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Dual phosphorylation of Ric-8A enhances its ability to 
mediate G protein  subunit folding and to stimulate 
guanine nucleotide exchange
Makaía M. Papasergi-Scott,1 Hannah M. Stoveken,2 Lauren MacConnachie,2 Pui-Yee Chan,1 
Meital Gabay,1 Dorothy Wong,2 Robert S. Freeman,1 Asim A. Beg,2 Gregory G. Tall2*

Resistance to inhibitors of cholinesterase-8A (Ric-8A) and Ric-8B are essential biosynthetic chaperones for hetero-
trimeric G protein  subunits. We provide evidence for the direct regulation of Ric-8A cellular activity by dual 
phosphorylation. Using proteomics, Western blotting, and mutational analyses, we determined that Ric-8A was 
constitutively phosphorylated at five serines and threonines by the protein kinase CK2. Phosphorylation of Ser435 
and Thr440 in rat Ric-8A (corresponding to Ser436 and Thr441 in human Ric-8A) was required for high-affinity bind-
ing to G subunits, efficient stimulation of G subunit guanine nucleotide exchange, and mediation of G sub-
unit folding. The CK2 consensus sites that contain Ser435 and Thr440 are conserved in Ric-8 homologs from worms 
to mammals. We found that the homologous residues in mouse Ric-8B, Ser468 and Ser473, were also phosphorylated. 
Mutation of the genomic copy of ric-8 in Caenorhabditis elegans to encode alanine in the homologous sites resulted 
in characteristic ric-8 reduction-of-function phenotypes that are associated with defective Gq and Gs signaling, 
including reduced locomotion and defective egg laying. The C. elegans ric-8 phosphorylation site mutant pheno-
types were partially rescued by chemical stimulation of Gq signaling. These results indicate that dual phosphoryl-
ation represents a critical form of conserved Ric-8 regulation and demonstrate that Ric-8 proteins are needed for 
effective G signaling. The position of the CK2-phosphorylated sites within a structural model of Ric-8A reveals 
that these sites contribute to a key acidic and negatively charged surface that may be important for its interac-
tions with G subunits.

INTRODUCTION
Heterotrimeric guanine nucleotide–binding proteins (G proteins) 
regulate cellular signaling circuits broadly across physiology, includ-
ing regulation of nervous, endocrine, sensory, and cardiovascular sys-
tems (1–3). G protein heterotrimers consist of , , and  subunits (4). 
Upon activation of G protein–coupled receptors (GPCRs) by extra-
cellular stimuli, the activated receptors stimulate G protein  subunit 
guanosine diphosphate (GDP) release and subsequent guanosine tri-
phosphate (GTP) binding. Dissociated G-GTP and the G hetero-
dimer each regulate sets of downstream effector proteins (1, 2, 4). 
Efficient GPCR signaling requires appropriate G protein subunit bio-
synthesis, G protein heterotrimer assembly, and trafficking to the 
plasma membrane (5–7). G protein subunit biosynthesis requires 
multiple chaperones, which are specific to each subunit (5, 8–13). G 
protein  subunits are folded within the chaperonin-containing tail-
less complex polypeptide-1 (CCT) and transferred to the chaperone 
phosducin-like protein-1 (PhLP-1) (9, 14). G protein  subunit bio-
synthetic folding may be assisted by dopamine receptor–interacting 
protein 78 (DRiP78) before G subunit isoprenylation occurs (8, 15). 
The precise order of events of G heterodimer assembly involving 
PhLP-1 is not completely known, but PhLP-1 must be phosphorylated 
by protein kinase CK2 (casein kinase 2) to release folded G het-
erodimers before their insertion into the outer leaflet of an endomem-
brane, such as the endoplasmic reticulum (ER) or Golgi (14). The 
specific intracellular site(s) of the subsequent assembly of the G pro-
tein heterotrimer is also unknown but might be the ER or Golgi mem-
brane (5, 8, 12, 13).

We demonstrated that G protein  subunit biosynthetic folding 
requires the activity of resistance to inhibitors of cholinesterase-8 
(Ric-8) proteins (10, 11). Mammalian Ric-8A is a folding chaperone 
for the Gi, Gq, and G13 subunit classes (collectively referred to as 
Gi/q/13), and Ric-8B participates in the folding of Gs and Golf sub-
units in the cytosol. G subunit folding occurs before its binding to 
newly produced G subunits and the association of the G protein 
heterotrimer with the membrane. Ric-8A and Ric-8B were originally 
found to act as GPCR-independent guanine nucleotide exchange 
factors (GEFs) for G subunits (16, 17). In biochemical assays, Ric-8 
proteins bind to folded G-GDP, enhance GDP release, and stabilize 
nucleotide-free G. The binding of G to GTP dissociates the Ric-8–
G complex (16–18). We proposed a model that attempted to unify 
the in vitro GEF and in vivo molecular chaperone activities of Ric-8 
(6). Newly translated G subunits that have yet to bind to guanine 
nucleotide are thought to require Ric-8 to chaperone the highly dy-
namic G subunit in its nucleotide-free state(s) to properly position 
the G Ras GTPase-like and -helical domains to enable the first 
GTP-binding event (6, 11, 19, 20). If Ric-8 is deleted or inhibited, the 
G protein may fold in a nonproductive manner without guanine nu-
cleotide, thus generating a misfolded species that is rapidly degraded. 
In Ric-8A−/− or Ric-8B−/− mouse embryonic stem (mES) cells, the steady- 
state abundances of Gi/q/13 or Gs, respectively, are low, because the 
G subunits are misfolded, fail to become membrane-bound, and 
are rapidly degraded (10, 11). The substrate for in vitro GEF assays is 
recombinant G subunit that has already been successfully folded 
during biosynthesis and is bound to GDP. In GEF assays, Ric-8 may 
catalyze the reverse of the biosynthetic folding reaction and cause 
the G protein to release GDP. GTP binding to the partially unfolded 
Ric-8/nucleotide-free G protein intermediate may represent the au-
thentic forward protein folding reaction.
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A single copy of the Ric-8 gene was discovered in a Caenorhabditis 
elegans genetic screen designed to find worm mutants with defective neuro-
transmission (21, 22). Through epistasis analyses, ric-8 mutant neuro-
transmission and locomotion defects were attributed to defective Gq 
signaling, which is necessary for the production of diacylglycerol (DAG), 
a second messenger required for efficient synaptic vesicle prim  ing (23–25). 
Activation of signaling pathways downstream of Gs partially rescued ric-8 
mutant paralysis defects, demonstrating that Ric-8 was also epistatic to Gs 
in worms (26). The worm G proteins might not be properly folded in ric-8 
mutants, thereby explaining the deficiencies in both Gq and Gs signaling.

Despite the importance of Ric-8 for G protein folding and signal-
ing, understanding of the regulation of Ric-8 activities is limited. On 
the basis of shotgun proteomic studies of the phosphoproteomes of 
multiple cell and tissue sources, Ric-8 proteins are known to be phos-
phorylated (27–32). The two most frequently identified sites of hu-
man Ric-8A phosphorylation are Ser436 and Thr441 (corresponding to 
Ser435 and Thr440 in rat and mouse Ric-8A), which often appear on 
the same multiphosphorylated proteolytic peptide in mass spectrom-
etry (MS) experiments (28–35). Of two studies that focused specif-
ically on Ric-8, data from one suggest that phosphorylation of Ric-8A 
Ser501 contributes to the cell cycle–dependent degradation of Ric-8A, 
whereas findings from the other suggest that phosphorylation reduc-
es the nuclear localization of Ric-8A (36, 37). Boularan et al. (36) ob-
served an increase in Ric-8A ubiquitylation and degradation during 
mitosis, which followed increased Ric-8A Ser501 phosphorylation during 
the G2-M phases of the cell cycle. Xing et al. (37) correlated cell treat-
ment with platelet-derived growth factor (PDGF) to increased Ric-8A 
Ser501 phosphorylation and decreased Ric-8A nuclear localization. 
Yan et al. (33) suggested that G13 promotes the tyrosine phospho-
rylation of Ric-8A and its translocation to the plasma membrane. 
Thus, multiple phosphorylation events may influence Ric-8A protein 
abundance or subcellular localization. However, no studies have dem-
 onstrated that phosphorylation status alters the enzymatic activity of 
Ric-8A as a G subunit GEF or molecular chaperone.

Here, we identified the sites of Ric-8A that are phosphorylated 
by protein kinase CK2 and contribute to stimulation of two activities 
of Ric-8A: G subunit guanine nucleotide exchange and G subunit 
molecular chaperoning. Phosphorylation of recombinant and endog-
enous Ric-8A was observed by gel mobility shift assays, MS analyses, 
and Western blotting analyses with newly generated Ric-8A phos-
phorylation site–specific antibodies. Efficient G subunit folding was 
monitored using a newly developed assay of kinetic folding of a fusion 
between G and green fluorescent protein (G-GFP), which showed that 
folding depended on Ric-8A phosphorylation at Thr440 and, to a lesser 
degree, at Ser435 (corresponding to Thr441 and Ser436 in human Ric-8A). 
The requirements of Thr440 and Ser435 phosphorylation for Ric- 8A– 
mediated stimulation of Gq guanine nucleotide exchange matched the 
results from the folding assay. The two CK2 consensus regulatory 
sites are invariant among Ric-8 homologs, and our analysis provided 
experimental verification of the phosphorylation of these sites in mam-
malian Ric-8B. Mutation of either site to alanine within the genomic 
copy of C. elegans ric-8 resulted in strong ric-8 reduction- of-function 
(rof) mutant phenotypes similar to those of previously attained ric-8 rof 
alleles, including egg-laying defects and severe locomotor defects that 
are attributable to defective G protein signaling (22, 23, 38, 39). Our 
work has identified two constitutively phosphorylated sites that affect 
Ric-8A activity and suggests a potential for dynamic Ric-8A regulation 
through dephosphorylation that could alter G protein abundance and 
signaling in cells.

RESULTS
Ric-8A is a constitutively phosphorylated protein
To determine whether human Ric-8A was phosphorylated, we immuno-
precipitated endogenous Ric-8A from human embryonic kidney 
(HEK) 293 cells and analyzed the immunoprecipitated proteins by 
standard SDS–polyacrylamide gel electrophoresis (PAGE) or Phos- tag 
reagent-supplemented PAGE and detection with the Ric-8A mono-
clonal antibody 3E1 (11). The presence of the Phos-tag reagent can 
slow the electrophoretic migration of phosphorylated proteins (40), in-
creasing their separation from unphosphorylated forms. We compared 
human Ric-8A immunoprecipitated from cytosolic and detergent- 
solubilized membrane fractions prepared from HEK293 cells with 
recombinant rat Ric-8A purified from Escherichia coli or High Five 
insect cells. Enzymatic dephosphorylation with alkaline phosphatase 
of endogenous and recombinant Ric-8A from the eukaryotic cells 
(HEK293 and insect) resulted in increased electrophoretic mobility, 
indicating that Ric-8A was phosphorylated (Fig. 1A). E. coli–purified 
recombinant Ric-8A migrated the same as, or slightly faster than, 
dephosphorylated Ric-8A from the eukaryotic sources. Ric-8A phos-
phorylation appeared to be constitutive, and the phosphorylation 
site(s) appeared to be highly occupied, because none of the lowest–
molecular weight Ric-8A species was observed from the eukaryotic 
sources unless the samples were treated with phosphatase.

