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Summary

Mammalian Ric-8 proteins act as chaperones to regulate the cellular abundance of heterotrimeric 

G protein α subunits. The Ric-8A isoform chaperones Gαi/o, Gα12/13, and Gαq/11 subunits, 

while Ric-8B acts on Gαs/olf subunits. Here, we determined cryoEM structures of Ric-8B in 

complex with Gαs and Gαolf, revealing isoform differences in the relative positioning and 

contacts between the C-terminal α5 helix of Gα within the concave pocket formed by Ric-8 

α-helical repeat elements. Despite the overall architectural similarity with our earlier structures 

of Ric-8A complexed to Gαq and Gαi1, Ric-8B distinctly accommodates an extended loop 

found only in Gαs/olf proteins. The structures, along with results from Ric-8 protein thermal 

stability assays and cell-based Gαolf folding assays, support a requirement for the Gα C-terminal 

region for binding specificity, and highlight that multiple structural elements impart specificity for 

Ric-8/G protein binding.
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GRAPHICAL ABSTRACT

eTOC:

Papasergi-Scott et al. present the cryo-EM structures of Ric-8B in complex with open, nucleotide-

free Gαolf and Gαs. These structures provide molecular insight into the process of Gα subunit 

protein folding and define a basis for Ric-8A and Ric-8B specificity differences for Gα subunit 

substrates.
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Introduction

G protein-coupled receptors (GPCRs), the largest class of eukaryotic membrane proteins, 

play central physiological roles in intracellular communication through a remarkable 

diversity in ligand recognition, tissue-specific expression, and transducer activation. Vital 

to GPCR mediated responses is the activation of heterotrimeric G proteins, which consist 

of a Gα subunit and an obligate Gβγ heterodimer. G protein coupling to activated 

GPCRs promotes rearrangement of the Gα C-terminus and α5 helix, leading to global 
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changes in G protein conformation that facilitate the release of GDP and subsequent 

binding of GTP by the Gα subunit. GTP binding reorders the Gα switch regions (SwI-

SwIII) to enable functional dissociation from the Gβγ heterodimer and activation of 

downstream effectors.1–3 Different GPCRs can selectively or promiscuously activate G 

protein heterotrimers composed of 15 human Gα subunits that are divided into four 

classes, Gαs, Gαi/o, Gαq/11, and Gα12/13, based on sequence similarity and the distinct 

downstream effectors that each class engages.

The integral role of G protein signaling is underpinned by strict biosynthetic quality control 

mechanisms. The production and circulation of heterotrimeric G proteins is enabled by 

multiple chaperones, including the chaperonin-containing tailless complex polypeptide-1 

(CCT-1) that mediates Gβ folding4, the dopamine receptor-interacting protein 78 (DRiP78) 

that may assist Gγ folding5, and the phosducin-like protein 1 (PhLP1) that facilitates the 

formation of Gβγ heterodimers6–8. Ric-8 proteins act as Gα subunit guanine nucleotide 

exchange factors (GEFs) in vitro, which led to their initial assignment as G protein signaling 

regulators9–11. However, subsequent work using Ric-8 gene deletion models, found that Gα 
protein abundances were reduced10,12–21, an observation later delineated to be an effect 

of Gα subunit misfolding leading to increased G protein turnover.12,22 Taken together, the 

findings have been consistent with Ric-8 proteins acting as bona fide molecular chaperones 

that enable properly folded Gα subunits23.

Lower-order species, such as flies, worms, and slime-molds, possess only a single isoform 

of Ric-8 that is presumed to act on all respective ancestral Gα classes.24 In mammals, the 

folding of all 15 Gα subunits is assisted by Ric-8A and Ric-8B.12,22 Ric-8A facilitates the 

biosynthesis of Gα subunits of the Gi/o, Gq/11, and G12/13 classes, while Ric-8B is specific 

for the Gs class of Gα subunits. Notably, Ric-8 interactions with Gα subunits are highly 

specific, as Ric-8A does not bind Gαs class proteins with appreciable activity,11 nor does 

Ric-8B engage Gαi class proteins. However, Ric-8B can bind Gαq and Gα12/13 at high 

protein concentrations in vitro.9 The structural basis of Ric-8 and Gα subunit client protein 

specificity remain an open question.

