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Abstract
RGS14 is a brain scaffolding protein that integrates G protein and MAP kinase signaling
pathways. Like other RGS proteins, RGS14 is a GTPase activating protein (GAP) that terminates
Gαi/o signaling. Unlike other RGS proteins, RGS14 also contains a G protein regulatory (also
known as GoLoco) domain that binds Gαi1/3-GDP in cells and in vitro. Here we report that
Ric-8A, a non-receptor guanine nucleotide exchange factor (GEF), functionally interacts with the
RGS14:Gαi1-GDP signaling complex to regulate its activation state. RGS14 and Ric-8A are
recruited from the cytosol to the plasma membrane in the presence of co-expressed Gαi1 in cells,
suggesting formation of a functional protein complex with Gαi1. Consistent with this idea, Ric-8A
stimulates dissociation of the RGS14:Gαi1-GDP complex in cells and in vitro using purified
proteins. Purified Ric-8A stimulates dissociation of the RGS14:Gαi1-GDP complex to form a
stable Ric-8A:Gαi complex in the absence of GTP. In the presence of activating nucleotide,
Ric-8A interacts with the RGS14:Gαi1-GDP complex to stimulate both the steady-state GTPase
activity of Gαi1 and GTP binding to Gαi1. However, sufficiently high concentrations of RGS14
competitively reverse these stimulatory effects of Ric-8A on Gαi1 nucleotide binding and GTPase
activity. This observation correlates with findings that show RGS14 and Ric-8A share an
overlapping binding region within the last 11 amino acids of Gαi1. As further evidence that these
proteins are functionally linked, native RGS14 and Ric-8A co-exist within the same hippocampal
neurons. These findings demonstrate that RGS14 is a newly appreciated integrator of
unconventional Ric-8A and Gαi1 signaling.

Conventional models of G protein signaling (1,2) indicate that activated G protein-coupled
receptors (GPCRs) serve as guanine nucleotide exchange factors (GEFs) towards coupled
heterotrimeric (Gαβγ) G proteins. GPCR activation facilitates GDP release and subsequent
GTP binding to the Gα subunit, which is followed by Gβγ dissociation from Gα-GTP. This
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allows free Gβγ and Gα-GTP to engage downstream effectors and linked signaling
pathways. The lifetime of this signaling event is terminated by the regulators of G protein
signaling (RGS) proteins, a large family of multifunctional signaling proteins that regulate
the intrinsic GTPase activity of the Gα subunit and promote heterotrimer reassociation (3-5).

RGS14 is a highly unusual RGS protein that is enriched in brain (6,7) and binds to Gαi/o
and H-Ras/Raf to integrate G protein and MAP kinase signaling pathways (8). RGS14
contains a conserved RGS domain, two adjacent Ras/Rap binding domains (RBDs), and a G
protein regulatory (also known as a GoLoco [GL]) domain (7,9). Like all RGS proteins, the
RGS domain of RGS14 binds directly to active Gα (specifically Gαi and Gαo) to serve as a
non-selective GTPase Activating Protein (GAP) towards both of these Gα subunits (6,7,10).
Unlike other RGS proteins, the GL domain of RGS14 binds directly to inactive Gαi1-GDP
and Gαi3-GDP to inhibit guanine nucleotide binding and exchange (11-13). Furthermore,
the GL domain of RGS14 forms a tight complex at the plasma membrane with inactive Gαi1
and Gαi3 independent of Gβγ(13), suggesting RGS14 serves a different role in G protein
signaling compared to other RGS proteins.

Independent of conventional GPCR/G protein signaling, several unconventional G protein
signaling pathways have been described recently that are involved in cell division and
synaptic signaling (14-21). Ric-8A (Synembryn) is a cytosolic protein reported to bind to
and act as a non-receptor GEF for Gαi1, Gαq, and Gαo proteins (22-24). Ric-8A recognizes
inactive Gα-GDP proteins when they are in complex with several GL-domain containing
proteins, including LGN/mPins and Activator of G protein Signaling 3 (AGS3). Like
RGS14, LGN/mPins and AGS3 bind directly to inactive Gαi (22,24), with LGN also being
recruited to the plasma membrane by Gαi1 (25). However, unlike RGS14, these proteins
lack an RGS domain.

Given these similarities between RGS14, LGN/mPins, and AGS3, we sought to investigate
if RGS14 functionally interacts with Ric-8A to regulate unconventional G protein signaling.
Here we report that RGS14 is the first example of an RGS protein that also serves as a GL
protein, forming a complex with Gαi1-GDP that is regulated by Ric-8A. We show that
Ric-8A interacts with RGS14 in cells and acts on the RGS14:Gαi1-GDP protein complex in
vitro, thereby promoting complex dissociation to affect the activation state of Gαi1.
Moreover, we demonstrate that native RGS14 and Ric-8A co-exist within the same
hippocampal neurons, further supporting a functional link between these two proteins.
Taken together, these findings demonstrate that RGS14 serves as a multifunctional GL
protein in addition to an RGS protein. We therefore propose a working molecular model to
describe how Ric-8A could regulate RGS14:Gαi1 signaling functions in cells.

Experimental Procedures
Plasmids and antibodies

The rat RGS14 cDNA used in this study (Genbank accession number U92279) was acquired
as described (6). Glu-Glu (EE) tagged recombinant Gαi1 plasmid was purchased from UMR
cDNA Resource Center (Rolla, Missouri). The plasmids encoding full-length RGS14 and
RGS14 deletion mutants coding for amino acids 213-544 and 444-544 cloned in-frame into
pcDNA3.1 (Invitrogen) were prepared as described previously (13). Oligonucleotides
encoding the 8 amino acid Flag tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) were used to
generate N-terminally Flag-tagged RGS14. His6-Gαi1 (N149I) derived from Escherichia
coli was generated by changing bases AAC of the rat Gαi1 cDNA to ATA using the
QuickChange site-directed mutagenesis kit (Stratagene), resulting in an amino acid change
of N to I. Truncated His6-Gαi1 (termed Gαi1-ΔCT throughout the text) derived from E. coli
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was made by deleting the last 11 amino acids (IKNNLKDCGLF) of the rat Gαi1 and
cloning the resulting cDNA in-frame into pET20b vector.

Anti-Flag M2 agarose beads, anti-Flag antibody, and anti-Flag HRP antibody were
purchased from Sigma. Other antisera include anti-GFP antibody (Clontech), anti-His
antibody (Covance), anti-Ric-8A antiserum (a gift from Dr. Greg Tall), anti-Gαi1 antibody
(Santa Cruz), anti-EE antibody (BD Biosciences), anti-RGS14 antibody (Antibodies, Inc.), a
rhodamine-conjugated mouse secondary IgG (Jackson), Alexa 553 goat anti-rabbit
secondary IgG (Invitrogen), Alexa 546 goat anti-mouse secondary IgG (Invitrogen), Alexa
488 goat anti-rabbit secondary IgG (Invitrogen), Alexa 633 goat anti-mouse secondary IgG
(Invitrogen), peroxidase-conjugated goat anti-mouse IgG antisera (Rockland
Immunochemicals, Inc.), and peroxidase-conjugated goat anti-rabbit IgG antisera (Bio-
Rad) .