We subjected the purified recombinant Ric-8A proteins to high- 
resolution anion exchange chromatography, which can resolve phos-
phorylated species (Fig. 1B). Ric-8A purified from E. coli eluted as a 
single peak at ~181 mM NaCl. Ric-8A purified from insect cells eluted 
as multiple species at higher ionic strengths spanning ~220 to 248 mM 
NaCl, which is indicative of highly negatively charged states con-
tributed by differentially phosphorylated species. Alkaline phospha-
tase treatment of the insect cell–produced Ric-8A resulted in elution 
of the protein as a single peak at ~184 mM NaCl, coinciding with 
the elution profile of unphosphorylated, E. coli–produced Ric-8A 
(Fig. 1B). Electrospray ionization (ESI)–MS/MS analysis showed that 
intact recombinant Ric-8A purified from insect cells was quantita-
tively phosphorylated at three (6.9% of total Ric-8A), four (34.4% of 
total Ric-8A), five (38.6% of total Ric-8A), or more independent sites 
(Fig. 1C and table S1). Alkaline phosphatase treatment produced 
two major species, unmodified Ric-8A (40.6% of total Ric-8A) and 
alkaline phosphatase–resistant, singly phosphorylated Ric-8A (46% 
of total Ric-8A). E. coli–produced Ric-8A was not phosphorylated 
or modified but formed a series of Hepes (buffer) adducts in the 
experiment (Fig. 1D).

We used the Group-based Prediction System (GPS 3.0) to predict 
rat Ric-8A residues that might be phosphorylated by specific kinases 
(41). Among the highest-scoring residues were those predicted to be 
phosphorylated by the acidophilic serine and threonine kinase, pro-
tein kinase CK2, including rat Ric-8A residues Ser435, Thr440, Ser523, 
and Ser527 (Fig. 2A). Multiple whole-proteome phosphopeptide analy-
ses and a few directed studies have reported phosphorylated Ric-8A 
peptides that contain these four residues and Ser522 (28–35). Using 
liquid chromatography (LC)–MS/MS, we performed phosphorylation 
site identification of insect cell–produced rat Ric-8A or E. coli–produced 
rat Ric-8A that was treated with protein kinase CK2 holoenzyme and 
repurified. We obtained peptide coverage for 88.7% of insect cell–
produced Ric-8A and 97% of protein kinase CK2-treated E. coli–
produced Ric-8A (fig. S1). Mascot peptide mass fingerprinting software 
and collision-induced dissociation (CID) peptide analyses revealed 
specific sites of insect cell–produced Ric-8A phosphorylation (Ser30, 
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Ser32, Ser298, Ser435, and Thr440) and CK2-treated, E. coli–produced 
Ric-8A phosphorylation (Ser435, Thr440, Ser522, Ser523, and Ser527) 
(Fig. 2B and figs. S1 and S2) (42). We did not obtain coverage of pep-
tides of insect cell–produced Ric-8A consisting of residues Ser522, 
Ser523, or Ser527. Of the five identified phosphorylated residues from 
insect cell–purified Ric-8A, peptides containing Ser435 and Thr440 
were phosphorylated most frequently with 46% (16 of 35) and 37% 
(13 of 35) of the peptides having confirmed site-specific phosphoryl-
ation, respectively. Site-specific phosphorylated peptides for the three 
additional sites were obtained with far less frequency: Ser30 (4 of 65), 
Ser32 (3 of 65), and Ser298 (1 of 19) (table S2).

We examined the tryptic peptide that spanned rat Ric-8A residues 
430 to 445 in detail by CID analysis, because previous results from 
stand-alone Mascot Server peptide mass fingerprint searches suggest-
ed the phosphorylation of Tyr434 (Tyr435 in human Ric-8A) and Thr442 
(37, 43–45). We found no evidence that either of those residues was 
phosphorylated. Our peptide fragmentation analysis showed that Ser435 
and Thr440 were phosphorylated, most frequently on the same peptide 
(table S2). The region surrounding the Ser435 and Thr440 phosphosites 
is a well-conserved, acidic, 10–amino acid stretch, and the residues equiv-
alent to rat Ric-8A Ser435 and Thr440 are invariant (that is, they are either 
Ser or Thr) across all vertebrate Ric-8A and Ric-8B homologs, as well 
as the single copies of Ric-8 in C. elegans and Drosophila melanogaster 
(Fig. 2C) (33). An ancestral Ric-8 homolog found in Dictyostelium 

(DDB_G0292036) encodes a shorter protein with marginal homology 
to the first ~430 amino acids of mammalian Ric-8A and therefore 
lacks the acidic cluster and sites equivalent to Ser435 or Thr440.

We generated or validated two antibodies to specifically detect 
Ric-8A proteins phosphorylated at positions Ser435 or Thr440. A rabbit 
(6383) was immunized with a keyhole limpet hemocyanin (KLH)–
conjugated synthetic 12–amino acid peptide containing phospho-
rylated residues corresponding to the Ser435 and Thr440 sites: EGQY(pS)
EDED(pT)DT-NH2. Despite immunization with the dually phospho-
rylated peptide antigen, the resultant immunoglobulin Gs (IgGs) that 
were enriched from the 6383 rabbit antiserum detected insect cell–
produced wild-type rat Ric-8A, rat Ric-8A T440A, but not rat Ric-8A 
S435A, regardless of whether these proteins were treated in vitro with 
CK2 holoenzyme (Fig. 2D and fig. S2). Therefore, the 6383 antiserum 
contains a phosphosite-specific antibody for p-Ser435–Ric-8A. A com-
mercially available antibody raised against the CK2 consensus site (pS/
pT)-D-X-E detected insect cell–produced wild-type rat Ric-8A, rat Ric-
8A-S435A, but not rat Ric-8A-T440A, irrespective of in vitro phos-
phorylation with protein kinase CK2 holoenzyme (Fig. 2D). The only 
(pS/pT)-D-X-E CK2 consensus site in rat Ric-8A is p-Thr440, which 
explains why this antibody is specific for rat Ric-8A p-Thr440. This anti-
body also does not detect phosphorylated human Ric-8A because the 
Thr441 CK2 consensus site is (pT)-D-X-D (Fig. 2C). Given the sequence 
identity of the acidic residue regions of Ric-8A and Ric-8B, we used 

Fig. 1. Ric-8A is constitutively phosphorylated in cells. (A) Gel mobility shift assays of endogenous Ric-8A immunoprecipitated (IP) from cytosolic and detergent- 
extracted membrane fractions (5× material loaded) of HEK293 cells, and recombinant Ric-8A purified from E. coli or insect cells before and after alkaline phosphatase 
treatment. Top: Standard SDS-PAGE. Bottom: Phos-tag PAGE. Ric-8A* may have phosphosite(s) partially resistant to alkaline phosphatase. The molecular mass markers 
(75 and 50 kDa) do not accurately reflect the true masses of Ric-8A proteins on the Phos-tag PAGE. Data are representative of more than three independent 
experiments. (B) Anion exchange chromatography resolution of recombinant Ric-8A purified from E. coli or from insect cells before and after alkaline phosphatase treat-
ment. Data are representative of more than three independent experiments. (C) Mass spectra of Ric-8A proteins were obtained through whole-protein ESI/MS analysis. 
Spectra are of insect cell–purified recombinant rat Ric-8A (blue trace) and alkaline phosphatase–treated Ric-8A (red trace). (D) The ESI-MS/MS spectrum of E. coli–purified 
Ric-8A revealed a completely unmodified protein (mass, 60156.2 Da) with a series of Hepes buffer adducts. MW, molecular weight.
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C

Ric-8A phosphosites identified by mass spec analyses

1

51

101

151

201

251

301

351

401

451

501

Recombinant,
insect cell only 

E. coli + CK2
(no peptide coverage, insect cell)

Recombinant insect cell 
and E. coli + CK2 

B

Overall 
identity 

100% 100% YSEDEDTDTDE
89.8% 100% YSEDEDTDTDE
87.9% 91% YSEDEDTDTEE
87.4% 91% YSEDEDTDTEE
68.2% 91% YSEDEDTDTEE
58.7% 91% YSEDEDTDTEE
57.3% 82% YSEDEDSDTEE

46.6% / 20% (A/B) 36 % / 45.5% (A/B) ASDSEDSETED
30% / 26.7% (A/B) 66.7% / 66.7% (A/B) YSSDSEDSDTEE

15.8% / 16.9% (A/B) N/A ---------

100% 100% YSEDEDTDTEE
98.9% 100% YSEDEDTDTEE
97.1% 100% YSEDEDTDTEE
95.6% 100% YSEDEDTDTEE
65.7% 91% YSDDEDTDTEE
58.7% 91% YSDDEDTDTEE
44.3% 82% YSSDEDSDTEE

Isoform Species

Drosophila

Dictyostelium

Ric-8A
Ric-8A
Ric-8A
Ric-8A
Ric-8A
Ric-8A
Ric-8A

Human
Cow
Mouse
Rat
Chicken
Frog
Zebrafish

Human
Cow
Mouse
Rat
Chicken
Frog
Zebrafish

Ric-8B

Ric-8B
Ric-8B

Ric-8B

Ric-8B
Ric-8B

Ric-8B

Ric-8
Ric-8
Ric-8 C.elegans

"YSEDEDTDTDE”
cluster identity

Sequence

Conservation of the Ric-8 acidic residue sequence

17.9

12.7
15.4
17.4

9.7

9.1

8.3

9.6

8.4

7.4
6.8

Score
435

440
523
527

12

217

442

471

522

364
381

High
(score > 9.9)

Medium
(score > 7.4)

Low
(score > 6.1)