Though the Gαs class encompasses only two of the fifteen Gα types, it contains the 

essential olfactory/brain-specific Gαolf subunit. Given that the majority of GPCRs are 

olfactory receptors, understanding Golf action is vital, yet its characterization has proven 

elusive due to challenges in purifying Gαolf in sufficient quantity. While recombinant 

Gαs is readily purified from E. coli, which is devoid of endogenous Ric-8, Gαolf 

abundance is highly dependent on Ric-8B for poorly understood reasons.25–27 Indeed, 

primary characterization of purified Gαolf was only permitted through development of a 

method that involved Ric-8 association for purifying G protein α subunits.28 Additionally, 

co-transfection of Ric-8B with Gαolf allowed functional reconstitution of odorant receptor 

signaling in heterologous cells.25,26 Moreover, mice with conditional Ric-8b deletion in 

olfactory neurons are anosmiac, a genetic effect attributed to Gαolf dysfunction.29

X-ray crystallography studies of truncated Ric-8A spanning residues 1–452 or 1–492 (of 

530 residues) (PDB ID: 6NMD30; PDB ID: 6N8631) showed that the core of the protein 

consisted of armadillo (ARM) and Huntington, Elongation Factor 3, PR65/A, TOR1 (HEAT) 
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α-helical repeat elements. A complex of Ric-8A 1–492 bound to a fusion of maltose-binding 

protein with a 14-mer C-terminal peptide of Gα-transducin (GαT), a member of the Gαi-

class of G proteins (PDB ID: 6N8531), showed that the GαΤ peptide became helically 

ordered when bound within a concave cavity formed by the Ric-8A ARM/HEAT repeats. 

The phosphorylation of two conserved Ric-8A phosphorylated residues, S435 and T440, 

was found to be required for Ric-8A chaperone and GEF activities, and also enabled stable 

complexation between Ric-8 and Gα. More recent cryoEM structures, including our own, 

of full-length Ric-8A in complex with Gαq (PDB ID: 6VU5) and Gαi1 (PDB IDs: 6VU8, 

6TYL, 6UKT)30,32,33 revealed multiple interaction sites between Ric-8A and Gα, including 

the Gα C-terminus/α5 helix, the β-sheet face of the G protein Ras-like domain, and Switch 

II. Notably, the segment following the Ric-8A helical region (1–420) forms a loop (421–

473), positioned by the critical phosphorylated residues, that wraps around the Gα Ras-like 

domain to form a helical tail (474–483) adjacent to the G protein SwII region.

To gain insights into Ric-8 isoform specificity for different subsets of G proteins, we 

determined structures of the Ric-8B isoform in complex with its substrates, Gαsshort and 

Gαolf. Complementing the structural work, we conducted Ric-8 protein thermal stability 

assays and developed a novel cell-based Gα protein folding assay to probe features and 

structural elements of Ric-8 and Gα subunits that are required for productive interaction. 

The results reinforce the requirement of the Gα α5 helix and the adjacent C-terminal amino 

acids for binding to Ric-8B. Despite an overall architectural similarity with the earlier 

structures of Ric-8A in complex with Gαq or Gαi1, Ric-8B distinctly accommodates the 

extended αG-α4 loop (i3) found only in Gαs and Gαolf. However, sequence swapping 

and deletions did not produce a gain of function in Ric-8A to bind Gαs. Instead, Gαolf 

deletion and region-specific substitution between the Ric-8 isoforms and homologs highlight 

that multiple elements impart specificity for Ric-8 / G protein binding, including interactions 

of Gα Switch II, the α5-helix, and the αG-α4 (i3) loop with the Ric-8 concave surface, 

extended cradle loop, and helix region.

Results

CryoEM structures of Ric-8B in complex with Gαs and Gαolf

For structural studies of Ric-8B/Gαs and Ric-8B/Gαolf complexes, we expressed and 

purified recombinant murine Ric-8B (accession: A0A6I9LYN2), human Gαss, and human 

Gαolf separately from Trichoplusia ni insect cells (Figure S1). Since our previous work 

revealed that phosphorylation of residues Ser435 and Thr440 was crucial for Ric-8A 

chaperoning and GEF activities,34 and also enhanced Ric-8A/Gα complex stability 

for structural studies,30,32,33 we used protein kinase CK2 to fully phosphorylate the 

equivalent residues of purified Ric-8B (Ser468 and Thr473).34,35 Mass spectrometry and 

immunoblot analyses confirmed Ric-8B phosphorylation at these and additional positions, 

with phosphorylated Ric-8B having substantially increased thermal stability (∆Tm ~5–6 °C) 

(Figure S1, Table S1). Because Ric-8 affinity for Gα subunits is maximal in the absence of 

nucleotide, phosphorylated Ric-8B/Gαs and /Gαolf complexes were assembled and treated 

with apyrase to eliminate guanine nucleotides.
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CryoEM structures of nucleotide-free Ric-8B/Gαs and Ric-8B/Gαolf complexes were 

determined at global indicated resolutions of 2.8Å and 3.2Å, respectively (Figures 1 and 