Cell Culture
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with sodium
pyruvate and glutamate supplemented with 10% fetal bovine serum (FBS) and a mixture of
100 U/mL penicillin plus 100 μg/mL streptomycin (Sigma). Cells were incubated at 37°C
with 5% CO2.

Cell transfection and anti-Flag immunoprecipitation
HeLa cells were obtained from the American Type Culture Collection (ATCC).
Transfections were performed using previously described protocols with Lipofectamine
2000 (Invitrogen) (13). Cells were transiently transfected with CFP-Ric-8A and pcDNA3.1,
wild-type Gαi1-EE, Flag-RGS14 (full-length), and Flag-RGS14 truncation mutants 213-544
and 444-544 either alone or in combination. Eighteen hours post-transfection, cells were
lysed in buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 2 mM dithiothreitol, 10 mM MgCl2, protease inhibitor cocktail (Roche), and 1%
TritonX-100. Lysates were incubated on a 4°C rotator for 1 hour, and then cleared by
centrifugation at 100,000 × g for 30 mins at 4°C. Lysates were incubated with 50 μg anti-
Flag M2 resin for 1.5 hours on a 4°C rotator. Resin was washed with ice-cold TBS four
times and proteins were eluted by addition of Laemmli sample buffer and subsequent boiling
for 5 mins. Samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes,
and blotted with anti-Flag HRP, anti-GFP, and anti-EE antibodies followed by appropriate
secondary antibodies. Proteins were detected by enhanced chemiluminescence.

Immunoprecipitation of pure proteins
10 μg of wild-type His6-Gαi1 (WT), His6-Gαi1 (N149I), or His6-Gαi1-ΔCT protein derived
from E. coli lysates was mixed alone or with 5 μg of either purified full-length TxHis6-
RGS14 or His6-YFP-Ric-8A (referred to as YFP-Ric-8A). YFP-Ric-8A was made as
described (24). Proteins were diluted in buffer containing 20 mM HEPES, 150 mM NaCl, 2
mM dithiothreitol, 1 mM EDTA, and protease inhibitor cocktail. Proteins were incubated
with 50 μg Protein G sepharose resin (GE Healthcare) and immunoprecipitated with either
anti-RGS14 antibody or anti-Ric-8A antibody at 4°C for 3 hours. Resin was washed with
ice-cold TBS four times and proteins were eluted by addition of Laemmli sample buffer and
subsequent boiling for 5 mins. Samples were resolved by SDS-PAGE, transferred to
nitrocellulose membranes, and blotted with anti-His, anti-Ric-8A, and anti-Gαi1 antibodies
followed by appropriate secondary antibodies. Proteins were detected by enhanced
chemiluminescence.
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Immunofluorescence and confocal imaging
Transfected HeLa cells were fixed at room temperature for 10 mins with buffer containing
20 mM PIPES, pH 7.0, 0.5 mM EGTA, 1 mM MgCl2, 1 mM glutaraldehyde, 1 g/mL
aprotinin, 0.1% TritonX-100, 2 mM taxol, and 2% paraformaldehyde. Cells were then
blocked for 1 hour at room temperature in PBS containing 10% goat serum and 3% bovine
serum albumin. Next, cells were incubated in this same buffer with a 1:1000 dilution of
rabbit anti-Flag and/or mouse anti-EE antibodies overnight at 4°C. Cells were washed with
PBS (3X) and incubated with 1:200 dilutions of Alexa 553 goat anti-rabbit and Alexa 633
goat anti-mouse secondary antibodies at room temperature for 1 hour. Cells were washed
with PBS again (3X) and mounted with Vectashield mounting medium (Vector
Laboratories). Confocal images were taken using a 63x oil immersion objective from a
LSM510 laser scanning microscope (Zeiss). Images were processed using the Zeiss LSM
image browser (version 2.801123) and Adobe Photoshop 7.0 (Adobe Systems).

Immunohistochemistry (IHC) and confocal imaging of mouse brain thin sections
To obtain brain thin sections, C57BL6 wild-type mice were perfused with saline and then
with 4% paraformaldehyde. Brains were isolated, post-fixed in 4% paraformaldehyde, and
then embedded in paraffin. After embedding, thin sections were cut. For IHC analysis, brain
thin sections were de-paraffinized and pre-treated by microwaving in 1X citrate buffer
(0.001 M citrate monohydrate in distilled water, pH 6.0). Sections were treated with 3%
H2O2 and blocked with 2% goat serum in Tris-Brij buffer (0.1 M Tris-Cl, 0.1 M NaCl,
0.025 M MgCl2, and .075% Brij 35) for 15 mins. Sections were incubated with anti-Ric-8A
and anti-RGS14 antibodies overnight at 4°C, and then incubated with either Alexa 546 anti-
mouse and Alexa 488 anti-rabbit fluorescent secondary antibodies or anti-mouse and anti-
rabbit biotinylated secondary antibodies (Vector Laboratories). Following biotinylated
secondary antibody incubation, sections were incubated with avidin-biotin-peroxidase
complex, and color was developed with 3, 3′-diaminobenzidine. Control sections were
stained with antibody that was pre-blocked with either Ric-8A or RGS14 pure protein (10:1
ratio of protein to antibody). Confocal images were taken and processed as described above.
IHC images were taken using a Nikon double-headed microscope.

Pure protein dissociation assays
Purified TxHis6-ΔRGS14 (encoding amino acids 299-544, including the RBD domains and
GL domain) was created as described (6). Pre-formed ΔRGS14:Gαi1-GDP protein complex
was created by mixing 85 μg pure His6-Gαi1-GDP with 25 μg pure TxHis6-ΔRGS14 at 4°C
for 90 minutes. Sample was then separated over a tandem Superdex S75+S200 size-
exclusion gel filtration apparatus in buffer containing 50 mM HEPES, pH 8.0, 1 mM EDTA,
150 mM NaCl, and 2 mM dithiothreitol. Elution volume containing the protein complex
(500 μL of fraction corresponding to total elution volume 18000 μL – 18500 μL) was taken
and mixed with 50 μM GTPγS and 10 mM MgCl2 either alone or with a 5-fold excess of
YFP-Ric-8A pure protein over ΔRGS14 for 15 mins at 30°C. In other dissociation assays,
pre-formed ΔRGS14:Gαi1-GDP complex was collected and mixed with a 30-fold excess of
YFP-Ric-8A only, without GTPγS. After treatment, the sample was then reapplied to the gel
filtration column, and resulting fractions were collected and subjected to SDS-PAGE and
immunoblot analysis. Blots were probed with anti-His and anti-Ric-8A antibodies. For YFP-
Ric-8A:Gαi1 complex formation, 9 μg YFP-Ric-8A was incubated with 30 μg His6-Gαi1-
GDP at 4°C for 90 minutes in the buffer described above and then applied over tandem
S75+S200 gel filtration columns as described above.
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GTPγS binding assays
GTPγS binding studies were performed as previously described (26). Briefly, 2 μM His6-
Gαi1-GDP (diluted in 20 mM HEPES and 50 mM NaCl) was incubated with 2 μM (final
concentration) [35S]GTPγS (10,000 cpm/pmol) with or without amounts of TxHis6-
ΔRGS14 (25 μM) and YFP-Ric-8A (either 5 μM or 125 μM) at 30°C in reaction buffer (20
mM HEPES, 100 mM NaCl, 1 mM dithiothreitol, 2 mM MgSO4, and 1 mM EDTA).
Reactions were done in triplicate and stopped at the indicated time points in ice cold stop
buffer (20 mM Tris, 200 mM NaCl, 2 mM MgSO4, and 1 mM GTP), quickly filtered over
nitrocellulose membranes, and washed twice with wash buffer (50 mM Tris, 200 mM NaCl,
and 2 mM MgSO4). Scintillation fluid (MP Biomedicals) was added to filters, and then
filters were subjected to scintillation counting. The amount of [35S]GTPγS bound to the
filters was quantified, and the measurements at the 0 min time point were subtracted out as
background. Data are presented as mean ± S.E.M. When testing the activity of the Gαi1
mutants, the exact same protocol was performed using 2 μM Gαi1-WT, Gαi1 (N149I), and
Gαi1-ΔCT alone for 0 min, 5 min, and 10 min time points.