Site SequenceThreshold

Prediction scores of Ric-8A CK2 consensus SitesA

CK2
p-T440

        Ric-8A

p-S435
Ric-8A

D

Ric-8A

+ + +
WT S435A T440A

Insect cell   produced Ric-8A 

F

G

E Insect cell 
produced Ric-8B

+

Ric-8B

Phos-tag
Ric-8B

p-T473
Ric-8B

Alkaline
phosphatase

p-S468
Ric-8B

Purified Ric-8A

CK2 +
+

Insect E. coli

p-T440
Ric-8A

p-S435
Ric-8A

Ric-8A

Alkaline
phosphatase

Insect
WT WT 435A 440A

435A/
440A

E. coli  produced Ric-8A

CK2 + + + +
442A

+

435A/
440A/442A

+
p-T440
Ric-8A

Phos-tag
Ric-8A

Ric-8A

H

CK2 + + +

WT 435A/440A440A

Ric-8A

E. coli Ric-8A-∆CT (1-493)

p-T440
Ric-8A

p-S435
Ric-8A

Phos-tag
Ric-8A

Fig. 2. Identification of the Ric-8A sites phosphorylated by CK2. (A) GPS 3.0 was used to evaluate sites within Ric-8A with potential for CK2-mediated phosphorylation 
(41). The prediction was run at the high-stringency setting using a maximal false-positive rate threshold cutoff of 2%. Higher relative scores represent greater potential 
for phosphorylation. (B) Phosphosite identification in rat Ric-8A purified from insect cells and from E. coli–produced Ric-8A treated with CK2 was made by MS analysis of 
peptides from tryptic and chymotryptic digests. Red boxed residues were phosphorylated sites in insect cell–produced Ric-8A, yellow boxed residues were phosphoryl-
ated sites in E. coli–produced Ric-8A treated with CK2, and blue boxed residues were phosphorylated sites obtained for both proteins. All phosphosites were identified by 
Mascot software and confirmed by analysis of CID spectra. Peptide coverage of the three C-terminal phosphosites (Ser522, Ser523, and Ser527) was not attained for insect 
cell–produced Ric-8A. The 10-residue acidic sequence that contains the two consecutive CK2 sites of Ser435 and Thr440 is underlined. (C) The 10-residue acidic sequence is 
highly conserved across vertebrate Ric-8 proteins. The phosphosites corresponding to rat Ric-8A Ser435 and Thr440 are invariantly serine or threonine residues in all homo-
logs examined. Dictyostelium Ric-8 is a shortened protein that lacks the acidic sequence stretch altogether. (D) Insect cell–produced rat wild-type (WT), S435A, and T440A 
Ric-8A proteins were treated with or without CK2 and then analyzed by Western blotting with an antibody specific for the CK2 consensus site (pS/pT)-D-X-E, which rec-
ognizes the phosphorylated Thr440 site (p-Thr440), the 6383 Ric-8A antiserum that recognizes the phosphorylated Ser435 site (p-Ser435), and the 1184 antiserum that recognizes 
Ric-8A. (E) Insect cell–produced mouse Ric-8B was treated with and without alkaline phosphatase and analyzed by Western blotting with the Ric-8A phosphosite-specific 
antibodies that also detect mouse Ric-8B p-Ser468 and p-Ser472, respectively. Ric-8B antiserum 2413 was used to detect the Ric-8B alkaline phosphatase–dependent gel 
shift after protein resolution by Phos-tag PAGE. (F) Purified Ric-8A from insect cells was treated with or without alkaline phosphatase, whereas E. coli–produced Ric-8A was 
treated with or without CK2. The proteins were analyzed by Western blotting with the p-Thr440, p-Ser435, and 1184 antibodies. (G) Insect-produced WT Ric-8A and the 
indicated Ric-8A alanine substitution mutant proteins produced in E. coli were treated with or without CK2 and analyzed by Western blotting with the p-Thr440 and 1184 
Ric-8A antibodies. The proteins were also resolved by Phos-tag PAGE and analyzed by Western blotting with the 1184 Ric-8A antibody, as indicated. (H) WT, T440A, and 
S435A/T440A Ric-8A-CT purified from E. coli were treated with or without CK2, resolved by SDS-PAGE and Phos-tag PAGE, and analyzed by Western blotting with the 
p-Thr440, p-Ser435, and 1184 Ric-8A antibodies, as indicated. Data in (D) to (H) are representative of more than three independent experiments.
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both phosphosite-specific antibodies to assess phosphorylation of the 
corresponding prospective phosphosites of insect cell–produced 
mouse Ric-8B (Ser468 and Thr473). Western blotting analyses showed 
that purified Ric-8B exhibited an alkaline phosphatase–sensitive 
Phos-tag gel mobility shift and detection with the Ric-8A p-Ser435 
and p-Thr440 site- specific antibodies (Fig. 2E). These results showed 
that constitutive, dual phosphorylation within the conserved acidic 
residue cluster [YpSEDEDpTDT(D/E)E] is a conserved feature of 
Ric-8 proteins.

The MS analysis showed that treatment of E. coli–produced Ric-8A 
in vitro with protein kinase CK2 resulted in Ser435 and Thr440 phos-
phorylation (Fig. 2B and fig. S2), a result that was corroborated by 
Western blotting analysis using the phosphosite-specific antibodies 
(Fig. 2F). Insect cell–produced Ric-8A was detected with the p-Thr440 
antibody, and this immunoreactive signal was still detectable after al-
kaline phosphatase treatment (Fig. 2F), suggesting that p-Thr440 is par-
tially resistant to alkaline phosphatase–mediated dephosphorylation. 
This resistant form likely represents the population of singly phos-
phorylated Ric-8A (~46% of total) observed by ESI-MS/MS after alka-
line phosphatase treatment (Fig. 1C).

CK2-treated, full-length Ric-8A appeared as a broad band on Phos-
tag PAGE Western blots with a mobility shift (Fig. 2G). To determine 
the contributions of specific sites, we generated the single mutants 
S435A, T440A, and T442A, the double mutant S435A/T440A, and the 
triple mutant S435A/T440A/T442A and purified them from E. coli. 
Thr442 served as a control, because none of our analyses indicated that 
this site was phosphorylated. All of the CK2-treated mutants exhibited 
gel mobility shifts (Fig. 2G), indicating that Ser435 and Thr440 are not 
the only sites phosphorylated by CK2. On the basis of the MS results 
(Fig. 2B), we hypothesized that the additional CK2-phosphorylated sites 
Ser522, Ser523, and Ser527 contributed to the broad gel mobility shifts.

A C-terminally truncated Ric-8A protein lacking the last 37 amino 
acids (Ric-8A-CT or 1-493) is an effective G protein  subunit GEF 
(18). This protein lacks the Ser522, Ser523, and Ser527 phosphorylation 
sites. E. coli–produced Ric-8A-CT exhibited CK2-dependent phos-
phorylation at Ser435 and Thr440 (Fig. 2H). Phos-tag analysis revealed 
a mobility-shifted band for CK2-treated Ric-8A-CT, whereas Ric-
8A-CT-T440A exhibited a lower gel mobility shift, and Ric-8A-
CT-S435A/T440A was detected as a single band. These results, 
combined with the MS data, indicate that Ser435 and Thr440 are likely the 
only sites efficiently phosphorylated by CK2 within the Ric-8A-CT 
protein.

Ric-8A phosphorylation enhances G protein binding affinity
To determine the influence of Ric-8A phosphorylation on G sub-
unit binding affinity, we adapted a flow cytometry protein interac-
tion assay (FCPIA) (46). Purified glutathione S-transferase (GST) 
and E. coli– or insect cell–produced GST–Ric-8A, pretreated with 
or without CK2, were incubated with increasing concentrations of 
purified Gi1 fused to cyan fluorescent protein (CFP), complexes 
were adsorbed to glutathione-coated beads, and the bead-associated 
fluorescent signals were measured. Phosphorylated Ric-8A had a 
20-fold higher affinity for Gi1 (Kd = 16.3 ± 1.9 nM) than unphos-
phorylated Ric-8A (Kd = 595.6 ± 205.2 nM) (Fig. 3).

Ric-8A GEF activity depends on Ser435 and  
Thr440 phosphorylation
Ric-8 proteins enhance the guanine nucleotide exchange rate of puri-
fied G subunits (16, 17, 47). With the marked difference in G sub-

unit binding affinity between phosphorylated and unphosphorylated 
Ric-8A, we predicted that phosphorylation also influenced Ric-8A 
GEF activity for G proteins. Therefore, we measured the rates of 
Gq steady-state GTP hydrolysis [steady-state guanosine triphospha-
tase (GTPase) activity] in the presence of phosphorylated and unphos-
phorylated Ric-8A proteins with and without site-specific mutations. 
Insect cell–produced Ric-8A (phosphorylated) was a markedly more 
potent and efficacious GEF [steady-state GTPase EC50 (median effective 
concentration), ~155.2 ± 21.9 nM; maximal rate, 0.097 ± 0.002 min−1] 
than the equivalent Ric-8A protein produced in E. coli, which is not 
phosphorylated (Fig. 4A). The presence of CK2 in the assay affected 
the GTPase assay, likely by consuming GTP. Therefore, we repurified 
any recombinant protein that was phosphorylated with CK2 in vitro 
before using the CK2-phosphorylated proteins in these assays. E. coli– 
produced Ric-8A that was phosphorylated by CK2 was more potent 
(steady-state GTPase EC50, ~67.1 ± 17.6 nM) than insect cell–produced 
Ric-8A, although the maximal rate of stimulated Gq GTPase activity 
was reduced only slightly (0.082 ± 0.002 min−1), indicating that phos-
phorylation of the Ric-8A CK2 consensus site(s) activated the unphos-
phorylated protein (Fig. 4A). Furthermore, enzymatic dephosphorylation 
of insect cell–produced Ric-8A with alkaline phosphatase resulted in 
a fourfold decrease in potency (EC50, ~657.2 ± 53 nM) compared with 
the phosphorylated form, but only a slightly reduced maximal rate 
(0.085 ± 0.003 min−1). This intermediate activity was likely due to 
partial occupancy of the phosphatase-resistant Thr440 site as was ob-
served earlier (Figs. 1 and 2F). GEF assays measuring the kinetics 
of the Ric-8A–stimulated GTPS binding of Gq, G13, and Gi1 
(fig. S3) were consistent with the results of the steady-state GTPase 
assays (Fig. 4A).

E. coli–produced Ric-8A-CT (1-493) was phosphorylated with 
CK2 and used in the Gq steady-state GTPase assay to discriminate 
the contributions of phosphorylated Ser435 and Thr440 from the other 
experimentally verified phosphorylation sites found near the C ter-
minus of rat Ric-8A, which are not present in the truncated protein 
(Ser501, Ser522, Ser523, and Ser527) (28, 31, 37, 48). CK2 phosphoryl-
ation enhanced the Ric-8A-CT–dependent stimulation of the steady-
state GTPase activity of Gq (Fig. 4B), demonstrating the contributions 
of phosphorylated Ser435 and Thr440 to the function of Ric-8A as a 
GEF for G (Fig. 4B). The maximal rate stimulated by Ric-8A-CT 
(0.158 ± 0.003 min−1) exceeded that of full-length, phosphorylated 
Ric-8A (maximal rate, 0.097 ± 0.002 min−1), suggesting that the C 
terminus of Ric-8A may have an inhibitory function.