S2, Table S2). The structures of Ric-8B/Gαs and Ric-8B/Gαolf were highly similar with 

a root-mean-square deviation (RMSD) value of 0.4Å. The overall architecture of Ric-8B 

is like that of Ric-8A, including a crescent-shaped super-helical structure comprising five 

ARM and four HEAT repeats, followed by a unique structure that adopts a cradle-like 

scaffold comprising an extended loop of 12 residues followed by an α-helix (hereby 

termed the cradle-loop-helix, CLH) (Figure 1E). Reflecting its dynamic nature, the CLH 

density is only resolved at relatively low resolution, enabling the modeling of its peptide 

backbone but lacking sufficient detail for confident side-chain modeling (Figure S2). 

The Ric-8B CLH was followed by a flexible C-terminal region (residues 518–560). 

Similar to previous structures of Ric-8A/Gαq (PDB ID: 6VU533) and Ric-8A/Gαi1 (PDB 

ID: 6VU833, 6TYL32), the Gαs/olf Ras-like domain (RLD) and α5 helix were well 

represented by high resolution features, while the G protein α-helical domain (AHD) 

was unresolved, presumably due to high flexibility. Our cryoEM maps also confirmed 

phosphorylation of Ric-8B residues Ser468 and Thr473 (Figures S2K and S2U). As with 

Ric-8A, phosphorylation of Ric-8B residues Ser468 and Thr473 within a highly conserved 

acidic cluster of ~12 residues orients the positioning of the CLH through intramolecular 

contacts with a positively charged patch of residues (Arg378, Arg381, Lys382, Lys385, and 

Lys441).34

An earlier study using limited trypsinization identified proteolytic resistant fragments of 

Ric-8A consisting of residues 1–428, 1–457, and 1–492 (equivalent Ric-8B residues, 1–

462, 1–490, and 1–526, respectively).36 These protease-resistant regions correlate with 

the ultra-structure of Ric-8 proteins and the expected locations of protease-susceptible 

residues following the α-helical crescent core. For analysis purposes, we subdivided Ric-8B 

into three regions: domain 1 (residues 1–295) was defined as the first six ARM/HEAT 

repeats and the first α-helix of the seventh repeat that interacts with the Gα α5 helix and 

C-terminus; domain 2 (residues 296–455) consists of the remainder of ARM repeat 7 and 

the three ARM/HEAT repeats that interact with the core of the Gα Ras-like domain (RLD); 

and the remaining resolved portion of the Ric-8B C-terminal region (residues 456–518) 

forming the CLH structure that wraps around the Gα RLD to engage Gα Switch II (Figure 

1E).

Functional insights into structural elements required for Ric-8B chaperone activity

We assessed the functional importance of Ric-8B and Gαs/olf residues and elements that 

make key contacts using a cell-based Gαolf protein folding sensor that was introduced 

into a new CRISPR/Cas9-generated RIC-8B−/− HEK293T cell line (Figure 2, Figure S3). 

Our RIC-8B knockout cell line had diminished abundances of endogenous Gαs isoforms, 

GαsLong and Gαsshort, due to protein misfolding, consistent with results obtained in prior 

Ric-8B-deleted cell line and mouse models12,29 (Figure 2A). The abundances of other 

G proteins, including Gαq and total Gβ, were minimally impacted by RIC-8B deletion 

(Figures S3 and S4), verifying the known specificity of Ric-8B for the Gαs/olf class.9 A 

previously constructed Gαolf fusion protein with a Renilla luciferase (RLuc) module located 

internally at Gαolf position Gly6937 was expressed in the RIC-8B knockout cell line. The 

Papasergi-Scott et al. Page 5

Structure. Author manuscript; available in PMC 2024 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline luminescence signal from these cells was dim but was enhanced markedly by 

transfection of Ric-8B cDNA (Figures 2B and 2C). We inferred that folding of the internal 

RLuc module depended on proper Gαolf folding, which is Ric-8B-dependent. A series of 

Ric-8B point mutants or small deletion mutants were generated to evaluate the importance of 

contact points with Gαolf. The mutants were co-transfected with the Gαolf-RLuc sensor in 

the RIC-8B knockout cell line, and Ric-8B mutant protein levels were assessed by Western 

Blot analysis (Figures 2C and S4).

Relative orientation of Ric-8 domains influences Gα substrate specificity

Despite common structural elements (i.e., the Ric-8 ARM/HEAT repeat core and the CLH), 

the Ric-8B / Gαs/olf complex structures reveal distinct differences in the relative orientation 

of Domains 1 and 2 when compared to the Ric-8A/G protein complexes, with RMSD values 

of 2.564Å and 2.587Å between Ric-8B/Gαs and Ric-8A/Gαq or Ric-8A/Gαi1, respectively. 