Steady-state GTPase assays
Steady-state GTPase assays were performed as described (26,27) at 30°C in buffer A that
contained 20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 2 mM MgCl2, and 0.05% Lubrol.
His6-Gαi1-GDP (0.5 μM) and either full-length TxHis6-RGS14 or truncated TxHis6-
ΔRGS14 (0.3 μM) were incubated for 15 min at 4°C and YFP-Ric-8A (1.5 μM) was added
just before initiation of the reaction. To initiate the steady-state reaction, 0.4 μM [γ-32P]GTP
(specific activity 200 cpm/pmol) in 100 uL buffer A was added. At 5 minute intervals, from
0 to 20 minutes, triplicate aliquots were removed and added to 1 mL of ice cold 5% (w/v)
activated charcoal to stop the reactions. The charcoal was pelleted at 4000 × g and the clear
supernatant was removed and added to scintillation vials. The resulting [32P]i released in the
supernatant was measured by scintillation counting. Data are presented as mean ± S.E.M.

For steady-state GTPase experiments measuring the effects of protein concentration on
response, various concentrations of full-length TxHis6-RGS14 ranging from 0 to 8.0 μM (0
nM, 10 nM, 30 nM, 100 nM, 300 nM, 1000 nM, 3000 nM, and 8000 nM) were incubated
with 0.5 μM His6-Gαi1-GDP for 15 min at 4°C. YFP-Ric-8A (1.5 μM) was added just
before initiation of the reaction. To initiate the steady-state reaction, 0.4 μM [γ-32P]GTP
(specific activity 200 cpm/pmol) in 100 uL buffer A (see above) was added. After 10
minutes, triplicate aliquots were removed and added to 1 mL of ice cold 5% (w/v) activated
charcoal to stop the reactions. The charcoal was pelleted at 4000 × g and the clear
supernatant was removed and added to scintillation vials. The resulting [32P]i released in the
supernatant was measured by scintillation counting. Data are presented as mean ± S.E.M.

Results
RGS14 and Ric-8A localize at the plasma membrane with Gαi1

RGS14 is unusual among RGS proteins in that it contains not only an RGS domain that
binds active Gαi1-GTP, but also a GL domain that binds inactive Gαi1-GDP. Therefore, we
sought to determine whether RGS14 is the first example of an RGS protein that functionally
interacts with Ric-8A, a reported cytosolic GEF that regulates certain GL proteins. A strong
indicator of functional interaction between proteins is their capacity to co-localize together
in a cellular environment. Therefore, we examined the localization of both Ric-8A and
RGS14 in cells in the presence and absence of co-expressed Gαi1-GDP (Fig. 1). Flag-
RGS14, YFP-Ric-8A, and wild-type Gαi1-EE were transfected alone and in combination
into HeLa cells. Cells were fixed, stained with anti-Flag and anti-EE antibodies, and
analyzed for immunofluorescence by confocal microscopy (Fig. 1). When expressed alone
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in HeLa cells, wild-type Gαi1 localizes at the plasma membrane whereas Ric-8A and
RGS14 each predominately localize within the cytosol (Fig. 1A); a small amount of RGS14
is visible at the plasma membrane. When both RGS14 and Ric-8A are co-expressed, they
remain mostly cytosolic (Fig. 1B – top). When either RGS14 or Ric-8A is co-expressed with
wild-type Gαi1, there is a noticeable translocation of both RGS14 and Ric-8A to the plasma
membrane, respectively (Fig. 1B – middle). A small portion of Ric-8A remains localized
within the cytosol. Since expression of Gαi1 induces translocation of RGS14, the small
amount of RGS14 visible at the plasma membrane in Fig. 1A may be due to the presence of
native Gαi1 recruiting RGS14 to the membrane. When RGS14 and Ric-8A are expressed
together with wild-type Gαi1 (Fig. 1B – bottom), both RGS14 and Ric-8A translocate from
the cytosol to co-localize with Gαi1 at the plasma membrane. The Ric-8A that had remained
cytosolic following co-expression with wild-type Gαi1 was now localized at the plasma
membrane, suggesting that these three proteins may functionally interact at the plasma
membrane. Taken together, it appears that the major driving force behind RGS14 and
Ric-8A membrane localization is the presence of Gαi1, which is consistent with the
possibility that RGS14 and Ric-8A may be acting on a common Gαi1 subunit in a functional
signaling complex.

Ric-8A stimulates dissociation of the RGS14:Gαi1-GDP complex in cells
These findings prompted us to examine if RGS14, Ric-8A, and Gαi1 physically interact in
cells. We previously demonstrated that RGS14 can form a stable complex with Gαi1 that
can be recovered from cells by co-immunoprecipitation (13). Here we tested whether
RGS14 can interact with Ric-8A in cells (Fig. 2A). HeLa cells were transfected with CFP-
Ric-8A together with either full-length Flag-RGS14 or truncated forms of RGS14 that were
missing either the RGS domain (construct expressing amino acids 213-544) or both the RGS
domain and the tandem RBDs (construct expressing amino acids 444-544). Ric-8A was
recovered together with both full-length RGS14 and RGS14 missing the RGS domain, but
not with RGS14 missing the RGS domain and the tandem RBDs (Fig. 2A).

We next examined whether Ric-8A stimulates the dissociation of an RGS14:Gαi1-GDP
complex in cells (Fig. 2B). CFP-Ric-8A, wild-type Gαi1-EE, full-length Flag-RGS14, or the
truncated Flag-RGS14 expressing residues 444-544 were transfected alone and in
combination into HeLa cells. Cell lysates were subjected to a Flag-immunoprecipitation
(IP). In the absence of expressed wild-type Gαi1, Ric-8A interacts with full-length RGS14
(and does not interact non-specifically with the anti-Flag beads). In the absence of expressed
Ric-8A, both full-length and truncated RGS14 strongly interact with wild-type Gαi1.
However, when Ric-8A and wild-type Gαi1 are co-expressed with full-length RGS14,
binding of Ric-8A to RGS14 is eliminated and binding of Gαi1 to RGS14 decreases
significantly (Fig. 2B). By contrast, the truncated form of RGS14 missing the apparent
Ric-8A binding region (see Fig. 2A) remains bound to Gαi1 in the presence of Ric-8A (Fig.
2B).