To discriminate between the individual contributions of p-Ser435 
and p-Thr440 to GEF activity, we performed experiments with puri-
fied phosphorylation-mutant Ric-8A proteins. Ric-8A–T440A had 
a very low ability to activate Gq steady-state GTPase activity, and 
pretreatment with CK2 had no effect (Fig. 4C). Because we determined 
that Ric-8A–T440A was phosphorylated by CK2 at the other CK2 
consensus sites, including Ser435 (Fig. 2, G and H), the lack of activity 
of CK2-phosphorylated Ric-8A–T440A in the GTPase assay indicated 
that Ric-8A Thr440 phosphorylation was essential for efficient Ric-8A 
GEF activity. Insect cell–purified Ric-8A–S435A had markedly de-
creased potency in activating the steady-state GTPase activity of Gq 
(EC50, ~558 ± 135.8 nM) and reduced efficacy (maximal rate, 0.081 ± 
0.004 min−1) (Fig. 4C). E. coli–purified Ric-8A–S435A had negligible 
activity, which was almost fully restored by phosphorylation by CK2 
(EC50, 211.0 ± 36.2 nM; maximal rate, 0.095 ± 0.002 min−1).

The quantitative MS analyses of Ric-8A proteins purified from 
insect cells showed that 34.4 and 38.6% of wild-type Ric-8A were 
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modified with four and five phosphates, respectively (table S1). Ric-
8A–S435A lacks one CK2 phosphorylation site; however, only 34.2 
and 18.9% of this mutant were modified with three and four phos-
phates, respectively. This reduction in the frequency of multisite 
phosphorylation suggests that multisite Ric-8A phosphorylation in 
cells may be cooperative. Thus, we proposed that the diminished 
activity of Ric-8A–S435A could be contributed to by direct loss of the 
Ser435 phosphorylation site and reduced occupancy of the other CK2 
phosphorylation sites, especially Thr440. The ability to restore near 
full potency and efficacy of Ric-8A–S435A by in vitro CK2 phos-
phorylation suggests that the Ser435 phosphorylation site may pro-
mote efficient phosphorylation of Thr440 in cells (Fig. 4D).

We generated mutant forms of Ric-8A with aspartic acid substitu-
tions in positions Thr440 or Ser435 as attempts to produce phospho-
mimetic Ric-8A proteins. Ric-8A–T440D purified from insect cells 
had less efficacy in the Gq steady-state GTPase assay (submaximal 
rate of GTPase activity, 0.065 ± 0.002 min−1) than did wild-type Ric-8A 
(Fig. 4E). Ric-8A–T440D purified from E. coli had negligible activity, 
and CK2 treatment of the protein only partially restored stimulato-
ry activity to a submaximal Gq steady-state GTPase rate (0.042 ± 
0.002 min−1). E. coli–purified Ric-8A–T440D exhibited an apparent full 
SDS-PAGE mobility shift after CK2 treatment, suggesting that the 
protein was efficiently phosphorylated at the other CK2 consensus 
sites, including specific confirmation of Ser435 phosphorylation (fig. S4). 
Accounting for mutational loss of one phosphosite in the Ric-8A–Thr440 
site mutants, insect cell–produced Ric-8A–T440D had substantially 
higher overall occupancy of its other phosphorylated sites in com-
parison to wild-type Ric-8A or Ric-8A–T440A (table S1). Overall, these 
results indicate that Ric-8A–T440D has characteristics of a partial 

phosphomimetic. Although T440D appeared to support cooperativity 
of Ric-8A multisite phosphorylation, Ric-8A–T440D did not activate 
Gq with full efficacy in the steady-state GTPase assay. Insect cell–
produced Ric-8A–S435D was not as potent as wild-type Ric-8A but 
achieved equal efficacy of Gq steady-state GTPase activation 
(Fig. 4F). E. coli–produced Ric-8A–S435D had negligible activity. 
Phosphorylation by CK2 resulted in substantial activation; however, 
the CK2-treated protein was less potent (EC50, ~287.4 ± 95.9 nM) 
and efficacious (maximal rate, 0.072 ± 0.01 min−1) when compared 
to insect cell–produced, wild-type Ric-8A.

G subunit folding activity of Ric-8A depends on Ser435 and 
Thr440 phosphorylation
Plants lack an apparent Ric-8 homolog, which might explain why 
they have a self-folding or self-activating G protein  subunit homo-
log (49). The wheat germ extract (WGE) translation and protein fold-
ing system produces functionally folded mammalian G subunits if 
reconstituted with purified mammalian Ric-8A (11). We developed a 
real-time WGE/G subunit translation and folding assay that uses 
Gi1 with an internal GFP tag (Fig. 5A), which is located at the junc-
tion of the B and C helices. Insertion of GFP at this site does not 
perturb G function (16, 50, 51). We added Gi1-GFP mRNA to WGE, 
and we detected both parts of the fusion protein (Gi1 and GFP) by 
Western blotting even in the absence of Ric-8A (Fig. 5B), which indi-
cated that Gi1 translation was Ric-8A–independent. Similar amounts 
of the fusion protein accumulated regardless of the presence of Ric-8A 
(Fig. 5B). However, the evolution and maturation of GFP fluorescence 
depended on Ric-8A (Fig. 5A), indicating that folding of GFP required 
folding of the Gi1 portion of the fusion protein, which depended 
on Ric-8A.

Insect cell–produced Ric-8A promoted Gi1-GFP folding with an 
EC50 of 63.7 ± 1.9 nM (Fig. 5C). E. coli–purified Ric-8A also promoted 
Gi1-GFP folding but was less active, exhibiting a rightward shifted 
EC50 of 83.6 ± 2.3 nM. E. coli–purified Ric-8A that was phosphorylated 
with CK2 was the most potent Gi1-GFP folding protein with an EC50 
of 52.3 ± 2.7 nM. Having expected a greater difference between the 
activity imparted by phosphorylated and unphosphorylated E. coli–
purified Ric-8A in this assay, we hypothesized that E. coli–produced 
Ric-8A became phosphorylated by endogenous WGE kinases over the 
time course of the experiment (52, 53). Western blotting analyses con-
firmed the phosphorylation of the Ser435 and Thr440 sites of E. coli–
produced Ric-8A after incubation in WGE (Fig. 5D). We attempted to 
test the effects of chemical inhibitors of WGE kinases, but Gi1-GFP 
translation was inhibited, preventing measurement of Gi1-GFP fold-
ing. To examine the contributions of specific Ric-8A phosphorylation 
sites to Gi1-GFP folding, we used E. coli–produced Ric-8A S435A or 
T440A proteins or double mutant proteins (Fig. 5, E and F). Ric-8A 
with individual mutations in Ser435 or Thr440 had reduced ability to 
promote Gi1-GFP folding (EC50, 87.9 ± 1.6 nM and 91.3 ± 1.3 nM, 
respectively). The Ric-8A S435A/T440A double mutant was the least 
potent of all the Ric-8 proteins tested and promoted Gi1-GFP folding 
with an EC50 of 103.7 ± 2.2 nM. The activity of Ric-8A S435A/T440A 
was not affected by CK2 or, presumably, by kinases in WGE (Fig. 5F).

Finally, the activity of E. coli–produced Ric-8-CT was examined 
in the folding assay. Ric-8-CT had low potency of Gi1-GFP folding 
(EC50, 96.7 ± 1.6 nM) and was not enhanced upon phosphorylation by 
CK2 (Fig. 5G). This result contrasts with our earlier finding (Fig. 4B), 
which showed that treatment of Ric-8-CT with CK2 restored effica-
cious GEF activity, but is consistent with our previous finding that 

b

i

i

Fig. 3. Gi1 binds phosphorylated Ric-8A with a higher affinity than it has for 
unphosphorylated Ric-8A. A concentration series of purified Gi1-CFP (1 to 1000 nM) 
was incubated with insect cell– or E. coli–produced GST-tagged Ric-8A or GST to 
determine the nonspecific component. Glutathione-coated microspheres were 
used to adsorb the GST-Ric-8A–Gi1-CFP complexes before flow cytometric mea-
surement of bead-associated fluorescence. Data were gated to include only singlet 
beads and then were analyzed for median fluorescence intensity (MFI). Nonspecific 
binding (GST only) was subtracted from total to yield the percentage of Gi1-CFP 
bound specifically to Ric-8A, with 100% indicating the maximum fluorescence of 
saturated binding. The plotted data are the result of three independent experi-
ments, and error bars indicate the SEM. The data were fitted to one-site specific 
binding curves with GraphPad Prism software.
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Ric-8-CT does not genetically complement G protein abundance de-
fects in Ric-8A−/− mES cells (54). Together, these data indicate that phos-
phorylation of the Ric-8A residues Ser435 and Thr440 is critical for G 
subunit GEF and folding activities, but additional elements in the C- 
terminal region of Ric-8A are required for G subunit folding activity 
in WGE and cells.

Phosphorylation regulates Ric-8A activity in cells
We generated a clonal HEK293T RIC-8A knockout cell line (termed 
“G7”) using clustered regularly interspaced short palindromic repeats 
(CRISPR)–CRISPR-associated 9 (Cas9) technology (55). We isolated 
G7 cells after two rounds of dilution cloning and determined that this 
line had three distinct indel mutations at the human RIC-8A target 
site (fig. S5A). This indicates that there may be three genomic copies 
of RIC-8A in HEK293T cells, which is consistent with the known hy-
potriploid karyotype of this cell line (56–58). We confirmed that the 
G7 cells had no detectable Ric-8A, a normal amount of Ric-8B, and 
reduced abundances of Gq, G13, and Gi1, but not of Gs (fig. S5B). 
The affected G proteins are those folded by Ric-8A (11), and the re-
duced G abundances observed in G7 cells are consistent with previ-
ous observations of cell lines derived from Ric-8A knockout mouse 
tissues (mES cells and melanocytes) (10, 59).

We transfected the parental G7 RIC-8A knockout cells with plas-
mids that expressed wild-type rat Ric-8A or combinations of Ric-8A– 
 encoded proteins with mutant Ser435 and Thr440 phosphorylation sites. 
We clonally isolated two to three independent cell lines of each Ric-8A 
transgene. We measured the steady-state abundance of G13 to evalu-
ate the activity of each mutant Ric-8A protein for folding G proteins 
in cells. Whereas the parental G7 cells had a very low amount of 
G13, cell lines expressing wild-type Ric-8A had abundant G13 
(Fig. 6, A to D). G7 cells expressing Ric-8A–S435A or Ric-8A–
T440A only partially complemented the RIC-8A knockout: These 
cells only had G13 at 84% (S435A) and 29% (T440A) of the amount 
found in G7 cells expressing wild-type Ric-8A (Fig. 6, A and D). 
Cell lines expressing Ric-8A– S435D or Ric-8A–T440D also partially 
complemented the RIC-8A–null defect and restored G13 abundance 
to 91 and 75%, respectively, of the amount found in wild-type Ric-8A–
expressing cells (Fig. 6, B and D). This suggests that the Ric-8A–
T440D protein has partial phosphomimetic characteristics when stably 
expressed in G7 cells. However, double mutant Ric-8A–S435A/T440A 
or Ric-8A–S435D/T440D proteins were less capable of rescuing the 
RIC-8A–null defect; the abundance of G13 was 24 and 31%, respec-
tively, of the amount found in G7 cells expressing wild-type Ric-8A 
(Fig. 6, C and D).

