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The cytosolic protein Ric-8A acts as a guanine nucleotide exchange factor for Ga subunits of the Gi, Gq,
and G12/13 classes of heterotrimeric G protein in vitro, and is also known to increase the amounts of
these Ga proteins in vivo. The mechanism whereby Ric-8 regulates Ga content, however, has not been
fully understood. Here we show that Ric-8 Astabilizes Gai2 and Gaq by preventing their ubiquitination.
Ric-8A interacts with and stabilizes Gai2, Gaq, Ga12, but not Gas, when expressed in COS-7 cells. The
protein levels of Gai2 and Gaq appear to be controlled via the ubiquitin–proteasome degradation path-
way, because these Ga subunits undergo polyubiquitination and are stabilized with the proteasome
inhibitor MG132. The ubiquitination of Gai2 and Gaq is suppressed by expression of Ric-8A. The suppres-
sion likely requires Ric-8A interaction with these Ga proteins; the C-terminal truncation of Gaq and Gai2
completely abrogates their interaction with Ric-8A, their stabilization by Ric-8A, and Ric-8A-mediated
inhibition of Ga ubiquitination.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction [5,6,9–14]. In mammals, there are two distinct genes for Ric-8-re-
Heterotrimeric G proteins transduce signals from cell surface G-
protein-coupled receptors (GPCRs) to effector proteins [1]. Agonist
binding to a GPCR elicits GDP/GTP exchange on the Ga subunit;
thus GPCR in the ligand-bound form functions as a guanine nucle-
otide exchange factor (GEF) for Ga. The exchange leads to hetero-
trimer dissociation to Ga–GTP and Gbc, both of which interact
with and activate their respective downstream effectors. The sig-
naling is terminated by GTP hydrolysis via the intrinsic GTPase
activity of Ga: the resultant Ga–GDP associates with Gbc to reform
the inactive heterotrimer. Besides their classical functions in GPCR
signaling pathways, heterotrimeric G proteins can be activated in a
GPCR-independent manner [2,3]. The cytosolic protein Ric-8 (resis-
tance to inhibitors of cholinesterase 8) is an evolutionarily-con-
served nonreceptor GEF for Ga, and considered to participate in
both GPCR-dependent and -independent signaling pathways [4–7].

Ric-8 has been originally identified as a crucial component for
GPCR-mediated signaling via Gaq during synaptic transmission
in Caenorhabditis elegans [8]. It has subsequently been shown that
Ric-8 is essential for asymmetric cell division of the C. elegans zy-
gote and that of neuroblasts in Drosophila melanogaster, both
events of which require heterotrimeric G proteins but not GPCRs
lated proteins, i.e., Ric-8A and Ric-8B. Although mammalian Ga
subunits are grouped into four classes (Gs, Gi, Gq, and G12/13),
on the basis of sequence homology and effector protein specificity
[1], Ric-8B interacts with the Gs and Gq class Ga proteins [4,15,16];
it is still controversial whether Ric-8B functions as a GEF for these
Ga [16,17]. On the other hand, Ric-8A exhibits an in vitro GEF activ-
ity for the a subunits of three of the four classes except the Gs class
[4,7,17], and indeed potentiates Gq signaling [7]. In addition to the
role in the GPCR-dependent signaling, Ric-8A participates in G13
signaling downstream of a receptor tyrosine kinase [18], and regu-
lates mitotic spindle orientation in a GPCR-independent manner
[19].

Although genetic ablation of Ric-8A or Ric-8B in mice results
in embryonic lethality [20,21], the mechanisms by which Ric-8
controls Ga signaling have not been well understood. Ric-8 is re-
quired not only for localization of Ga to the plasma membrane
[11–14,18] but also for maintenance of Ga protein levels
[11,14,16,21]; Ric-8 is currently considered to function as a bio-
synthetic chaperone for Ga folding [21–23]. On the other hand,
how Ga proteins are degraded in animal cells has not been well
understood. Among mammalian Ga proteins, Gas has been
shown to be polyubiquitinated for degradation by the proteaso-
mal pathway [16,24,25]. It has been shown that Ric-8B stabilizes
Gas by inhibiting its ubiquitination [16], although the role of Ric-
8A in Ga ubiquitination has remained to be elucidated. In addi-
tion, a few or no reports have demonstrated ubiquitination of
Gai or Gaq, respectively [26,27].
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In the present study, we show that Gaq as well as Gai2 is poly-
ubiquitinated and probably degraded via the ubiquitin–protea-
some pathway. Ric-8A prevents ubiquitination of Gaq and Gai2
to stabilize these Ga proteins.
2. Materials and methods