Purified Ric-8A stimulates dissociation of the purified RGS14:Gαi1-GDP complex in vitro
Our findings thus far (Figs. 1 and 2) are consistent with the idea that Ric-8A recognizes the
RGS14:Gαi1-GDP complex and stimulates dissociation of the complex in cells, thereby
causing release of Gαi1 (and possible binding of Ric-8A to free Gαi1). To test this idea
directly, we examined Ric-8A interactions with RGS14 and Gαi1 using purified proteins
(Fig. 3). Purified YFP-Ric-8A (24), RGS14, and Gαi1-GDP were mixed in various
combinations and then subjected to size-exclusion gel chromatography to examine complex
formation. Because expression of full-length recombinant RGS14 yields limiting amounts of
functional full-length RGS14, we utilized a more stable truncated form of RGS14 for these
studies that lacks the RGS domain (ΔRGS14) (6). As seen in Fig. S1, ΔRGS14 binds Gαi1-
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GDP to form a stable high molecular weight ΔRGS14:Gαi1-GDP complex detectable by
size exclusion chromatography. Full-length RGS14 also forms this complex (data not
shown). Ric-8A forms a stable complex with Gαi1-GDP as shown by a shift towards a
higher molecular weight when compared to the Ric-8A monomer (Fig. 3, A-B). With this
information, we next tested whether purified Ric-8A stimulated dissociation of the
ΔRGS14:Gαi1-GDP complex. For this, we prepared a pre-formed ΔRGS14:Gαi1-GDP
complex (Fig. S1). After this, we incubated pure YFP-Ric-8A with this preformed
ΔRGS14:Gαi1-GDP complex in the absence of added nucleotide or in the presence of
GTPγS and MgCl2. In the absence of activating nucleotide, Ric-8A induces partial
dissociation of the ΔRGS14:Gαi1-GDP complex along with the formation of a new
Ric-8A:Gαi1 complex (presumably nucleotide-free, (23)) (see red and green boxes in Fig. 3,
B-D). However, in the presence of GTPγS/Mg2+, Ric-8A induces near-complete
dissociation of the ΔRGS14:Gαi1-GDP complex, resulting in free ΔRGS14, free Gαi1-
GTPγS, and free Ric-8A (Fig. 3, E-F). Gαi1 can be seen dissociating from ΔRGS14 (see red
box of Fig. 3, E-F) and remaining in its monomeric form (see blue box of Fig. 3, E-F). These
results clearly show that Ric-8A recognizes, binds, and induces dissociation of the
ΔRGS14:Gαi1-GDP complex. We found that the purified full-length RGS14 behaved
similarly to ΔRGS14 in these experiments, though our data sets were incomplete due to
limiting amounts of available full-length RGS14 (data not shown).

Ric-8A-induced dissociation of RGS14:Gαi1-GDP frees Gαi1 to bind GTP
Our findings above (Figs. 2 and 3) indicate that Ric-8A binds Gαi1 and disrupts the
RGS14:Gαi1 signaling complex, thus freeing Gαi1 from the GL motif and allowing it to
exchange nucleotide and bind GTP. To examine this directly, we measured the capacity of
Gαi1 released from the ΔRGS14:Gαi1-GDP complex by Ric-8A to bind [35S]GTPγS (Fig.
4). In the absence of Ric-8A, Gαi1 in complex with RGS14 binds GTPγS very poorly, as
expected (6,11,12). When Ric-8A is added in 5-fold excess of the ΔRGS14:Gαi1-GDP
complex, Gαi1 readily binds GTPγS. Nucleotide binding is apparent immediately upon
addition of Ric-8A, and GTPγS binding continues in a linear fashion for up to 10 min. We
observe an approximate 4-fold increase in the rate of GTPγS binding to Gαi1 with addition
of Ric-8A to the complex (1.04 pmol/min) compared to GTPγS binding to Gαi1 when in
complex with ΔRGS14 alone (0.25 pmol/min). Pure Ric-8A protein does not bind GTPγS on
its own (Fig. 4), thus the increase in nucleotide binding with Ric-8A+Gαi1-GDP is due to
Ric-8A-catalyzed GTPγS binding to Gαi1. These findings show that Ric-8A stimulates
dissociation of Gαi1 from RGS14, allowing Gαi1 to bind nucleotide and become activated.

Ric-8A GEF activity towards Gαi1 is dependent on the molar ratio of Ric-8A to RGS14
Ric-8A acts as a GEF towards Gαi1 (23). Since Ric-8A is able to displace Gαi1-GDP from
ΔRGS14, it appears that Ric-8A and ΔRGS14 compete for Gαi1 binding. RGS14 may
affect, directly or indirectly, Ric-8A GEF activity towards Gαi1. To examine this, we
measured the effects of varying the molar ratios of Ric-8A and RGS14 on the rate of
nucleotide binding to Gαi1. When Ric-8A is in 5-fold molar excess of ΔRGS14, Ric-8A is
able to induce dissociation of the ΔRGS14:Gαi1-GDP complex and catalyze nucleotide
exchange on Gαi1 (4.10 pmol/min) in 2.3-fold excess of that observed for Gαi1 alone (1.77
pmol/min) (Fig. 5A). At these molar ratios, ΔRGS14 only partially inhibits Ric-8A GEF
activity towards Gαi1 (4.10 pmol/min compared to 6.80 pmol/min with Ric-8A+Gαi1-GDP
alone). By contrast, when the Ric-8A concentration is decreased so that ΔRGS14 is in 5-fold
molar excess, Ric-8A no longer has any effect on Gαi1 nucleotide binding (0.74 pmol/min
compared to 0.88 pmol/min for Gαi1 alone) (Fig. 5B). Pure Ric-8A protein does not bind
GTPγS on its own (Fig. 5), indicating that the observed nucleotide binding is due to Ric-8A
effects on Gαi1. These findings suggest that Ric-8A is neither able to force ΔRGS14:Gαi1
complex dissociation nor able to act as a GEF towards Gαi1 under these experimental
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conditions (Fig. 5B). Of note, the failure of Ric-8A to overcome these effects of RGS14 on
Gαi1 may be due to the absence of properly modified Gαi1, since myristoylated Gαi1 has
been shown to enhance the capacity of Ric-8A to act on GL:Gαi1-GDP complexes (22). We
also tested whether purified full-length RGS14 containing the RGS domain behaved any
differently in these assays than did ΔRGS14 missing the RGS domain. We found that the
presence of the RGS domain in full-length RGS14 had no effect on Ric-8A-directed GEF
activity towards Gαi1 (data not shown).