In comparison to Ric-8A, Ric-8B includes an extra 26 amino acid stretch after Glu303 that 

was not resolved in our structures, located between the first two α-helices of the seventh 

α-helical (ARM) repeat. This disordered loop appears to be dispensable, as expression of 

a Ric-8B Δ304–329 construct supported full folding of the Gαolf sensor (Figure 2C). The 

positioning of Ric-8A and Ric-8B α-helical repeats HEAT1 and HEAT2 are rotated off-axis 

relative to one another, and by extension, the cognate Gα RLDs are also shifted (Figure 

S5). In guanine nucleotide-bound Gαs, the face of the Gαs β-sheet, including β strands 4–6, 

contact the Gαs/olf α5 helix (PDB: 6EG8), whereas in Ric-8B or GPCR-bound Gαs/olf3 

the α5 helix is markedly displaced. In its place, hydrophobic interactions form between 

the RLD β-sheet and the 9th α-helical repeat of Ric-8B. We examined Ric-8B engagement 

of the Gαs/olf β-sheet region through tryptophan substitution of two residues within the 

HEAT9 repeat, Ala449 and Ala453 (Figs. 2C, 2F). A significant decrease in Gαolf sensor 

folding was observed upon Ric-8B A449W expression (36% of WT Ric-8B) suggesting the 

importance of Ric-8B α-helix 9b proximity to Gαs/olf β4-β6 (Figure 2C). Interestingly, 

the Ric-8B A453W mutation had no effect on Gαolf folding, while the equivalent mutation 

within Ric-8A (A420W) reduced Gαq folding by 90%,33 illustrating the difference in α-

helical repeat (HEAT 9) positioning between the Ric-8 isoforms. Ric-8 isoform differences 

also manifest in the positioning of the eighth helical repeat (ARM 8), in which Ric-8B 

E400A disrupted Gαolf folding (32% of WT Ric-8B) while the equivalent Ric-8A mutation 

(E367A) retained full ability to fold Gαq (Figure 2C).33

Ric-8B interactions with Gα α5 helix are required for chaperone activity

The changes of the Gα α5 helix and its engagement by Ric-8 was established through 

biochemical experiments, and more recently, in the Ric-8A/Gα complex structures.33,36,38 

Ric-8B and Ric-8A bind the C-termini and α5 helices of Gαs/Gαolf and Gαi1/Gαq, 

respectively. Interaction of Ric-8B Arg71, Arg75 and Asn123 stabilize the C-terminal end 

of the α5 helix through side chain hydrogen bonds with the free carboxylate of the final 

Gαs/olf leucine residue (Fig 2E). Charge reversal mutations, R71E (29% of WT Ric-8B) 

and R75E (2% of WT Ric-8B), disrupted this critical interaction in the Gαolf sensor folding 

assay while an alanine substitution at position 123 (N123A, 8% of WT Ric-8B) disrupted a 

side chain contact to the amide backbone located between the final two conserved leucine 

residues of Gαs/olf (Figure 2E). To address the potential concern that altered expression of 
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Ric-8B point mutants might account for the observations of Gαolf sensor misfolding, we 

conducted a Ric-8B construct expression titration study. Increasing amounts of transfected 

cDNA of two Ric-8B point mutants that were most deficient in facilitating Gαolf folding 

(R75E and N123A) only elevated Gαolf sensor luminescence values to ~25% of wild type 

Ric-8B despite saturated protein production, indicating that dysfunction of the mutated 

residues accounts for the Gαolf folding defects (Figure S4).

Two additional Ric-8B contacts mediate interactions with the Gαs/olf C-terminus; Ric-8B 

Phe126 sterically impedes the movement of the Gαs/olf Tyr377/378 to help coordinate the 

Gα C-terminus. Ric-8B F126A expression modestly reduced Gαolf sensor folding by 20%, 

supporting the beneficial packing interactions of the hydrophobic residues located in Ric-8B 

ARM3 and the pi-pi aromatic interaction with Gαs/olf Tyr377/378 (Figure 2C). Arg166 

within Ric-8B ARM4 makes a cation-pi contact with Gαs/olf Tyr377/378 and H-bonds 

to the adjacent Glu378/379-Leu379/380 peptide backbone. A Ric-8B R166A substitution 

mitigated both interactions and caused a 59% decrease in Gαolf sensor folding. Ric-8B 

ARM4 residue Phe163 was examined for potential interactions with the Gαs/olf C-terminus. 

