
not expected to be an effective substrate for PT. The G�i1
bound to its chaperone Ric-8A would be “delivered” to a bind-
ing partner (e.g. GPR protein or G��).11 The GPR-G�i com-

plex, but not the G�� complex, would be a target for Ric-8A as
a guanine nucleotide exchange factor. Once bound to a binding
partner, G�i would be a suitable substrate for ADP-ribosylation
by PT, and thus PT treatment would block the action of Ric-8A
as a GEF for the GPR-G�i. Such a working hypothesis is con-
sistent with the results presented here and the biochemical and
functional properties of Ric-8A and GPR proteins as defined in
the literature. The results presented here are indicative of a
dynamic interaction between the GPR-G�i1 complex and
Ric-8A in the cell that influences subcellular localization of the
three proteins and regulated complex formation.
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