Ric-8A stimulates an increase in the steady-state GTPase activity of Gαi1 in the presence
of RGS14

All GEFs act by increasing the rate of release of GDP bound to Gα, thereby greatly reducing
the rate-limiting step in guanine nucleotide exchange and steady-state hydrolysis. Thus, GEF
activity is reflected both as an increase in GTPγS binding and also as an increase in steady-
state GTPase activity on the target Gα (23,28). Consistent with its reported role as a GEF,
Ric-8A stimulates steady-state GTPase activity of Gαi1 (22,23). Thus, in addition to
examining Ric-8A effects on nucleotide binding (Fig. 5), we also examined its effects on
Gαi1 GTPase activity and the importance of RGS14 and its RGS domain on this activity.
Assays of Gαi1 steady-state GTPase activity were designed to include combinations of
purified Ric-8A, Gαi1-GDP, and either truncated ΔRGS14 or full-length RGS14 (Fig. 6).
ΔRGS14 inhibits the GTPase activity of Gαi1 2.8-fold (0.48 pmol/min compared to 1.37
pmol/min for Gαi1 alone) (Fig. 6A). Ric-8A overcomes this inhibition, catalyzing an
increase in Gαi1 GTPase activity by 2.5-fold in the presence of ΔRGS14 (1.20 pmol/min
compared to 0.48 pmol/min). However, the capacity of Ric-8A to overcome this inhibition
does not exceed the intrinsic GTP hydrolysis rate of Gαi1 (1.37 pmol/min). Full-length
RGS14 also inhibits the GTPase activity of Gαi1 (0.62 pmol/min compared to 1.15 pmol/
min for Gαi1 alone) (Fig. 6B). Ric-8A overcomes this inhibition by 2.4-fold, however again
only to the approximate rate of intrinsic Gαi1 GTP hydrolysis.

To examine the effects of RGS14 on Gαi1 GTPase activity more carefully, we tested a range
of full-length RGS14 concentrations on Gαi1 GTPase activity in the absence or presence of
Ric-8A (Fig. 6C). We found that RGS14 inhibits Ric-8A-mediated increases in Gαi1
GTPase activity in a concentration-dependent manner, with complete inhibition evident at 3
μM RGS14 (Fig. 6C). This suggests that RGS14 competes with Ric-8A for Gαi1 binding, as
greater concentrations of RGS14 hinder Ric-8A from acting on Gαi1.

RGS14 and Ric-8A bind to distinct and overlapping sites of Gαi1
We next examined whether RGS14 and Ric-8A interact at the same or different sites of
Gαi1. A recent report suggests that Ric-8A binds to the extreme C-terminus of Gαi1 since
pertussis toxin disrupts Ric-8A interactions with Gαi1 (29). Based on this observation, we
generated a truncation of Gαi1 (Gαi1-ΔCT) that is missing the last 11 amino acids of the
protein. We also made a single point mutation in Gαi1 (N149I) that previously has been
reported to block its binding to RGS14 (30,31). GTPγS binding studies illustrate that these
proteins are functional and active (0.59 pmol/min, 0.75 pmol/min, and 0.68 pmol/min for
wild-type Gαi1, Gαi1 (N149I), and Gαi1-ΔCT, respectively). We examined the capacity of
purified full-length TxHis6-RGS14 and YFP-Ric8A to form a stable complex with His6-
Gαi1-ΔCT, His6-Gαi1 (N149I), and wild-type His6-Gαi1 derived from E. coli lysates as
assessed by immunoprecipitation (Fig. 7). Both Ric-8A and RGS14 bind wild-type Gαi1, as
expected (Fig. 7). Ric-8A interacts with Gαi1 (N149I) whereas RGS14 does not, indicating a
distinct site of interaction for the two proteins on Gαi1 (Fig. 7). In contrast, Ric-8A fails to
bind Gαi1-ΔCT, which is consistent with a recent report (29) showing that pertussis toxin-
mediated ADP-ribosylation of a cysteine (C351) within this deleted region of Gαi1 blocks
its functional interactions with Ric-8A. Surprisingly, RGS14 also fails to bind to this
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truncated form of Gαi1, suggesting an overlapping binding region that is shared by Ric-8A
and RGS14 within the last 11 amino acids of Gαi1 (Fig. 7). These findings show that RGS14
and Ric-8A bind to both distinct sites and overlapping regions of Gαi1.

Ric-8A and RGS14 co-exist within the same hippocampal neurons
Thus far, our findings provide evidence that Ric-8A can functionally regulate the
RGS14:Gαi1 complex. For this to be physiologically relevant, we would expect native
RGS14 and Ric-8A to exist within the same cells. Since both RGS14 and Ric-8A are
natively expressed in brain (6,7,32,33), we studied the localization patterns of each of these
proteins within brain using IHC staining techniques and confocal microscopy of fixed tissue
(Fig. 8). Consistent with our recent observations (34), we find that RGS14 is present in
hippocampus, but with a protein expression pattern that is largely restricted to neurons and
neurites of the CA2 and CA1 sub-regions (Fig. 8A). We find that Ric-8A protein is also
highly expressed in neurons of the CA2 and CA1 regions of the hippocampus (Fig. 8A).
Staining of RGS14 and Ric-8A with anti-RGS14 and anti-Ric-8A antibodies is blocked by
pre-adsorption of the antibodies with pure RGS14 and Ric-8A proteins, respectively (Fig.
8A, right panels). Most importantly, Ric-8A and RGS14 co-localize within the same CA2
hippocampal neurons as visualized by confocal imaging (corresponding to the area shown in
the black box in Fig. 8A) (Fig. 8B). Ric-8A and RGS14 co-localize mainly to the cytosol of
the soma of these neurons. These results further support the idea that Ric-8A and RGS14 are
functionally linked within hippocampal neurons to regulate their functions.

Discussion
RGS14 is a complex signaling protein that contains an RGS domain, tandem Ras/Rap
binding domains, and a GL domain. Previous studies have focused largely on the presumed
function of RGS14 as a regulator of GPCR-G protein signaling (6,7,10,35,36). However,
findings here and elsewhere (8,12,13,30) strongly suggest that RGS14 serves as a scaffold
that integrates unconventional G protein signaling events rather than as a conventional RGS
protein. In support of this idea, we show that RGS14 functionally interacts with Ric-8A, a
defined regulator of unconventional G protein signaling pathways (22-24). Our key findings
indicate the following: 1) RGS14 and Ric-8A co-localize at the plasma membrane with
wild-type Gαi1; 2) RGS14 and Ric-8A interact with each other in cells; 3) Ric-8A stimulates
dissociation of the RGS14:Gαi1-GDP complex in cells and in vitro; 4) Ric-8A serves as a
GEF to facilitate nucleotide exchange (e.g. GTPγS binding) on the Gαi1 that it liberates
from RGS14; 5) the capacity of Ric-8A to overcome the inhibitory effects of RGS14 on
Gαi1 nucleotide exchange and GTPase activity depends on the molar ratio of RGS14
relative to Ric-8A; 6) RGS14 and Ric-8A bind to both distinct and overlapping regions of
Gαi1; and 7) native RGS14 and Ric-8A co-exist within the same hippocampal neurons.