However, the F163A mutant expression did not affect Gαolf sensor folding indicating that 

the Gαs/olf C-terminus is primarily contacted by HEAT2 and ARM3 repeats of Ric-8B.

The Ric-8B α5 helix binding pocket purveys promiscuity in binding Gα C-termini

Despite the conservation of select Ric-8A and Ric-8B residues that interact with the C-

termini of different Gα subunits, we observed differences in the orientations of the Gαi 

and Gαq or Gαs/olf α5 helices and the electrostatic environment of the α5 helix binding 

pockets within Ric-8A or Ric-8B domain 1 (Figures 3, 4, and S5). When the structures are 

aligned through Ric-8 domain 1, there is an angular difference of 18.2° (Ric-8A / Gαi) and 

11° (Ric-8A / Gαq) in the orientation of the α5 helix bound within the concave Ric-8 cavity 

as compared to the Ric-8B / Gαs complex (Figure S5A–E). Comparatively, there is only a 

3.4° difference in the equivalent measurement between the Ric-8B/Gαs and Ric-8B/Gαolf 

complexes. The contacts between Ric-8A and Gαi or Gαq are markedly distinct from the 

interactions of Ric-8B with Gαs or Gαolf, largely due to the hydrophilic environment of 

the Ric-8B α5 helix binding pocket, compared to the more hydrophobic pocket of Ric-8A 

(Figure 4). The differential positioning of the Gα α5 helix binding pockets and the unique 

chemical environments result in distinct primary contacts between Gα subunits and Ric-8A 

or Ric-8B. Besides electrostatic differences in the Ric-8 α5 helix binding cavities, there 

is a notable distinction in spatial volume between Ric-8A and Ric-8B (Figure S5F–G). 

The cavity of Ric-8B provides an extra ~840 Å3 of space to accommodate the bulkier 

residues of the Gαs/Gαolf α5 helix. To further investigate the contribution of the α5 helix 

to the specificity of Gα binding to Ric-8A and Ric-8B, we tested 18-mer synthetic peptides 

modeled after the Gαs/olf and Gα13 C-termini in protein thermal stability assays using 

an adapted differential scanning fluorimetry (DSF) protocol31,33 with purified Ric-8A and 

Ric-8B (Figure 4B–C). Equivalent peptides modeled after Gαq and Gαi1 were sparingly 

soluble and intractable for these analyses. For Gαs/olf and Gα13 C-termini we observed that 

each peptide induced a concentration-dependent thermal stability shift that was specific to its 

cognate Ric-8 chaperone. The Gαs/olf peptide only stabilized Ric-8B, inducing a maximal 

3.3 °C thermal shift, while the Gα13 peptide induced a thermal shift for Ric-8A of 3.6 
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°C (Figure 4B–C). Several binding studies have examined the effects of sequence swaps 

within the Gα α5 helix for GPCR coupling39,40 and binding to Ric-8A,31,36 but there was 

no information comparing Ric-8B and Ric-8A in this regard. We therefore tested the effect 

of swapping the four C-terminal amino acids of both synthetic peptides. Interestingly, the 

Gαs/13 chimeric peptide that had four C-terminal Gα13 residues imparted a large 4.8 °C 

stabilizing shift in Ric-8B melting, 1.5 °C more than the WT Gαs peptide. The same peptide 

did not induce a thermal shift for Ric-8A, indicating that the large and hydrophilic Gαs α5 

helix might not fit or bind productively to the more hydrophobic Ric-8A binding pocket 

(Figure 4B–C). The reciprocal Gα13/s chimeric peptide that had four C-terminal Gαs 

residues weakly stabilized both chaperones, with a reduced Ric-8A and increased Ric-8B 

thermal shift in comparison to the WT Gα13 peptide. Collectively, the results suggest that 

the larger α5-helix binding cavity of Ric-8B can accommodate greater sequence diversity 

than Ric-8A, which only demonstrated binding to peptides comprised predominantly of 

Gα13-based residues.