2.1. Plasmid construction

The cDNAs encoding human Ric-8A, Gai2, Gaq, Ga12, and Gas
(the long form of 394 amino acids) were prepared by PCR using
Human Multiple Tissue cDNA panels (BD Biosciences). The cDNA
for Ric-8A was ligated to the mammalian expression vector pEF-
BOS for expression as a FLAG-tagged protein [28]. For expression
of Ga proteins with an internal EE-tag (Gai2–EE, Gaq–EE, Ga12–
EE, and Gas–EE), the cDNA regions for amino acid residues 167–
172 (DYIPTQ) in Gai2, 171–176 (AYLPTQ) in Gaq, 193–198
(NYFPSK) in Ga12, and 189–194 (DYVPSD) in Gas were replaced
with the DNA fragment encoding the peptide EYMPTE by PCR-
mediated site-directed mutagenesis. The cDNAs for Ga proteins
were ligated to pcDNA3 (Invitrogen). The cDNAs for Ga lacking
the C-terminal 9 amino acids, Gai2–EE-DC (amino acid residues
1–346) and Gaq–EE-DC (1–350), were prepared by PCR using
Gai2–EE and Gaq–EE as a template, respectively. Mutations lead-
ing to the indicated substitution were introduced by PCR-mediated
site-directed mutagenesis. The vector pCGN-HA–Ub for expression
of human ubiquitin as an HA-tagged protein [29] was generously
gifted from Prof. Mitsuyoshi Nakao (Kumamoto University). The
cDNA for (His)6-tagged human ubiquitin was prepared by PCR
and ligated to pcDNA3 (pcDNA3-His–Ub). All of the constructs
were sequenced for confirmation of their identities.
2.2. Antibodies

Anti-FLAG (M2) and anti-b-tubulin (TUB 2.1) mouse monoclo-
nal antibodies were purchased from Sigma–Aldrich; an anti-HA
rat monoclonal antibody (3F10) from Roche Applied Science;
anti-HA (16B12) and anti-Glu-Glu (EE) mouse monoclonal anti-
bodies from Covance; anti-(His)5 monoclonal antibodies from QIA-
GEN; and negative control mouse IgG1 from DakoCytomation.
2.3. Cell transfection and immunoblot analysis

COS-7 cells were transfected using LipofectAMINE and Plus Re-
gent (Invitrogen) with indicated cDNAs and cultured in Dulbecco0s
modified Eagle0s medium with 10% fetal calf serum. For analysis of
the effect of cycloheximide (CHX), transfected cells were treated
for 5 or 10 h with 10 lg/ml of CHX (Wako Pure Chemical Indus-
tries). For analysis of the effect of MG132, transfected cells were
treated for 12 h with 10 lM MG132 (Calbiochem). Cells were lysed
at 4�C with a lysis buffer (150 mM NaCl, 0.4 mM EDTA, 1 mM DTT,
1.0% Triton X-100, 10% glycerol, and 50 mM Tris–Cl, pH 7.5) con-
taining Protease Inhibitor Cocktail (Sigma–Aldrich). The lysates
were analyzed by immunoblot with the anti-EE antibody. The blots
were developed using ECL-plus (GE Healthcare Biosciences) for
visualization of the antibodies.
2.4. Immunoprecipitation assay

The immunoprecipitation assay was performed as previously
described [30]. Briefly, proteins were precipitated from the lysate
of transfected COS-7 cells with the anti-FLAG antibody or control
IgG in the presence of protein G-Sepharose (GE Healthcare Biosci-
ences). The precipitants were analyzed by immunoblot.
2.5. In vivo ubiquitination assays

In vivo ubiquitination assays were performed according to the
method of Kuo et al. [31] with minor modifications. COS-7 cells
cotransfected with the cDNAs for Ga and Ric-8A, and pcDNA3-
His–Ub or pCGN-HA–Ub were cultured for 8.5–12.5 h with
10 lM MG-132. For detection of His-tagged ubiquitinated Ga pro-
teins, cells were suspended in a urea lysis buffer (8 M urea, 10 mM
NaH2PO4, 10% glycerol, 0.1% Triton X-100, 0.5 M NaCl, 10 mM imid-
azole, 10 mM 2-mercaptoethanol, and 10 mM Tris–HCl, pH 8.0),
followed by sonication. The sonicate was centrifuged for 5 min at
20,400�g, and the resultant supernatant was mixed for 4 h with
His-Select Nickel Affinity Gel (Sigma–Aldrich). After washing 5
times, proteins were eluted from the gel with an elution buffer
(200 mM imidazole, 5% SDS, 30% glycerol, 0.72 M 2-mercap-
toethanol, and 150 mM Tris–HCl, pH 6.8), followed by immunoblot
analysis. For detection of HA-tagged ubiquitinated Ga proteins,
proteins were precipitated with the anti-HA antibody in the pres-
ence of protein G-Sepharose, followed by immunoblot analysis.
3. Results