Our findings indicate that Ric-8A can functionally regulate the activation state of the
RGS14:Gαi1-GDP signaling complex, which may potentially play a role in hippocampal
signaling functions since RGS14 expression is highly restricted to this brain region. In this
regard, RGS14 shows structural and mechanistic parallels with two other brain proteins,
LGN (mPins) and AGS3. Like RGS14, these proteins contain GL domains that form stable
complexes with Gαi1-GDP, and LGN has been shown to be recruited to the plasma
membrane in cells to form an LGN:Gαi1-GDP complex (22,24,25). Similar to its effects on
RGS14, Ric-8A also recognizes and induces dissociation of both the AGS3:Gαi1-GDP and
LGN:Gαi1-GDP complexes, subsequently facilitating GTP binding to free Gαi1 (22,24). As
is the case with RGS14, excess amounts of both LGN and AGS3 have been shown to inhibit
Ric-8A effects on Gαi1, suggesting competition between these GL proteins and Ric-8A for
Gαi1 binding (22,24). Taken together, our findings strongly suggest that RGS14 acts as a
GL protein as well as an RGS protein.
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RGS14 and Ric-8A co-localize with Gαi1-GDP at the plasma membrane in cells
Our cellular localization findings (Fig. 1) suggest that Ric-8A, RGS14, and Gαi1 may
functionally interact at the plasma membrane in cells. Since both Ric-8A and RGS14
directly bind to inactive Gαi1 in cells (6,11,12,23), we examined the subcellular localization
of both Ric-8A and RGS14 in the presence of wild-type Gαi1. While a majority of Ric-8A is
recruited to the plasma membrane in the presence of wild-type Gαi1, almost all Ric-8A is
recruited to the plasma membrane when expressed with both wild-type Gαi1 and RGS14
(Fig. 1). The fact that Ric-8A and RGS14 co-localize at the same time with Gαi1 at the
plasma membrane supports the possibility that these proteins functionally interact together
through sequential formations/dissociations of RGS14:Gαi1 and Ric-8A:Gαi1 complexes,
and perhaps through formation of a transient ternary RGS14:Gαi1-GDP:Ric-8A complex.
Our data throughout support both the idea of the formation of RGS14:Gαi1 and
Ric-8A:Gαi1 complexes and the concept that Gαi1 is exchanged between RGS14 and
Ric-8A before dissociation as free Gαi1-GTP.

Ric-8A induces dissociation of the RGS14:Gαi1-GDP complex and subsequently facilitates
nucleotide exchange on Gαi1

Mechanistically, our results show that Ric-8A interacts with the RGS14:Gαi1 complex to
regulate its activation state. In the absence of nucleotide, Ric-8A forces Gαi1 dissociation
from RGS14 to form a stable (and presumably nucleotide free (23)) Ric-8A:Gαi1 complex.
In the presence of GTPγS, Ric-8A-induced dissociation of RGS14:Gαi1 allows Ric-8A to
act as a GEF towards free Gαi1, which results in a rapid uncoupling of the Ric-8A:Gαi1
complex and formation of free Gαi1-GTPγS. Our findings are consistent with previous
reports describing Ric-8A regulation of other GL:Gαi1-GDP complexes both in the presence
and absence of exogenous GTP (22,24). While these intermediate ternary biochemical
complexes can be isolated under controlled experimental conditions, the lifetime of an
RGS14:Gαi1-GDP:Ric-8A complex in cells is likely very transient (24). This is reflected by
our failure to observe a stable heterotrimeric RGS14:Gαi1-GDP:Ric-8A complex in cells or
as purified proteins; in both cases, Ric-8A seems to displace Gαi1 from RGS14 (Figs. 2 and
3). However, such a transition complex must exist since Gαi1 transfer occurs from RGS14
to Ric-8A (Fig. 3). We observed Ric-8A/RGS14 complex formation in cells (Fig. 2), but
failed to observe this with purified proteins (Fig. 3, and data not shown). Reasons for the
discrepancy between these two findings are unclear. We do not observe a stable Ric-8A/
RGS14 complex when native RGS14 is co-immunoprecipitated from mouse brain (data not
shown), though this does not definitively rule out such a complex. One possibility is that our
observed cellular interactions are due to post-translation modifications (e.g. fatty acylation,
phosphorylation) on either protein that promote a favorable conformation for binding.
Alternatively, an intermediary protein may facilitate an interaction which may be
independent of any Ric-8A effects on the RGS14:Gαi1-GDP complex (as is the case with
Frmpd1 and AGS3 (37)). Recovered Ric-8A bound to RGS14 (Fig. 2) may also be the result
of native Gαi1 bridging the two proteins together, however our dissociation data (Fig. 2B)
does not support this idea. Such an intermediary protein bringing Ric-8A and RGS14
together may facilitate RGS14 to “switch” from regulating G protein signaling to regulating
H-Ras/Raf-1-madiated MAP kinase signaling (8) (or other unknown signaling pathways).
The role of Ric-8A in this context remains to be studied.

Ric-8A accelerates nucleotide exchange and GTPase activity of Gαi1 following
RGS14:Gαi1-GDP dissociation

We observe that Ric-8A accelerates both GTPγS binding to and the steady-state GTPase
activity of Gαi1 in the presence of RGS14, however these Ric-8A effects can be reversed by
increasing concentrations of RGS14 (Figs. 4-6); this was the case for both full-length
RGS14 and truncated RGS14 missing the RGS domain (ΔRGS14). Even with a dominant
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GDI function, Ric-8A is able to overcome ΔRGS14 inhibition of GTPγS binding to Gαi1,
stimulating over a 20-fold increase in Gαi1 nucleotide binding when introduced to the
ΔRGS14:Gαi1-GDP complex (Fig. 5A). A five-fold excess of ΔRGS14 to Ric-8A
completely inhibits this Ric-8A-induced GTPγS binding, indicating that ΔRGS14 maintains
Gαi1 in an inactive state. Full-length RGS14 appears to be as effective as ΔRGS14 at
inhibiting Gαi1-directed steady-state GTP hydrolysis, both alone and in the presence of
Ric-8A (Fig. 6). The presence of the RGS domain and its GAP activity might be expected to
enhance GTP hydrolysis. However, it is likely that nucleotide exchange, and not GTP
hydrolysis, is rate-limiting under the experimental conditions used. In this case, the GAP
activity of the RGS domain would not be apparent in this in vitro assay, but is necessarily
important in the context of cellular signaling.

Like we observe with the GTPγS binding assay, Ric-8A is able to overcome RGS14
inhibition of steady-state Gαi1 GTPase activity, catalyzing a 2.4-fold increase in Gαi1
steady-state GTPase activity when introduced to the RGS14:Gαi1-GDP complex (Fig. 6B).
Again, increasing concentrations of RGS14 inhibit Ric-8A effects on Gαi1 GTP hydrolysis
(Fig. 6C). Since the GEF activity of Ric-8A serves to enhance GDP release and increase the
velocity of and/or eliminate the rate-limiting step in nucleotide exchange and hydrolysis,
enhanced RGS14 binding to Gαi1-GDP would result in increased GDI activity reflected as
an inhibition of GTPγS binding and steady-state GTPase activity that is more difficult for
Ric-8A to overcome (as we observe). Therefore, RGS14 may bind Gαi1-GDP and hinder
Ric-8A (by competitive or non-competitive inhibition) from binding and catalyzing Gαi1-
directed GTP binding and hydrolysis.