A B

C D

E F

q q

q q

Fig. 4. Requirements of the Thr440 and Ser435 
phosphosites for Ric-8A–stimulated Gq steady- 
state GTP hydrolysis activity. (A to F) Purified 
Gq (50 nM) was incubated with the indicated 
concentrations of purified Ric-8A proteins and 
[ -32P]GTP. The linear rate of GTP hydrolysis was 
determined by measuring the production of 
free 32Pi. (A) Full-length WT Ric-8A proteins puri-
fied from insect cells (Hi5) and treated with or 
without alkaline phosphatase or purified from 
E. coli and treated with or without CK2 were 
tested for their ability to stimulate the steady-
state GTPase activity of Gq. (B) WT Ric-8A-CT 
protein purified from E. coli and treated with or 
without CK2 was tested for its ability to stimu-
late the steady-state GTPase activity of Gq. (C to F) 
WT Ric-8A purified from insect cells (Hi5) was 
used as a positive standard of phosphoryl ated 
Ric-8A activity for comparison to the activities 
of (C) Ric-8A–T440A purified from insect cells 
and Ric-8A–T440A purified from E. coli and 
treated with or without CK2, (D) Ric-8A–S435A 
purified from insect cells and Ric-8A–S435A pu-
rified from E. coli and treated with or without 
CK2, (E) Ric-8A–T440D purified from insect cells 
and Ric-8A–T440D purified from E. coli and treated 
with or without CK2, and (F) Ric-8A–S435D puri-
fied from insect cells and Ric-8A–S435D purified 
from E. coli and treated with or without CK2. 
Data were plotted on semilog graphs and fitted 
to one-phase exponential association functions 
using GraphPad Prism. Experiments were per-
formed in triplicate. Error bars indicate the SEM 
and were sometimes smaller than the size of the 
plotted symbols.
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Fig. 5. Efficient G subunit folding in a WGE/Ric-8A reconstitution assay is dependent on Ric-8A Ser435 and Thr440 phosphorylation. (A) Top: The mRNA encoding 
a Gi1 fusion protein with an internal GFP tag was translated in WGE that had been reconstituted with purified rat Ric-8A. Bottom: Folding of the fusion protein was mon-
itored by evolution of GFP fluorescence. (B) Samples for SDS-PAGE were attained at the conclusion of the kinetic Gi1-GFP translation/folding reactions and analyzed by 
Western blotting (WB) to detect Gi1, GFP, and Ric-8A. Data are representative of more than three experiments. (C) Gi1-GFP mRNA was introduced into WGE translation/
folding reactions reconstituted with the indicated concentrations of insect cell–produced WT Ric-8A or E. coli–produced WT Ric-8A with or without CK2 pretreatment. 
Maximal Gi1-GFP relative fluorescence units (RFUs) at 535 nm were plotted versus Ric-8A concentration on semilog plots. The data were fitted to variable Hill slope, 
four-parameter concentration response functions using the following equation in GraphPad Prism: Y = Ymin + (Ymax − Ymin)/(1 + 10((LogEC

50
−X)*Hillslope)). EC50 values were 

estimated from the fitted line functions. Experiments were performed in triplicate, and data are means ± SEM. (D) E. coli– and insect cell–purified Ric-8A proteins were 
incubated for 5 hours in WGE, resolved by SDS-PAGE and Phos-tag PAGE, and then analyzed by Western blotting. Data are representative of more than three experiments. 
(E to G) Insect cell–produced WT Ric-8A was used as phosphorylated Ric-8A standard in the WGE/Gi1-GFP folding assay to compare to the actions of (E) E. coli–produced 
Ric-8A S435A or T440A, (F) E. coli–produced Ric-8A S435A/T440A treated with or without CK2, or (G) E. coli–produced Ric-8A-CT treated with or without CK2. Data were 
processed as described in (C). Experiments were performed in triplicate, and data are means ± SEM.
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We investigated the ability of the Ric-8A phosphorylation site 
mutants to support G protein signaling using a serum response element–
luciferase (SRE-Luc) assay that we previously developed to measure 
activity of the G13-coupled GPCR GPR56 (also known as ADGRG1) 
(60, 61). We transiently transfected G7 cells with a range of amounts 
of plasmids encoding wild-type or phosphosite mutant Ric-8A pro-
teins and a construct that expresses constitutively active GPR56. 
The Ric-8A–S435A and Ric-8A–S435D mutants, as well as the wild-
type Ric-8A, supported G13 signaling (Fig. 6E). This is consistent 
with the ability of the stably expressed Ric-8A–Ser435 phosphosite 
mutants to rescue G13 abundance in RIC-8A knockout cells almost 
as well as did wild-type Ric-8A (Fig. 6D). In contrast, transient ex-
pression of the Ric-8A–T440A or Ric-8A–T440D phosphosite mu-
tants did not support G13 signaling (Fig. 6E), which is consistent 

with earlier observations that the phosphorylation of Ric-8A–Thr440 
is critical for G subunit folding activity and further supports the 
conclusion that the T440D mutation is only a partial phosphomi-
metic. There was apparent discrepancy in the ability of the Ric-8A–
T440D mutant to partially complement the G13 abundance defect 
(Fig. 6B) versus its near inability to rescue G13 signaling in the 
SRE-Luc reporter assay (Fig. 6E). This may be due to the inherent 
differences in the two experiments. The G13 abundance assay used 
G7 cells that stably expressed high amounts of Ric-8A–T440D in 
100% of the cell population, whereas the SRE-Luc assay used cells 
that had reduced amounts of Ric-8A–T440D, both due to transient 
24-hour expression and the low concentrations of plasmids used. 
Furthermore, in the transient transfection–based SRE- Luc assay, 
transfection efficiencies are typically ~60% efficient (60).

C D

E

A B

Fig. 6. Ric-8A–T440 is required for efficient G protein chaperoning activity and signaling in cells. (A to D) A HEK293T cell line (G7) lacking RIC-8A was developed 
using CRISPR-Cas9 technology. (A to C) Crude membrane preparations from RIC-8A–null cells stably expressing WT or the indicated mutant rat Ric-8A proteins with single 
alanine or aspartic acid point mutations at the regulatory phosphosites were subjected to quantitative Western blotting for Ric-8A, G13, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). (D) Relative G13 abundances were quantified by pixel densitometry analysis and normalized to the GAPDH signal. Data are means ± SEM of 
three independent experiments. Statistical significance was determined by one-way analysis of variance (ANOVA), Dunnett’s multiple comparison to WT: *P < 0.05, **P < 
0.005, ***P < 0.0001; n.s., not significant. (E) The effects of Ric-8A on GPCR-mediated G13 signaling activity were measured by dual SRE-Luc assay. RIC-8A–null cells were 
transiently transfected with plasmids expressing constitutively active GPR56, the SRE-Luc reporter, Renilla luciferase, and the indicated amounts of plasmids encoding WT 
and phosphosite mutant Ric-8A proteins. The accumulated firefly luciferase signal was measured 24 hours after transfection and normalized to the Renilla luciferase sig-
nal. Data were normalized to the signal generated from RIC-8A–null cells expressing the luciferase plasmids alone. Data are means ± SEM of three experiments.
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C. elegans with phosphorylation site–deficient Ric-8 exhibit 
locomotion and egg-laying defects
Mutations in ric-8 that impair function cause severe locomotor de-
fects that are attributable to defective G protein regulation of synaptic 
vesicle priming and neurotransmitter release in C. elegans (22, 23, 62). 
The C. elegans ric-8 residues Ser467 and Ser472 are equivalents of the 
rat Ric-8A residues Ser435 and Thr440, respectively (Fig. 2C). Using 
direct injection of CRISPR-Cas9 ribonucleoproteins, we individually 
converted the C. elegans ric-8 Ser467 or Ser472 codons to encode alanine 
to determine the functional importance of these phosphorylation 
sites in an organismal system. Homozygous ric-8 (S467A) or ric-8 
(S472A) worms were almost completely paralyzed and exhibited rod-
shaped postures that typify strong locomotor defects (Fig. 7A). Phor-
bol esters supplant the requirement of ric-8 and rescue Gq-mediated 
DAG production for efficient synaptic vesicle priming (63–65). Phor-
bol ester treatment rescued the rod-shaped postural defects, as shown 
by the omega-shaped body postures for both ric-8 (S467A) and ric-8 
(S472A) homozygous mutants (Fig. 7, A and B). Using real-time video 
tracking, we quantified locomotor metrics in ric-8 (S467A) and ric-8 
(S472A) homozygous worms before and after phorbol ester treat-
ment. Compared to wild-type worms (N2), the number of body bends 
and the sinusoidal amplitude of the bending movements were re-
duced in both ric-8 (S467A) and ric-8 (S472A) homozygous mutants 
(Fig. 7, B and C). After phorbol ester exposure, the defects in body 
bends and amplitude were completely rescued in ric-8 (S467A) mu-
tants but only partially rescued in ric-8 (S472A) mutants compared to 
wild-type worms exposed to vehicle (Fig. 7, B and C). By tracking in-
dividual worms for 2 min before and after phorbol ester application, 
we found that phorbol ester treatment not only produced a hyperflex-
ive phenotype but also caused worms to move more rapidly and to 
change direction with increased frequency (Fig. 7D). The overall dis-
tance traveled by each group of worms was increased by phorbol es-
ter; however, ric-8 (S467A) and ric-8 (S472A) mutant worms did not, 
on average, travel as far as wild-type worms (Fig. 7D, fig. S6, and mov-
ies S1 and S2). Note that the defects exhibited by ric-8 (S472A) worms 
were substantially more severe than those exhibited by the ric-8 
(S467A) worms in all assays (Fig. 7, B to D). These data are consistent 
with our biochemical observations indicating that phosphorylation of 
mammalian Ric-8A Thr440 is more critical for G subunit GEF and 
folding activities than Ric-8A Ser435 phosphorylation. Corroborating 
this finding further, we observed that ric-8 (S467A) mutants were de-
fective for egg laying (egl), whereas ric-8 (S472A) mutants were sterile. 
This finding of egg-laying defects is consistent with past studies in 
which ric-8 and Gq rof mutants were discovered as alleles in egl for-
ward genetic screens (22, 23, 38, 39). The egg-laying phenotype of the 
ric-8 (S467A) worms was rescued by phorbol ester application, but 
ric-8 (S472A) worms did not lay eggs even in the presence of phorbol 
ester (Fig. 7A).