3.1. Ric-8A stabilizes Gai2, Gaq, and Ga12, but not Gas

It has been shown that Ric-8A deficiency in mouse ES cells leads
to destabilization of Gai, Gaq, and Ga13, but not Gas [21]. To con-
firm the role for Ric-8A in other types of cell, we expressed FLAG-
tagged Ric-8A together with EE-tagged Gai2, Gaq, Ga12, or Gas in
COS-7 cells, and performed immunoblot analysis. As shown in
Fig. 1A, expression of Ric-8A resulted in an increased protein level
of Gai2, Gaq, and Ga12, but not Gas. The selectivity among Ga
subunits is consistent with the preference in Ric-8A interaction:
Ric-8A directly binds to Ga proteins that belong to the Gi, Gq,
and G12/13 classes, but not to the Gas class [4]. Also in intact cells,
Ric-8A interacted with Gai2, Gaq, and Ga12, but not with Gas
(Fig. 1B). These findings raised the possibility that the amounts
of Gai2, Gaq, and Ga12 are increased by Ric-8A via direct interac-
tion. We next monitored the protein level of Gai2 and Gaq after
treatment with the protein synthesis inhibitor CHX. CHX treatment
of control COS-7 cells led to a decrease in Gai2 and Gaq (Fig. 1C).
The degradations of these proteins were both inhibited by express-
ing Ric-8A in cells (Fig. 1C). Thus Ric-8A likely increases the
amounts of Gai2 and Gaq at the posttranslational level.
3.2. Gai2 and Gaq is polyubiquitinated, which is inhibited by Ric-8A

The stabilization of Gai2 and Gaq by Ric-8A may be modulated
via the ubiquitin–proteasome pathway, because these Ga proteins
were stabilized with the proteasome inhibitor MG132 (Fig. 1D). To
test this possibility, we performed an in vivo ubiquitination assay:
COS-7 cells expressing (His)6-tagged ubiquitin together with Gai2
or Gaq were lysed under denaturing conditions, and (His)6-tagged
ubiquitinated proteins in the lysate were precipitated with nickel-
agarose beads, followed by immunoblot analysis. As shown in
Fig. 2A, a ladder of ubiquitinated Gai2 proteins were detected,
indicative of polyubiquitination. A similar ladder formation was
observed when HA-tagged ubiquitin was expressed instead of
His–ubiquitin (Fig. 2B). Intriguingly, Gai2 ubiquitination was effec-
tively blocked by expression of Ric-8A (Fig. 2A and B). Furthermore,
as shown in Fig. 2C, Gaq also underwent polyubiquitination, which
was inhibited by Ric-8A (Fig. 2C). Taken together with the role of
Ric-8A in Ga stabilization (Fig. 1), Ric-8A appears to stabilize
Gai2 or Gaq by preventing ubiquitination.



Fig. 1. Stabilization of Gai2, Gaq, and Ga12 by Ric-8A. COS-7 cells were transfected with pEF-BOS-FLAG–Ric-8A and pcDNA3 encoding the indicated type of Ga as an EE-
tagged protein, and cultured in the presence or absence of 10 lg/ml of CHX and/or 10 lM MG132. (A,C,D) Cell lysates were analyzed by immunoblot with the indicated
antibody. (B) Proteins in cell lysates were immunoprecipitated (IP) with the anti-FLAG antibody or control IgG, followed by immunoblot analysis with the indicated antibody.
Positions for marker proteins are indicated in kDa.

Fig. 2. Ubiquitination of Gai2 and Gaq. COS-7 cells were transfected with the following plasmids: (A) pcDNA3-Gai2–EE, pcDNA3-His–Ub, and/or pEF-BOS-FLAG–Ric-8A; (B)
pcDNA3-Gai2–EE, pCGN-HA–Ub, and/or pEF-BOS-FLAG–Ric-8A; or (C) pcDNA3-Gaq–EE, pcDNA3-His–Ub, and/or pEF-BOS-FLAG–Ric-8A. Transfected cells were cultured in
the presence of 10 lM MG132, and proteins in cell lysates were precipitated with His-Select Nickel Affinity Gel (A,C); or with the anti-HA antibody in the presence of protein
G-Sepharose (B). Precipitants were analyzed by immunoblot with the indicated antibody. Positions for marker proteins are indicated in kDa.
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3.3. Lipid modification of Gai2 and Gaq is dispensable for stabilization
by Ric-8A