Ric-8A and RGS14 bind Gαi1 at both distinct and overlapping sites
In studies designed to identify sites(s) of RGS14 and Ric-8A interactions on Gαi1 (Fig. 7),
we found that RGS14 and Ric-8A compete for an overlapping binding site on the extreme
C-terminus of Gαi1. Whereas residue N149 of Gαi1 has been shown to interact with the GL
domain of RGS14 (30), identified binding sites on Gαi1 for Ric-8A were previously
unknown. A recent study suggests that Ric-8A binds to the extreme C-terminus of Gαi1
since pertussis toxin-stimulated modification of C351 within this region inhibits Ric-8A
activation of Gαi1 in cells (29). By comparing the binding properties of Gαi1 (N149I)
(which does not bind RGS14 (31)) and Gαi1-ΔCT (missing the last 11 amino acids
including C351), we determined that Ric-8A and RGS14 share distinct and overlapping
binding regions on Gαi1 (Fig. 7). The presence of an overlapping binding region correlates
with our other data (Figs. 5 and 6) that shows increasing concentrations of RGS14 block
Ric-8A GEF activity towards Gαi1. Taken together, these findings are consistent with the
idea that RGS14 and Ric-8A compete for the exact same or very proximal residues within
the extreme C-terminal 11 amino acids of Gαi1. Since RGS14 binds N149 of Gαi1 and
Ric-8A does not, it is also possible that RGS14 and Ric-8A are acting on distinct and
overlapping regions of Gαi1 at the same time. RGS14 may interact with Gαi1 at residue
N149 to carry out additional functions and/or to affect Ric-8A:Gαi1 interactions by
allosteric modulation. These findings are the first to show any binding site for Ric-8A on
Gαi1, and also the first to show a second binding region on Gαi1 for RGS14. Solved co-
crystal structures of the RGS14:Gαi1 and the Ric-8A:Gαi1 complexes will be necessary to
precisely define the binding interfaces between these proteins.

Working model for how Ric-8A regulates the RGS14:Gai1-GDP signaling complex
Since RGS14 was first identified as a Rap binding protein that contains an RGS domain
(7,9), much of the previous work on this protein has focused on its presumed role as an RGS
protein that modulates GPCR/G protein signaling (6,7,10,36). However, our findings here
combined with findings elsewhere (8,12,13,30) suggest that RGS14 may serve as a GL
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protein that integrates unconventional Ric-8A/G protein signaling with Ras/Raf/MAP kinase
signaling (7,8,12). These findings provide a framework for a working model (Fig. S2) to
describe how these proteins and the functionally opposed RGS and GL domains work
together to bind and modulate the functions of Ric-8A, inactive Gαi-GDP, and active Gαi-
GTP. Our proposed model highlights the GL domain as the first point of contact between
Gαi and RGS14 rather than the RGS domain. In its basal resting state, RGS14 exists in a
stable complex with Gαi1-GDP at the cell membrane. We postulate that following a
signaling event (as yet undefined), Ric-8A recognizes the RGS14:Gαi1-GDP complex to
stimulate nucleotide exchange and GTP binding to Gαi1, which then promotes dissociation
of RGS14 (because the GL domain does not bind Gα-GTP). Of note, a role for a GPCR in
this activation step cannot be ruled out. Once free from Gαi1, RGS14 would be available to
act on other downstream binding partners (e.g. active H-Ras and Raf kinases to modulate
MAP kinase signaling) (7,8,12). In this model, we envision that the lifetime of this newly-
formed RGS14 signaling complex is limited by the RGS domain, which acts on nearby
Gαi1-GTP to restore Gαi1-GDP and to promote reformation of the Gαi1-GDP:GL-RGS14
complex. This event is coupled with dissociation of RGS14 from its binding partners and a
return to the basal resting state. An attractive feature of this model is that the structural
configuration of RGS14 that incorporates both the RGS domain and GL domain into the
same protein could serve to spatially restrict the function of the RGS domain towards the
pre-bound Gα, thus eliminating the need for strict intrinsic RGS/Gα selectivity (i.e. even
though the RGS domain is capable of acting on other Gα, it will only act on the one that is
nearby). This idea is consistent with earlier observations that the RGS domain is a non-
selective GAP for Gαi/o (6,7,10)), while the GL domain is specific for Gαi1 and Gαi3
(11-13). This proposed activation/deactivation cycle (Fig. S2) is entirely consistent with our
findings here and with previous findings (8,13,22,24), and future studies will examine
untested steps in this model.

RGS14 and Ric-8A are brain proteins important for hippocampal functions
We find that native RGS14 and Ric-8A co-exist and co-localize within the same neurons of
the CA2 and CA1 sub-regions of the hippocampus (Fig. 8). These findings highlight the
likelihood for functional interplay between Ric-8A and RGS14 in hippocampal signaling
pathways. Our findings here and those in previous reports (33,38) indicate that Ric-8A is
widely expressed in brain, including but not limited to those hippocampal neurons that
contain RGS14. Thus, Ric-8A must also serve roles in addition to regulation of the
RGS14:Gαi1-GDP signaling complex. In this regard, LGN/mPins, AGS3, and other proteins
that contain GL domains are also highly enriched in various brain regions (39-41).
Furthermore, we observe via size-exclusion chromatography that most of the Ric-8A in
soluble brain lysates exists as an uncomplexed monomer (data not shown). Therefore, it is
possible that Ric-8A acts as a master regulator of multiple GL:Gαi-GDP signaling
complexes involved with brain signaling. Consistent with this idea, both LGN/mPins and
AGS3 have each been reported to serve important roles in synaptic plasticity in brain
(15,17,39,42). Genetic deletion of Ric-8A is reported to alter hippocampal learning behavior
(32). Of particular relevance to these reports and our findings here, we observe that RGS14
is expressed almost exclusively in CA2 neurons of mouse hippocampus and that genetic
deletion of RGS14 in mouse brain results in animals with a targeted enhancement of
hippocampal-based learning and memory and synaptic plasticity in CA2 neurons (34). These
studies, combined with our results here and other reports showing that the RGS14 binding
partners H-Ras, Rap2 and Raf-1 are also important for hippocampal learning and memory
(43-49) strongly suggest that RGS14 is a newly appreciated multifunctional GL and RGS
protein that integrates unconventional Ric-8A/Gαi and MAP kinase signaling pathways
important for hippocampal cognitive processing.
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Abbreviations

RGS Regulator of G protein Signaling

MAP Mitogen-activated protein

GAP GTPase Activating Protein

GEF Guanine nucleotide exchange factor

Ric-8A Resistance to inhibitors of cholinesterase-8A

GPCR G Protein – Coupled Receptor

RBD Ras/Raf binding domain

GL GoLoco

AGS Activator of G protein Signaling

HRP Horseradish peroxidase

GFP Green Fluorescent Protein

CFP Cyan Fluorescent Protein

YFP Yellow Fluorescent Protein

IgG Immunoglobulin G

EGTA Ethylene glycol tetraacetic acid

EDTA Ethylenediaminetetraacetic acid

Tx Thioredoxin

PIPES piperazine-N,N’-bis(2-ethanesulfonic acid)