Our structural analysis and protein thermal stability results demonstrate that Ric-8B has the 

potential to bind the α5 helix of multiple Gα subunit classes, yet it selectively chaperones 

Gαs/olf in cells, while at high concentrations it can act as a GEF for multiple Gα subunit 

classes in in vitro assays.9,12,22,25–27 To investigate the influence of the α5 helix on Ric-8 

specificity within the context of the entire Gα subunit, we generated Gαolf-RLuc chimeric 

folding sensors that incorporated the 18 C-terminal amino acids of Gα13, Gαq, or Gαi1 in 

place of the Gαolf residues to test in our cell-based folding platform. Interestingly, all three 

chimeras exhibited robust folding by co-expressed Ric-8B (Figure 4D), nearly equal to or 

greater than the WT Gαolf sensor. Conversely, Ric-8A did not fold the wild type Gαolf 

sensor above background in RIC-8A knockout cells, but Ric-8A expression did result in a 

10–20% gain of function for folding the Gαolf/Gα13, /Gαq, and /Gαi1 α5 helix chimeras 

(Figure 4D). This implies that Ric-8A is excluded from folding Gαs, primarily because its 

α5 helix binding cavity is too small to accommodate this G protein, but it can accommodate 

the smaller α5 helices of the other Gα subunit classes. With its large α5 helix binding 

pocket, Ric-8B readily accommodates the α5 helices of all Gα subunits, but relies on 

additional contact points to purvey high affinity Gαs/olf subunit binding. The tolerance 

of Gα subunit C-termini for Ric-8B-mediated folding was further demonstrated using a 

Gαolf-RLuc folding sensor modified to contain a four-alanine residue insertion between the 

N-terminal 5th and 6th positions of the Gα α5 helix (i.e., Gα-Ins4Ala). This modification 

extends the α5 helix by one helical turn and can be used to form nucleotide-free G protein / 

GPCR complexes that are resistant to dissociation by nucleotides.41,42 Ric-8 is a GEF that 

has high affinity for nucleotide-free Gα and might also bind Gα-Ins4Ala proteins in a 

bottleneck complex. However, the mechanism of Ric-8-mediated GEF activity differs from 

that of GPCRs and Ric-8B provided 115% folding of the Gαolf-RLuc Ins4Ala sensor 

in comparison to the WT Gαolf-RLuc sensor (Figure S6). This result coincides with the 

finding that Gα-Ins4Ala proteins were active in cell-based assays where they were likely 

folded by the assistance of a cognate Ric-8 chaperone.42 Akin to Ric-8A, Ric-8B also 

requires a minimal length of Gα C-terminal sequence, as a Gαolf-RLuc sensor with a four 

amino acid C-terminal deletion was not folded by Ric-8B (Figure S6).33
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Ancestral Ric-8 proteins share the ability to accommodate Gα C-terminal sequence 
diversity with Ric-8B

The ability of Ric-8B to fold Gαolf chimeras with C-terminal sequences from all 

four Gα subunit classes resembles the probable chaperoning responsibilities of ancestral 

Ric-8 proteins such as those found in D. melanogaster (DmRic-8) and C. elegans 
(CeRic-8). These organisms only express a single Ric-8 gene which has been shown 

to regulate signaling outputs contributed by all Gα subunit classes.16,18,19,24 DmRic-8 

and CeRic-8 likely participate in the folding of all Gα subunits and are predicted 

to share structural characteristics with the α5-helix binding cavity of Ric-8B (Figure 

S5H, AlphaFold AF-Q9W358-F1 and AF-Q9GSX9-F143). We demonstrated the broad 

chaperoning specificities of DmRic-8 and CeRic-8 by detecting measurable folding of 

Gαolf, and the Gαolf/Gα13, /Gαq, and /Gαi1 α5 helix chimeric RLuc folding sensors in 

the RIC-8B knockout cell line (Figure S6). These results indicate that like Ric-8B, DmRic-8 

and CeRic-8 accommodate considerable sequence diversity at the α5 helix. We also verified 

the broad Gα subunit specificities of DmRic-8 and CeRic-8 by showing that expression of 

either gene partially rescued the reduced endogenous Gαs and Gαq levels in mammalian 

RIC-8B−/− or RIC-8A−/− knockout cells, respectively (Figure S6).

Gα Switch II and extended proline-rich loop are necessary for folding by Ric-8B

Additional structural determinants that mediate Ric-8B specificity were assessed by 

examining the contribution of Gα Switch II (SwII, Gαs residues 212–226) (Figures 5 and 

6).1–3 Ric-8A cryoEM complex data previously demonstrated that the Ric-8A CLH engages 

Gαq and Gαi1 SwII and the α3 helix.32,33 This interaction is thought to help maintain the 

nucleotide-free, open conformation of Gα subunits to permit subsequent GTP binding, and 

Ric-8 chaperone dissociation. C-terminal truncations of Ric-8A disrupted Gαi/q/13 subunit 

folding.34,44 We observed a similar extension of the Ric-8B CLH adjacent to Gαs/olf SwII 