The N-terminal region of Ga proteins is modified by myris-
toylation and/or palmitoylation, both of which are crucial for
membrane localization [32,33]. We next addressed the question
whether these modifications participate in stabilization by Ric-
8. The N-terminal glycine residue of the Gi class a subunits is
known to be myristoylated, which is required for further palmi-
toylation of cystein residues in the N-terminal region and for
membrane localization [32]. To know the role of fatty acid mod-
ification, we expressed a mutant Gai2 that carries the G2A substi-
tution and tested the effect of Ric-8A. As shown in Fig. 3A, Ric-8A
stabilized Gai2 (G2A) as effectively as wild-type Gai2. Consistent
with this, polyubiquitination of Gai2 (G2A) was prevented by Ric-
8A (Fig. 3B). It is known that the Gq class a subunits undergo
palmitoylation at Cys-9 and Cys-10, but not N-terminal myris-
toylation [33]. A mutant Gq with the C9S/C10S substitution was
fully stabilized by expression of Ric-8A (Fig. 3C). These findings
indicate that Ric-8-mediated stabilization of Gai2 and Gaq does
not require lipid modifications (and probably subsequent mem-
brane localization).



Fig. 3. Effects of lipid modification and nucleotide binding on stabilization and ubiquitination of Gai2 and Gaq. COS-7 cells were transfected with the indicated plasmids, and
cultured as described in ‘‘Materials and methods.’’ (A,C,G–I) Cell lysates were directly analyzed by immunoblot with the indicated antibody. (B,J,K) Proteins in cell lysates
were precipitated with His-Select Nickel Affinity Gel, followed by immunoblot analysis with the indicated antibody. (D–F) Proteins in cell lysates were immunoprecipitated
(IP) with the anti-FLAG antibody or control IgG, followed by immunoblot analysis with the indicated antibody. Positions for marker proteins are indicated in kDa.
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3.4. Ric-8A stabilizes both GDP- and GTP-bound forms of Gai2 and Gaq

It is generally considered that Ric-8A preferentially binds to
GDP-bound Ga, based on in vitro (cell-free) binding experiments
[4]. As expected, the GDP-bound form of Gai2 (G204A) associated
with Ric-8A more effectively than the GTPase-deficient, GTP-bound
mutant Gai2 (Q205L), although the latter mutant was still capable
of interacting with Ric-8 (Fig. 3D). On the other hand, both the
GDP-bound Gaq (G208A) and GTP-bound Gaq (Q209L) were as
effective as the wild-type protein in binding to Ric-8A (Fig. 3E),
which agrees with the previous observation that Gaq (Q209L)
associates with Ric-8A similarly to wild-type Gaq in the yeast
two-hybrid system [4]. Among lipid-free Gai2 proteins, Gai2
(G2A/G204A) interacted with Ric-8A to a slightly larger extent than
Gai2 (G2A) and Gai2 (G2A/Q205L) (Fig. 3F). Thus Ric-8A appears to
have a potential to interact with both GDP- and GTP-bound forms
of Gai2 and Gaq in cells. Consistent with this, Ric-8A stabilized
GDP- and GTP-bound forms of Gai2 and Gaq (Fig. 3G–I) and inhib-
ited ubiquitination of both forms of these Ga proteins (Fig. 3J and
K).

3.5. The C-terminal region of Gai2 and Gaq is required for their
stabilization by Ric-8A

We finally tested the role of the C-terminal region of Ga pro-
teins in Ric-8A-mediated stabilization. It has been shown that
the C-terminus of Gai is required for direct interaction with Ric-
8A, on the basis of assays using purified proteins [22,34]. Here
we tested the role of the C-terminal region in the interaction of
Ric-8 with Gai2 and Gaq at the cellular level. As shown in
Fig. 4A, a mutant Gai2 that lacked the C-terminal 9 amino acids
(Gai2-DC) did not interact with Ric-8A, when expressed in COS-7
cells, indicating that the C-terminal region of Gai2 appears to play
a crucial role also in vivo. Intriguingly, Gai2-DC, in both the mem-
brane-bound and soluble (G2A) forms, was not stabilized by the
expression of Ric-8A (Fig. 4B). Similarly, truncation of the extreme
C-terminal 9 amino acids in Gaq resulted in a complete loss of both
interaction with Ric-8A and stabilization by Ric-8A (Fig. 4C and D).
Consistent with this, Ric-8A was incapable of preventing these C-
terminally truncated proteins from being ubiquitinated (Fig. 4E
and F). Thus stabilization of Gai2 and Gaq by Ric-8A appears to re-
quire direct interaction with Ric-8A via the C-terminal region.
4. Discussion