GTPγS Guanosine 5′- O - thiotriphosphate

CA1/CA2 Cornu Ammonis 1/Cornu Ammonis 2

GDI Guanine nucleotide dissociation inhibitor

His6 Hexahistidine
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Figure 1. RGS14 and Ric-8A are recruited to the plasma membrane by wild-type Gαi1
Ric-8A and RGS14 translocate from the cytosol to the plasma membrane in the presence of
wild-type Gαi1. Flag-RGS14, YFP-Ric-8A, and wild-type Gαi1-EE were transfected either
alone (A) or in combination (B) into HeLa cells. Cells were fixed, subjected to
immunofluorescence, and analyzed using confocal microscopy as described in Experimental
Procedures. Scale bars represent 10 μm. Images are representative of cells observed in three
separate experiments.
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Figure 2. Ric-8A induces dissociation of the RGS14:Gαi1-GDP complex in cells
Ric-8A induces a decrease in Gαi1 binding to RGS14 in HeLa cells. (A), CFP-Ric-8A was
transfected into HeLa cells with either pcDNA3.1 (None), full-length Flag-RGS14
expressing amino acids 1-544 (1), truncated Flag-RGS14 expressing amino acids 213-544
(2), or Flag-RGS14 expressing amino acids 444-544 (3). Cells were lysed and subjected to
anti-Flag immunoprecipitation, SDS-PAGE, and immunoblot. To simplify the figure, Flag-
RGS14 truncation bands were cropped from their lower molecular weight positions and
inserted to form one horizontal line of bands. Results are indicative of three replicate
experiments. (B), Combinations of pcDNA3.1, CFP-Ric-8A, Flag-RGS14, and wild-type
Gαi1-EE were transfected into HeLa cells (left-most gel). Cells were lysed and subjected to
anti-Flag immunoprecipitation. Recovered proteins were subjected to SDS-PAGE and
immunoblot. The right-most gel shows results from lysates transfected with combinations of
pcDNA3.1, CFP-Ric-8A, wild-type Gαi1-EE, and truncated Flag-RGS14 expressing amino
acids 444-544 (which does not bind Ric-8A). pcDNA3.1 was transfected in all double-
transfections to bring the DNA concentration up to that of a triple-transfection (CFP-Ric-8A
+Flag-RGS14+Gαi1-EE). This figure is representative of three separate experiments.
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Figure 3. Ric-8A induces dissociation of the RGS14:Gαi1-GDP complex in vitro
Ric-8A induces dissociation of the ΔRGS14:Gαi1-GDP complex, resulting in the formation
of a Ric-8A:Gαi1 complex and subsequent Gαi1-GTP. Either YFP-Ric-8A (A), YFP-Ric-8A
and Gαi1-GDP (B), pre-formed ΔRGS14:Gαi1-GDP complex (C), or YFP-Ric-8A and pre-
formed ΔRGS14:Gαi1-GDP complex (D) was incubated for 15 mins at 30°C without any
exogenous GTP or GDP added. The reaction samples were then loaded onto tandem
S75+S200 gel filtration columns and resulting products were resolved by SDS-PAGE and
immunoblot. Pre-formed ΔRGS14:Gαi1-GDP complex was incubated alone (E) or with
YFP-Ric-8A (F) in the presence of 50 μM GTPγS and 10 mM MgCl2 for 15 mins at 30°C.
The reaction samples were then loaded onto tandem S75+S200 gel filtration columns and
resulting products were resolved by SDS-PAGE and immunoblot. This figure is
representative of three separate experiments for each condition.
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Figure 4. Ric-8A-induced dissociation of the RGS14:Gαi1-GDP complex allows Gαi1 to bind
GTP
Ric-8A-stimulated dissociation of the ΔRGS14:Gαi1-GDP complex permits free Gαi1 to
bind GTPγS. GTPγS binding to Gαi1 was analyzed using YFP-Ric-8A alone, pre-formed
ΔRGS14:Gαi1-GDP complex, and YFP-Ric-8A plus ΔRGS14:Gαi1-GDP complex.
[35S]GTPγS (2 μM; 10,000 cpm/pmol) was incubated with these protein mixtures in
triplicate at 30°C. The amount of [35S]GTPγS bound to protein was quantified using
scintillation counting and converted to pmol bound, with background values subtracted out.
This figure is representative of three separate experiments for each condition, with data
presented as mean ± S.E.M.
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Figure 5. Ric-8A reverses RGS14 inhibition of GTPγS binding to Gαi1
The degree of RGS14-induced inhibition of Ric-8A nucleotide exchange activity towards
Gαi1 is dependent on the molar ratio of Ric-8A to RGS14. ΔRGS14:Gαi1-GDP complex
was incubated with either a 5-fold excess of YFP-Ric-8A to ΔRGS14 (A) or one-fifth the
concentration of YFP-Ric-8A to ΔRGS14 (B) and then mixed with [35S]GTPγS (2 μM;
10,000 cpm/pmol) at 30°C in triplicate. The amount of [35S]GTPγS bound to protein was
quantified using scintillation counting. Measurements were converted to pmol [35S]GTPγS
bound, with background subtracted out. This figure is representative of three separate
experiments for each condition, with data presented as mean ± S.E.M.
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Figure 6. Ric-8A reverses RGS14 inhibition of Gαi1 steady-state GTPase activity
Both full-length RGS14 and ΔRGS14 inhibit the Ric-8A-catalyzed increase in steady-state
GTPase activity of Gαi1. Combinations of YFP-Ric-8A, His6-Gαi1-GDP, and either pre-
formed ΔRGS14:Gαi1-GDP complex (A) or full-length RGS14:Gαi1-GDP complex (B)
were used to analyze steady-state GTPase activity of Gαi1. (C), YFP-Ric-8A and Gαi1-GDP
were mixed with increasing concentrations of full-length RGS14 as indicated. Protein
combinations were mixed in triplicate with [γ-32P]GTP and the amount of [32P]i released in
each sample was quantified using scintillation counting. Measurements were converted to
pmol [γ-32P]GTP hydrolyzed, with background subtracted out. This figure is representative
of three separate experiments for each condition, with data presented as mean ± S.E.M.
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Figure 7. RGS14 and Ric-8A bind to distinct and overlapping regions of Gαi1
RGS14 binds Gαi1 distinct from Ric-8A at residue N149, whereas both RGS14 and Ric-8A
share an overlapping binding region at the extreme C-terminus of Gαi1. Wild-type His6-
Gαi1 (WT), His6-Gαi1 (N149I) (N149I), and His6-Gαi1-ΔCT (ΔCT) proteins derived from
E. coli were mixed alone or with either purified full-length TxHis6-RGS14 or purified YFP-
Ric-8A. Protein mixtures were subjected to either anti-RGS14 or anti-Ric-8A
immunoprecipitation, SDS-PAGE, and immunoblot. Results are indicative of three replicate
experiments.
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Figure 8. RGS14 and Ric-8A co-exist and co-localize within the same hippocampal neurons
RGS14 and Ric-8A co-localize within neurons of the hippocampus, specifically in the CA2
region of the hippocampus. (A), Mouse brain thin sections were subjected to
immunohistochemistry and stained for RGS14 and Ric-8A. Control sections were incubated
with antibody that was pre-adsorbed with RGS14 and Ric-8A pure protein (1:10 ratio of
antibody to protein) (right panels). (B), Mouse brain thin sections were labeled with RGS14
and Ric-8A antibodies, followed by fluorescently-conjugated secondary IgG. Sections were
analyzed by confocal microscopy as described in Experimental Procedures.
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