(Figures 5, S2, and S7). Implementing cryoSPARC’s 3D variability analysis,45 a tool that 

helps identify regions of compositional and conformational variability, we discerned the 

relative stability of the Ric-8B CLH/Gα RLD interaction across the particle set (Figures 5 

and S7A, Movie S1). Within a cluster analysis of the 3D variability, using a tight mask, 

the particle set was partitioned into five discrete classes. We observed that structuring of 

the Ric-8B CLH α-helix correlated with increased cryoEM density ordering of Gα Switch 

II. Furthermore, as the Ric-8B CLH α-helix density appeared destabilized in select particle 

classes, residues within the Gαs RLD β3 strand (i.e., Asn204 and Phe205) were found to 

be in closer proximity to α-helix 9b of the final HEAT repeat (residues 449–455) within 

the Ric-8B core. Loose masking and expansion of our cleaned particle set to include 

semi-cleaned particles, not contributing to our high-resolution structures, enabled the capture 

of low-resolution reconstructions that displayed density corresponding to what appears to 

be the C-terminus of Ric-8 and the Gα alpha helical domain (Figure S7B–C). Although the 

reconstructions only represent a sub-population of particles within the data set, they provide 

approximations of the locations of these flexible domains relative to the core regions of the 

Ric-8B/Gα complexes that were resolved in near-atomic detail.

We next measured the influence of Gα SwII for Ric-8 specificity by creating Gαolf-RLuc 

sensor chimeras with Gα13, Gαq, and Gαi1 SwII sequence substitutions. Ric-8B testing 
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uncovered a substantial decrease in protein folding (50%) of the Gαolf/13 SwII chimeric 

sensor and a minor decrease in Gαolf/i1 SwII (88% of Gαolf) sensor folding (Figure 6). 

Ric-8B folding of the Gαolf/q SwII chimeric sensor was elevated modestly relative to 

the Gαolf sensor. In sum, these observations indicate that the Gα SwII is necessary for 

efficient Ric-8B binding to Gα subunits and that interactions of Ile221/2 and Gln222/3 of 

Gαs/olf SwII with the Ric-8B CLH are preferred contact points, whereas equivalent bulkier 

(Phe220) and negatively charged (Glu221) residues of Gα13 might abrogate a Ric-8B/Gα13 

interaction. Ric-8A testing with the Gαolf-Gα SwII chimeras did not produce luminescent 

sensor signals over negative control values (Figure 6C), emphasizing the incompatibility of 

the Gαs/olf α5 helix for binding to Ric-8A.

Since replacement of the SwII and α5 regions of Gαolf with those of Gαq still resulted 

in sensor folding by Ric-8B, we postulated that an extended twelve residue loop within 

Gαs/olf located between the αG and the α4 helices (αG-α4 loop, Gαolf residues 312–323) 

may help impart Gαs/olf specificity for Ric-8B (Figure 7). This highly charged, proline-rich 

loop contacts the ARM7 repeat of Ric-8B (Figure 7A–B) but is not present in Ric-8A-client 

Gα subunits. We reasoned that the angular differences of the Gα α5 helix and altered axis 

of the RLD (β4-β6 region) observed in our Ric-8B complexes, relative to Ric-8A, were 

influenced by this unique Ric-8B–Gαs/olf interaction contact point (Figure S5). To assess 

its significance, we designed and tested Gαolf folding sensors with internal deletions of the 

αG-α4 loop (Δ312–318) as well as the loop and α4 helix (Δ312–323) (Figure 7C). Gαolf-

RLuc Δ312–318 and Δ312–323 truncations displayed dramatic Ric-8B-dependent declines 

in folding of 44% and 63%, respectively in comparison to the WT Gαolf sensor (Figure 7C). 

The αG-α4 loop primarily contacts Ric-8B through weak backbone interactions rather than 

side chain specific contacts. We next introduced these Gαolf αG-α4 loop truncations into 

our α5 helix chimeras (Gαolf/13, Gαolf/q, Gαolf/i1) with the intent to generate Ric-8A-

capable, Gα sensor chaperoning substrates. Ric-8A did not experience the same αG-α4 loop 

requirement for folding of Gαolf chimeric sensors (Figure 7C). Ric-8A consistently folded 

Gαolf/13, Gαolf/q, and Gαolf/i1 α5-helix chimeras containing either deletion (Δ312–318 or 

Δ312–323) at ~10–20% folding relative to wild type Ric-8B folding of the Gαolf sensor. 

The Ric-8B/Gαs and Ric-8B/Gαolf cryoEM complex structures both show that the αG-α4 

loop interacts with the 7B-7C loop of the ARM7 repeat of Ric-8B (Figure 7A–B). Ric-8B 

ARM7 loop replacement with that of Ric-8A, however, produced only a minor 10% decrease 

in chaperoning function (Figure S6). The complementary Ric-8A ARM7 loop sequence 

swap to Ric-8B did not generate Gαolf sensor gain-of-function folding, suggesting that 

this interface primarily regulates Gαs/olf folding by Ric-8B with only a minor contribution 

towards Ric-8 isoform selectivity.