The present study demonstrates that Gaq as well as Gai2 is
polyubiquitinated and probably degraded via the ubiquitin–pro-
teasome pathway, and that Ric-8A prevents ubiquitination of
Gaq and Gai2 to stabilize these Ga proteins. Although the amounts
of mammalian Gai, Gao, and Gas are presumed to be regulated by
the proteasome pathway [16,24–26,35,36], solely Gas [16,24,25]
and Gai2 [26,27] have been shown to be indeed ubiquitinated;
ubiquitinated Gai2 can be degraded either through the proteaso-
mal pathway [26] or in the lysosome [27]. As far as we are aware,
the present study represents the first instance in which Gaq is
ubiquitinated and ubiquitination routes Gaq for the proteasomal
pathway. Membrane recruitment of Ric-8A has been shown to be
important for signal enhancement in Gaq- and Gai2-mediated
pathways [7,19], suggesting that Ric-8A functions at the



Fig. 4. Role for the C-terminal region of Gai2 and Gaq in their stabilization and ubiquitination. COS-7 cells were transfected with the indicated plasmids, and cultured as
described in ‘‘Materials and methods.’’ (A,C) Proteins in cell lysates were immunoprecipitated (IP) with the anti-FLAG antibody or control IgG, followed by immunoblot
analysis with the indicated antibody. (B,D) Cell lysates were directly analyzed by immunoblot with the indicated antibody. (E,F) Proteins in cell lysates were precipitated with
His-Select Nickel Affinity Gel, followed by immunoblot analysis with the indicated antibody. Positions for marker proteins are indicated in kDa.
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membrane. On the other hand, Ric-8A appears to stabilize Gaq and
Gai2 in the cytoplasm, because mutant Ga proteins, defective in li-
pid modification for membrane anchoring, are stabilized by Ric-8A
as effectively as wild-type proteins (Fig. 3).

Here we also show that Ric-8A interaction with Gaq and Gai2 is
required to suppress their ubiquitination. This is because the C-ter-
minal truncation of Gaq and Gai2 completely abrogates not only
their interaction with Ric-8A, but also their stabilization by Ric-
8A and Ric-8A-mediated suppression of their ubiquitination
(Fig. 4). In addition, Ric-8A is capable of binding to Gai2, Gaq,
and Ga12 and stabilizing these Ga proteins, but it fails to interact
with and to stabilize Gas (Fig. 1). This is consistent with the finding
that genetic ablation of Ric-8A in mouse ES cells destabilizes a sub-
units of three of the four classes of heterotrimeric G proteins ex-
cept the Gas class [21]. Finally, various mutant Ga proteins that
can interact with Ric-8A are all stabilized by Ric-8A via prevention
of ubiquitination (Fig. 3).

The present findings are compatible with the recent proposal
that Ric-8A is required to fold Ga subunits during biosynthesis
[23]. The Ric-8A-dependent increase in Ga content (Fig. 1) can be
considered as secondary manifestations of the folding function, be-
cause misfolded Ga subunits are expected to be readily degraded.
The present observation that both GDP- and GTP-bound forms of
Ga are stabilized by Ric-8A (Fig. 3) can be explained by the
assumption that Ric-8A may facilitate the transition of Ga from a
prefolded globular state to its native state by promoting the first
guanine-nucleotide-binding event. On the other hand, Ric-8A binds
to Gai2 (Q205L), a GTPase-deficient mutant that is fixed to the
GTP-bound form, to a lesser extent than Gai2 (G204A), a mutant
fixed to the GDP-bound form, in intact cells (Fig. 3D), which agrees
with the observation that Ric-8A associates with GDP-bound Gai1
but not with GTP-bound Gai1 in vitro [4]. If Ric-8A functions solely
as a biosynthetic chaperone, Ric-8A may be expected to stabilize
the high affinity mutant Gai2 (G204A) more efficiently than the
low affinity mutant Gai2 (Q205L). However, Gai2 (Q205L) is more
strongly stabilized than Gai2 (G204A) (Fig. 3G and I), suggesting
that the GTP-bound form is more stable—i.e., more resistant to
ubiquitination—in the presence of Ric-8A. Thus, it is tempting to
postulate that, in addition to the function as a chaperone, Ric-8
serves as a GEF to exchange GDP for GTP on the correctly folded
Ga, which may prevent ubiquitination of Ga.
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