The structural organization of the five Ric-8A CK2 sites  
is predicted
Ric-8 protein structural predictions based on homology modeling of 
proteins that contain similarly repeated Armadillo or Huntington/
elongation factor 3/protein phosphatase 2A/TOR1 (HEAT) -helical 
elements indicate that Ric-8 adopts a superhelical, crescent-shaped 
architecture (6, 66). We predicted the structure of Ric-8A with the 
I-TASSER server (Fig. 8) (67, 68). The experimentally verified CK2- 
phosphorylated residues were colored as yellow balls, and despite 
being apart in the linear amino acid sequence (Ser435, Thr440, Ser522, 

Ser523, Ser527), they are predicted to reside in close proximity to each 
other on an exterior surface of the concave side of the crescent. We 
noticed that two similar crescent-shaped Armadillo- or HEAT-repeat 
proteins, smgGDS and importin-, bind to Rho/Rac and Ran small 
GTPases, respectively, and despite having more prevalent cellular 
functions, they both have weak in vitro GEF activities for their re-
spective small G proteins (6, 69–73). The importin-/Ran GTPase 
complex structure (PDB: 1IBR) was compared to four 90° poses of 
the predicted Ric-8A structure (Fig. 8). An acidic patch of importin- 
was described as an important surface for binding to Ran (73). We 
speculate that Ric-8A may interact with the Ras-like domains of G 
protein  subunits through the acidic residues and negative charge 
that is contributed by the experimentally verified CK2-phosphorylated 
residues.

DISCUSSION
Ric-8A and Ric-8B are essential genes that encode molecular chaper-
ones with in vitro GEF activity and are required for heterotrimeric 
G protein  subunit biosynthetic protein folding (6). Here, we found 
that dual phosphorylation of two serine and threonine residues (rat 
Ric-8A Ser435 and Thr440) within a 10-residue acidic sequence was 
required for efficient G subunit folding and GEF activities, with the 
phosphorylation of Thr440 having a more prominent contribution to 
activity. Both residues were constitutively phosphorylated within CK2 
consensus sites, and in vitro CK2 treatment was sufficient to phos-
phorylate the residues to restore full Ric-8A activities. These regula-
tory phosphosites are conserved among all Ric-8 homologs examined 
and were demonstrated to be phosphorylated in mammalian Ric-8B 
(Fig. 2). Mutation of the phosphosites to encode alanine residues in 
C. elegans resulted in strong ric-8 mutant rof phenotypes that could 
be partially suppressed through chemical activation of the defective 
Gq signaling pathway.

Ric-8A Ser435 and Thr440 phosphorylation positively affected both 
Gq steady-state GTPase activity (Fig. 4) and G protein folding ac-
tivity (Fig. 5), findings that advance our view that these two activi-
ties may be one and the same and represent the authentic cellular 
function of Ric-8 proteins as molecular chaperones that fold G sub-
units. Both processes necessarily involve Ric-8–mediated (re)posi-
tioning of the G subunit Ras-like and -helical domains to affect 
guanine nucleotide binding (6, 19). In GEF assays, Ric-8 is thought 
to partially unfold G-GDP to facilitate GDP release. Ric-8 then sta-
bilizes the nucleotide-free state and permits GTP binding. In cells, 
we propose that Ric-8 chaperones nascent G subunits in prefolded 
state(s) that have yet to bind nucleotide. In this role, Ric-8 permits 
productive, first-time binding of GTP to the G protein; otherwise, the 
G protein folds in an incorrect manner, perhaps without nucleotide.

The concentration ranges of Ric-8A that exerted effect(s) and 
the maximal efficacies achieved were different between the G protein 
GEF and protein folding assays. Ric-8A–stimulated Gq steady-state 
GTPase activity spanned ~3-log units of Ric-8A concentration (5 nM 
to 2.5 M), whereas Ric-8A–stimulated G folding activity had steep 
Hill slopes with a tighter window of Ric-8A action (~10 to 100 nM). 
The most potent form of Ric-8A in the folding assay was E. coli–
produced protein that was phosphorylated with CK2 (EC50, ~52.3 nM), 
whereas the least potent was Ric-8A–S435A/T440A, which could 
not be phosphorylated at the regulatory phosphosites (EC50, ~103.7 
nM). At high Ric-8A concentrations, phosphorylation made no dif-
ference in Ric-8A promotion of maximal G subunit folding efficacy; 
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however, unphosphorylated Ric-8A was a poor stimulator of nucle-
otide exchange at all concentrations tested. These differences indi-
cate that the folding assay may be a truer measure of Ric-8A activity 
in the cell. The concentration of endogenous Ric-8A in rabbit retic-
ulocyte lysate was estimated to be ~5 to 10 nM, which is close to the 
16.3 nM Kd of phosphorylated Ric-8A binding to G (Fig. 3) (11). 
Accounting for expected inefficiencies of protein translation and 
folding in an extract system (for example, WGE), the observed dy-

namic range of reconstituted Ric-8A action (~10 to 100 nM) is rea-
sonably close to that of the endogenous cytosolic concentration. 
This reflects a potential for dynamism of Ric-8A folding activity in 
cells and suggests that Ric-8A phosphorylation or dephosphoryla-
tion could be subject to regulation to control G subunit folding. 
Because Ric-8A and Ric-8B are constitutively phosphorylated in 
cells (Figs. 1 and 2), we are actively investigating whether Ric-8 is 
regulated by cellular phosphatases and, if so, under what conditions.
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Fig. 7. Locomotor and postural defects in ric-8 S467A or S472A C. elegans mutants. (A to D) WT (N2) and CRISPR-modified C. elegans strains expressing ric-8 with al-
anine mutations at sites Ser467 or Ser472 were treated with 10 M phorbol ester or ethanol (vehicle) for 60 min. (A) Representative images show the rod-like body posture 
phenotype of S467A and S472A mutants on vehicle plates, as compared to the sinusoidal body posture of N2 controls. Phorbol ester–exposed animals had a hyperflexive 
phenotypes in N2 controls and S467A and S472A mutants, denoted by the omega-shaped body postures. Red arrowheads denote eggs laid by ric-8 S467A animals in 
response to phorbol ester. Scale bar, 0.5 mm. (B) The numbers of body bends were quantified in freely moving animals over a 2-min period. (C) The maximum bending 
amplitude was quantified as a measure of hyperflexion. (D) Track length (forward + reverse movement) was quantified in freely moving animals for 2 min before and after 
60-min phorbol ester treatment using WormLab acquisition and analysis software. For all experiments, ten 1-day-old adults were assayed per plate with 10 replicated 
plates per strain for all experiments. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test. **P < 0.005, ***P < 0.0001.
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The differential functionality of the Ric-8A C terminus seems to 
discriminate in vitro GEF activity and protein folding activity in cells. 
Unphosphorylated Ric-8-CT (lacking the last 39 amino acids) was a 
poor GEF, but its activity was enhanced by CK2 phosphorylation of 
Ser435 and Thr440 to exceed the Gq steady-state GTPase rate that was 
stimulated by full-length, phosphorylated Ric-8A (Fig. 1, A and B). 
However, Ric-8-CT acted with low potency in the WGE folding 
assay, and no enhancement was observed by CK2 phosphorylation. 
This is consistent with past findings showing that Ric-8-CT does not 
rescue the G subunit abundance defects of Ric-8A–null mES cells 
(54). Therefore, the Ric-8A C terminus is important for G subunit 
folding in WGE and cells, but its presence is modestly inhibitory in 
GEF assays (18). This raises the question of the identity of the Ric-8 
surfaces that bind to G protein  subunits and how Ser435 and Thr440 
phosphorylation affects binding and G folding. The present evidence 
suggests that Ric-8A interacts with G subunit Ras-like domains and 
induces Ras domain plasticity (18, 19, 74, 75). The comparison of the 
predicted structure of Ric-8A with the known structure of importin- 
and the Ran small GTPase complex may provide important insight. 
Ran has extensive contacts with the concave face of the importin- 
crescent and is engaged by both N-terminal importin- elements and 
a highly negatively charged surface near the C terminus that com-
pacts around the GTPase (73, 76–78). We suggest that Ric-8A may 
bind to the Ras-like domain of G subunits in a similar manner (6). 
Yeast two-hybrid experiments demonstrated an interaction of the 
Ric-8A N terminus and the last 81 amino acids of Gi1 (18, 79). A 
hydrogen-deuterium exchange (HDX) study using Ric-8A-CT and 
purified Gi1 showed another probable interaction site within Ric-8A 
residues 425 to 491, with Ric-8A residues 454 to 470 having high pro-
tection from proton exchange when Gi1 was bound (74). This poten-
tial interaction site is proximal to the negatively charged regulatory 
phosphosite region consisting of residues 435 to 444, although Ser435 
and Thr440 were not phosphorylated in the HDX analysis.

The Ric-8A structural prediction suggests that phosphorylated 
Thr440 and Ser435 reside in a negatively charged exterior surface of the 
concave side of the Ric-8A crescent. It is tempting to speculate that 
this is a G protein  subunit–binding surface that acts similarly to the 
negatively charged surface of importin- that is required for Ran bind-
ing (73, 76, 77). It is also interesting that the experimentally verified 
CK2 phosphorylation sites (Ser522, Ser523, and Ser527) are predicted to 
be very close to Ser435/Thr440 in the predicted Ric-8A structure (Fig. 8). 
We are currently examining the function of these C-terminal, CK2 
consensus phosphosites. As indicated, the C terminus of Ric-8A is 
dispensable for its GEF activity in vitro, but it is required in cells and 
for WGE-mediated G subunit folding.

The role(s) of the additional identified Ric-8A phosphosites also 
awaits further investigation. Yan et al. (33) purported that Ric-8A was 
phosphorylated at sites equivalent to rat Ric-8A Tyr434, Ser435, Thr440, 
and Thr442. Our Mascot software analysis also assigned Tyr434 and Thr442 
phosphorylation initially, but we found no evidence for these assign-
ments upon inspection of our peptide CID spectra (Fig. 2B and table S2). 
Other Ric-8A phosphorylation sites identified here and from multiple 
studies (for example, S30, S32, S298, and S501) (Fig. 2B and table S2) 
may serve additional regulatory purposes, including regulation of 
Ric-8A abundance during mitosis and localization of Ric-8A to the 
mitotic spindle, plasma membrane, or nucleus (33, 36, 37, 80–83). 
About 85 to 90% of Ric-8A resides in the cytosol (Fig. 1A), which is 
the subcellular location of nascent G subunit biosynthetic protein 
folding. The remaining ~10 to 15% of Ric-8A reside on cellular mem-
branes, including the plasma membrane; however, the function of 
membrane-associated Ric-8A is unknown. We did not notice any overt 
differences in the phosphorylation states of cytosolic and membrane- 
associated Ric-8A (Fig. 1A). The existence of membrane-associated 
Ric-8A suggests additional functionality beyond that of a cytosolic 
chaperone. Membrane-associated Ric-8A could act as a GEF to gen-
erate G-GTP for signaling purposes, which is still an unknown, or 
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perhaps there is a chaperone requirement of the nucleotide-free state 
of G during canonical G protein activation mediated by GPCRs. The 
function of membrane-associated Ric-8A and the role of phosphoryl-
ation in mediating Ric-8A subcellular localization are areas of active 
investigation.

MATERIALS AND METHODS
Antibodies
Rabbit polyclonal antiserum 2414 against Ric-8B, 1184 against Ric-
8A, and mouse monoclonal antibody 3E1 were described previously 
(10, 11, 84). G protein subunit antisera were used to detect Gq/11 
(C19) (Santa Cruz Biotechnology) and G1–4 (B600) (85). Monoclonal 
rabbit phospho-CK2 motif (pS/pT)-D-X-E antibody (Cell Signaling 
Technology) was found to specifically recognize phosphorylation at 
site Thr440 of recombinant rat Ric-8A (pT-D-T-E) but failed to rec-
ognize human Ric-8A (pT-D-T-D). Rabbit antiserum (6383) that de-
tected rat Ric-8A phosphorylated at site Ser435 was raised. A synthetic 
KLH-conjugated synthetic peptide consisting of Ric-8A residues 
EGQY(pS)EDED(pT)DT as an immunogen [(KLH)-EGQY(pS)
EDED(pT)DT] was synthesized by GenScript Inc.; pS and pT denote 
phosphorylated amino acids that correspond to rat Ric-8A residues 
Ser435 and Thr440. The peptide was dissolved in phosphate-buffered 
saline (PBS) and sent to Capralogics Inc. who oversaw the complete 
rabbit welfare, immunization schedule, and antiserum production. 
The PBS-solubilized peptide antigen was mixed with Freund’s adju-
vant and subcutaneously injected into two white New Zealand rabbits 
(6382 and 6383) at four time points using a standard immuniza-
tion schedule. The IgG fraction of the 6383 antiserum was isolated 
with protein A–Sepharose (PAS) and tested using various phospho-
rylated Ric-8A proteins to ascertain its specificity for Ric-8A–pS435 
(fig. S2A).

Steady-state GTP hydrolysis (GTPase activity) and GTPS 
binding assays
[35S]GTPS and [-32P]GTP were purchased from PerkinElmer 
Life Sciences. Steady-state GTPase assays were conducted as de-
scribed previously with minor adjustments (86). Reactions were 
performed in 20 mM Hepes (pH 8.0), 100 mM NaCl, 1 mM 
EDTA, 1 mM dithiothreitol (DTT), 10 mM MgCl2, 0.05% Genapol 
C-100, and 2.5 M [-32P]GTP (specific activity ≥ 30,000 cpm/
pmol). To initiate the reactions, 50 nM Gq was added to the [-32P]
GTP reaction buffer containing the concentrations of Ric-8A pro-
teins indicated in the figures and incubated for 8 min at 25°C. The 
reactions were quenched by vortexing into an acidic charcoal slurry, 
which was pelleted by centrifugation at 3000g (86). The liquid su-
pernatant was subjected to scintillation counting to determine the 
amount of 32Pi released by GTP hydrolysis. G [35S]GTPS binding 
assays were performed as described previously (17) using 100 nM 
G and the concentrations of Ric-8A indicated in the figures. Reac-
tions were incubated for 8 min for Gi1 or G13 or for 10 min for 
Gq and then were quenched and filtered onto BA85 nitrocellulose 
filters to capture the [35S]GTPS- bound G. The filters were 
washed, dried, and subjected to scintillation counting to determine 
fraction of G bound to GTPS.

WGE G-GFP folding assay
A pCI-neo plasmid expressing rat Gi1 with an internal GFP tag 
between amino acids 122 and 123 of rat Gi1 with the amino acid 

sequence SGGGGS as a linker at the N- and C-terminal ends of 
GFP was obtained from A. V. Smrcka (University of Michigan). 
The GFP- tagged Gi1 pCI-neo plasmid was linearized by digestion 
with Cla I and purified using a QIAquick Gel Extraction Kit 
(Qiagen) for use as an in vitro transcription template. Capped GFP- 
Gi1 mRNA transcripts were produced using the mMESSAGE/
mMACHINE T7 Transcription Kit (Life Technologies). We purified 
mRNA with an RNeasy MinElute CleanUp Kit (Qiagen). The mRNA 
was diluted to 500 ng/l in water. GFP-Gi1 mRNA (500 ng) was 
translated, and protein folding ensued in 25-l reactions containing 
12.5 l of micrococcal nuclease–treated WGE (Promega), 3.5 l of 
complete amino acid mix (Promega), 20 mM potassium acetate, 
0.5 l of Protector RNase Inhibitor (Roche), and purified Ric-8 pro-
teins (10 nM to 2.5 M) for 5-hour kinetic reactions at 25°C in Nunc 
384-well black flat bottom plates. GFP fluorescence (485-nm excitation/ 
535-nm emission) was measured using an EnVision Multilabel Plate 
Reader (PerkinElmer).

Protein expression and purification
Gq, Gi1, and G13 proteins were purified from insect cell lysates 
using the Ric-8A association technique as described previously (87). 
Rat Ric-8A was purified from insect cell lysates as described pre-
viously (47) with the following lysis buffer: 20 mM Hepes (pH 8.0), 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, phospha-
tase inhibitor mixture (20 mM imidazole, 1 mM sodium fluoride, 
2.5 mM sodium pyrophosphate, and 1 mM -glycerophosphate), and 
protease inhibitor mixture [phenylmethylsulfonyl fluoride (23 g/ml), 
Na-p-tosyl- l-lysine-chloromethyl ketone (21 g/ml), l-1-p-tosylamino- 
2-phenylethyl-chloromethyl ketone (21 g/ml), leupeptin (3.3 g/ml), 
and lima bean trypsin inhibitor (3.3 g/ml)] (Sigma-Aldrich). GST-
tagged recombinant rat Ric-8A was purified from BL21 DE3 pLYSs 
E. coli. Cells were grown to an OD600 (optical density at 600 nm) 
of 1.0 by shaking at 225 rpm at 37°C, and then protein production 
was induced with 30 M isopropyl--d-thiogalactopyranoside, and 
the cells were shaken at 175 rpm at 18°C for 18 hours. Cells were 
lysed in 20 mM Hepes (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1 mM 
DTT, and protease inhibitor mixture by stirring at 4°C for 30 min 
with 300 mg of lysozyme per liter of culture. Lysates were clarified 
by centrifugation at 100,000g, and GST–TEV–Ric-8A was isolated 
from the supernatant with glutathione–Sepharose 4B. GST–Ric-8A 
was released from the column with buffer containing 20 mM re-
duced glutathione (pH 8.0). To obtain untagged Ric-8A, the GST 
was cleaved with tobacco etch virus (TEV) protease and polished 
by HiTrap Q HP anion exchange chromatography as described pre-
viously (47). Purified proteins were stored in 20 mM Hepes (pH 8.0), 
150 mM NaCl, 5 mM EDTA, 1 mM DTT, and protease inhibitor 
mixture.

In vitro kinase reaction
Purified Ric-8A (1 mg) was treated with 15 g of protein kinase CK2 
holoenzyme (P6010L, New England Biolabs Inc.) for 1 hour at 37°C 
in 1 ml of 20 mM Hepes (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1 mM 
DTT, 10 mM MgCl2, 250 M adenosine triphosphate, and 1 mM 
EGTA. Post-reaction separation of Ric-8A from CK2 was achieved by 
chromatography over an UnoQ1 anion exchange column (Bio-Rad) 
using 20 mM Hepes (pH 8.0), 5 mM EDTA buffer, and a linear elution 
gradient of 100 to 500 mM NaCl. The repurified Ric-8A was concentrated 
to ~20 M using an Amicon 30,000 kDa MWCO ultracentrifugal 
concentrator (Millipore).
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Immunoprecipitations
Adherent cells were scraped into cold cell wash buffer containing 
PBS, protease inhibitor mixture, phosphatase inhibitor mixture, 
1 mM EDTA, 1 mM EGTA, Sigma Phosphatase Inhibitor Cocktail 3 
(2.5 M bromotetramisole, 500 nM cantharidin, and 1 nM calycu-
lin), and Kinase Inhibitor mix [100 nM staurosporine (89149-816, 
Enzo) and 50 M 4,5,6,7-tetrabromo-2-azabenzimidazole (T0826, 
Sigma-Aldrich)]. Cells were washed twice in cell wash buffer and 
then lysed by Dounce homogenization in cell wash buffer contain-
ing 1% NP-40. Lysates were centrifuged at 55,000g for 30 min, and 
the clarified supernatants were precleared by incubating with PAS 
or protein G–Sepharose (PGS) (Roche) for 60 min. After the PAS or 
PGS was pelleted by centrifugation at 1000g for 5 min, the superna-
tant was added to fresh tubes containing Ric-8A antibodies. The 
tubes were tumbled with PAS or PGS for 12 to 18 hours to capture 
the antibody–Ric-8A complexes. PAS/PGS beads were then washed 
in buffer lacking phosphatase inhibitors before treatment with alka-
line phosphatase and then were washed four times before being sus-
pended in SDS/DTT sample buffer for SDS-PAGE analysis.

Alkaline phosphatase treatment
Ric-8A proteins were dephosphorylated by incubation with 400 U of 
Calf Intestine Alkaline Phosphatase (Roche) per 2 mg of Ric-8A at 30°C 
for 45 to 60 min. Separation of Ric-8A from the alkaline phosphatase 
was achieved by chromatography over a HiTrap Q HP anion exchange 
column (GE Healthcare Life Sciences) with 20 mM Hepes (pH 8.0) and 
5 mM EDTA with a linear elution gradient of 100 to 500 mM NaCl.

Cloning
QuikChange mutagenesis with PfuTurbo Polymerase (Agilent) was 
used to produce point mutations in the rat Ric-8A sequence. The 
following sense-strand primers with paired antisense primers (not 
shown) were used during mutagenesis: 5′-CGAGGGCCAGTAC-
GCAGAGGATGAGGACA-3′ (rat Ric-8A S435A), 5′-AGAGGAT-
GAGGACGCCGACACAGAGGAGT-3′ (rat Ric-8A T440A), 
5′-  CGAGGGCCAGTACGATGAGGATGAGGACA-3′ (rat Ric-8A 
S435D), and 5′-ACTCC TCTGTGTCGTCGTCCTCATCCTCT-3′ 
(rat Ric-8A T440D).

Engineering of a RIC-8A–null HEK293T cell line
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Invitrogen) supplemented with 10% (v/v) fetal bovine se-
rum (FBS) (Gibco). RIC-8A was deleted from HEK293T cells using 
CRISPR technology as described previously (55). The RIC-8A guide 
sequence 5′-AGCTCTGCGGTCATACAACCAGG-3′ was subcloned 
into the Bbs I site of pSpCas9(BB)-2A-Puro (PX459) (Addgene plas-
mid #48139) (55). HEK293T cells were transfected with the RIC-8A 
guide sequence vector and selected with puromycin (2 g/ml) for 2 days, 
followed by clonal cell isolation using a 96-well serial dilution cloning 
format (88). Deletion of RIC-8A in clonal cell line outgrowth cultures 
was confirmed by Western blotting and sequencing of polymerase 
chain reaction (PCR)–amplified genomic DNA (fig. S5).

Mass spectrometry
Purified Ric-8A was reduced with 12 mM DTT at 60°C, which was 
followed by alkylation with 14 mM iodoacetamide at room tempera-
ture. The protein was then digested overnight with sequencing-grade 
trypsin or chymotrypsin (Promega) at 37°C. The protease/Ric-8A ratio 
was 1:20. Digestion was quenched with formic acid, and the sample 

was desalted by solid-phase extraction with an Empore C18-SD plate 
(3M). Each digested sample (1 g) was analyzed by nano LC-MS/MS 
with a Waters nanoACQUITY HPLC System interfaced to a Thermo 
Fisher Q Exactive. Peptides were then loaded onto a trapping col-
umn and eluted over a 75-m analytical column at 350 nl/min; both 
columns were packed with Luna C18 resin (Phenomenex). The mass 
spectrometer was operated in data-dependent mode, with the Orbitrap 
operating at 60,000 full width at half maximum (FWHM) and 17,500 
FWHM for MS and MS/MS, respectively. The 15 most abundant 
ions were selected for MS/MS. Data were searched with Mascot to 
identify phosphorylation sites (Matrix Science). Specific sites of pep-
tide phosphorylation were determined by direct analysis of (CID) 
fragments.

Flow cytometric analysis of the G protein–Ric-8A interaction
The general methodology of the FCPIA was described previously 
(46, 89). GST-tagged Ric-8A (50 nM) or GST control protein (50 nM) 
was incubated with purified Gi1-CFP (1 to 1000 nM) for 1 hour in 
the dark at room temperature. The Gi1 fusion contains an internal 
CFP tag at amino acid 121 (50). Glutathione-coated polystyrene mi-
croparticles with a diameter of 2 m (Spherotech) were vortexed 
briefly and washed three times with binding buffer [20 mM Hepes 
(pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.2 M MgCl2, 
0.1% Lubrol C12E10, 10 M GDP, and 1% bovine serum albumin]. 
Beads (2 × 106) were then added to the protein mixtures to make the 
final volume 150 l, and the samples were incubated for 1 hour at 
room temperature before measurements were made with a BD Bio-
sciences LSR II analyzer. Recordings were made for 10,000 events 
per sample. The data were gated to include only singlet beads (~80% 
of all events) and subsequently analyzed for MFI. Nonspecific bind-
ing (Gi1-CFP binding to GST) was subtracted from total Gi1-CFP 
binding to GST-tagged Ric-8A to yield the percentage of Gi1-CFP 
bound specifically to Ric-8A, with 100% indicating the maximum 
fluorescence of saturated binding. Nonspecific binding was less than 
20% of the total signal in all conditions.

Directed dual luciferase assay
HEK293T cells maintained in DMEM and 10% (v/v) FBS were 
transiently transfected in 24-well format with polyethylenimine 
with 1 to 100 ng of Ric-8A in pcDNA3.1/Hygro+, 200 ng of consti-
tutively active GPR56-A386M 7TM, 100 ng of the SRE-Luc reporter 
plasmid pGL4.33 (Promega), and 1 ng of phRLuc (PerkinElmer Life 
Sciences) (60, 61). Total DNA amounts were normalized with empty 
pcDNA3.1. At 18 to 24 hours after transfection, cells were serum- 
starved for 10 hours, harvested in culture medium by tritura-
tion, washed in Tyrode’s solution (137 mM NaCl, 2.7 mM KCl, 
1 mM MgCl2, 1.8 mM CaCl2, 0.2 mM Na2HPO4, 12 mM NaHCO3, 
and 5.5 mM d-glucose), and lysed in firefly luciferase reagent 
(NanoLight Technologies Inc.). Renilla luciferase buffer containing 
3 M coelenterazine H quenched firefly luminescence and induced 
Renilla luciferase luminescence (90). Luminescence was read using a 
TriStar2 plate reader (Berthold). All firefly luciferase data were nor-
malized to the Renilla luciferase signal and plotted as fold increase 
over the signal obtained from cells that were not transfected with the 
Ric-8A plasmid.

Phos-tag gel electrophoresis and Western blotting
Phos-tag PAGE was performed using methods developed by 
English et al. (91) with minor changes. Phos-tag PAGE gels were cast 
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as follows. The resolving layer consisted of 8% 29:1 acrylamide/ 
bis- acrylamide (161-0156, Bio-Rad), 350 mM bis-tris (pH 6.8; BP301100, 
Fisher Scientific), 75 M Phos-tag (304-93521, Wako Chemical 
Industries), 150 M Zn(NO3)2, 0.05% ammonium persulfate (APS), 
and 0.1% tetramethylethylenediamine (TEMED). The resolving 
gel was overlaid with isopropanol and allowed to polymerize. 
The stacking gel was composed of 4% 29:1 acrylamide/bis- acrylamide, 
350 mM bis-tris (pH 6.8), 0.05% APS, and 0.1% TEMED. The re-
solving gel was rinsed five times with 350 mM bis-tris (pH 6.8) be-
fore the stacking gel was poured. EDTA-free protein samples were 
heated at 95°C for 5 min and allowed to cool before being loaded 
onto the gels. The running buffer was 50 mM tris-HCl (pH 7.8), 50 
mM Mops, 0.1% SDS, and 5 mM sodium bisulfite (pH 7.2). Sodium 
bisulfite (5 mM) was added to the running buffer immediately be-
fore electrophoresis was performed. Each gel was run at a con-
stant 100 to 150 V for 2.5 to 3.5 hours and then equilibrated in 
transfer buffer [50 mM bicine, 50 mM bis-tris, 0.1% (v/v) EDTA, 
20% (v/v) methanol, 2.5 mM sodium pyrophosphate, 5 mM sodi-
um bisulfite, and 0.1% (v/v) SDS] with shaking at 22°C for at least 
30 min to release the protein-bound Phos-tag reagent. Wet transfer 
to nitrocellulose was then performed at 4°C for 20 hours at 25 V.

C. elegans ric-8 S467A and S472A mutant generation and 
locomotion assays
The N2 Bristol C. elegans strain was modified by CRISPR-Cas9 gene 
editing using direct injection of CRISPR-Cas9 ribonucleoprotein 
(92). In brief, single-stranded oligonucleotides (ssODNs) contain-
ing 40– to 50–base pair 5′ and 3′ homology arms flanking the 20-  
nucleotide target site were designed containing the edit of interest, 
a unique in-frame restriction site, and conservative nucleotide changes 
to prevent single-guide RNA (sgRNA)/Cas9 cleavage. The ssODNs 
were ordered as Ultramers from Integrated DNA Technologies (IDT). 
Where possible, the NGG PAM motif was conservatively changed to 
prevent sgRNA/Cas9 cleavage of the ssODN homology-directed repair 
(HDR) template. Commercially available recombinant Streptococcus 
pyogenes Cas9 nuclease was purchased from IDT. A synthetic sgRNA 
(5′- AAAACACGCGUCGGACAGUG-3′) was purchased from Syn-
thego Inc. The ssODN HDR repair template sequences were S467A 
(5′- GTCACCTCGCAAATTTGGGTCTTCTCGGACAAATCAA
TCAACCAAAACACGCagCtGACAGTGAaGATAGTGAAACT-
GAGGATTATAATCAGATTAAGGATAGgtatgctatactttttgtgc-3′) 
and S472A (5′-GTCACCTCGCAAATTTGGGTCTTCTCGGACA-
AATCAATCAACCAAAACACGCtagcGACtcTGAaGATgc-
cGAAACTGAGGATTATAATCAGATTAAGGATAGgtatgc-
tatactttttgtgc-3′). Correctly edited animals were back-crossed six 
times to N2, and the ric-8 locus was analyzed by PCR amplification 
of genomic DNA and Sanger sequencing. Both ric-8(S467A/+) and 
ric-8(S472A/+) heterozygous worms were reproductive and healthy, 
whereas ric-8(S467A/S467A) and ric-8(S472A/S472A) homozy-
gous worms exhibited severe locomotor and postural defects, with 
ric-8(S472A/S472A) animals being viable but sterile (23). 12-O- 
Tetradecanoylphorbol 13-acetate (phorbol 12-myristate 13-acetate) 
(10 M) or ethanol was added to 35-mm nematode growth medium 
plates and spread with 35 l of OP50 bacteria and allowed to incu-
bate overnight at room temperature. The next day, the plates were 
loaded with 1-day-old adult worms and assayed 1 hour after load-
ing. Each individual plate carried 10 worms that were video-tracked 
and analyzed for 2 min using the automated WormLab System (MBF 
Bioscience).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/532/eaap8113/DC1
Fig. S1. Rat Ric-8A sequence and MS coverage of tryptic and chymotryptic peptides.
Fig. S2. Enrichment of the IgG fraction from rabbit Ric-8A p-Ser435 antiserum.
Fig. S3. Stimulation of GTPS binding to Gi, Gq, and G13 by phosphorylated and 
unphosphorylated Ric-8A.
Fig. S4. Western blotting analysis of Ric-8A aspartic acid phosphorylation site mutants.
Fig. S5. Validation of the CRISPR-Cas9–generated RIC-8A–null HEK293T cell line.
Fig. S6. Locomotion and body posture defects in C. elegans ric-8A–S472A mutants are rescued 
by phorbol ester.
Table S1. MS/MS analysis of purified recombinant Ric-8A.
Table S2. Representative CID analysis of Ric-8A to identify specific phosphorylation sites after 
tryptic digest and MS analysis.
Movie S1. C. elegans ric-8A–S472A mutant movements.
Movie S2. C. elegans ric-8A–S472A mutant movements after phorbol ester treatment.
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