Discussion

Here we determined the structures of the molecular chaperone Ric-8B in complex with 

its client proteins Gαsshort and Gαolf. An outcome of our work has been to distinguish 

Ric-8A and Ric-8B features that impart specificity for folding client G proteins. In addition, 

we describe the structure of Gαolf, a historically challenging protein to purify that had 

evaded structure determination. We found that Ric-8B binds to an open, nucleotide-free 

conformation of Gαsshort and Gαolf through contacts with multiple areas of the RLDs of the 
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G proteins. This includes a unique interaction of the Ric-8B ARM repeat 7 with the extra i3 

insertion that is contained within the αG-α4 loop of Gαs/olf, an interaction of the Ric-8B 

CLH with Gα Switch II, and an interaction of the Ric-8B ARM/HEAT repeat core with the 

outwardly rotated and translated α5 helix and C-termini of the Gα subunits.

The chaperoning ability of Ric-8B was compromised by internal truncations that eliminated 

the i3 insertion of the Gαolf αG-α4 loop, yet there was no gain of function for Ric-8A 

in folding i3 Gαolf truncations (Figure 7C). This has some parallels to prior work that 

identified the Gαs αG-i3-α4 loop as an element required for adenylyl cyclase (AC) 

activation.46,47 However, placement of the Gαs i3 insertion within Gαi, created a chimera 

that failed to activate AC,48 prompting additional work that found that multiple Gαs 

structural features contribute to AC activation.

Mutations of key Ric-8B residues within domain 1 (ARM/HEAT repeats 1–6) that interact 

with the α5 helix disrupted Gαolf folding in cells, consistent with prior Ric-8A-31,36 

and GPCR-39,40 based findings that identified the Gα C-terminus as a critical recognition 

element (Figure 2). Although Ric-8B adopts an overall ARM/HEAT repeat architecture that 

is similar to Ric-8A,32–34 the positioning and electrostatic interactions of the Gα subunit α5 

helix with these two chaperones is distinct. The significantly larger and more hydrophilic 

nature of the Ric-8B α5 helix binding cavity permits greater latitude for accommodating 

Gα subunit C-terminus diversity when compared to Ric-8A. Ric-8A seemingly cannot 

accommodate the bulky Gαs/olf α5 helix side chains, while Ric-8B readily binds to these 

sterically larger C-terminal residues as well as smaller (Gα13, Gαq, Gαi1 classes) ones.

The larger α5 helix binding cavity of Ric-8B contributing to Gαs/olf specificity parallels 

recent studies on the requirements for G protein coupling to GPCRs. The Gα C-terminus 

and α5 helix are a primary interaction point with GPCRs binding within a cytosolic cavity 

of the 7TM bundle that is formed by the outward movement of transmembrane helix 6 

(TM6) upon activation of most receptors. The extent of opening of the TM6 cytoplasmic 

half defines the size of the C-terminus/α5 binding cavity of GPCRs and is generally larger 

in Gs-coupled receptors compared to Gi-coupled GPCRs. This has led to the hypothesis that 

receptor G protein specificity is, in part, dictated by the ability to accommodate the bulkier 

residues of Gαs.3,49–52 The loose binding requirements of the large Ric-8B α5 helix binding 

cavity presents an opportunity to identify pharmacophores that may disrupt endogenous Gα 
subunit folding. Our Ric-8B protein thermal stability assay and cell-based Gαolf folding 

sensor might be utilized to identify negative regulators that specifically bind to Ric-8B over 

Ric-8A and serve as potential therapeutics to combat mutant Gαs/olf overactivity, including 

targeting Gαslong, which is misregulated in ~4% of all cancers53 and was recently identified 

as a contributor to myelodysplastic syndrome through inappropriate activation of ERK/

MAPK signaling.54 Ideally these ligands could be tuned to disrupt specific Ric-8B/Gαs 

folding interactions and the overall screening methodology could be applied to parse ligands 

that modulate Ric-8A-dependent G protein folding.

Ric-8 binding to the Gα subunit α5 helix alone does not determine specificity. Gα SwII is 

another major Ric-8 recognition element, but unlike the α5 helix it is not directly bound 

by GPCRs.3 Gα SwII when bound to Ric-8B appeared to be dynamic as it exhibited 
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conformational variability evidenced by our cryoEM analysis (Figures 5, 6, and S7). Results 

from chimeric protein Gαolf folding sensor corroborated its importance, as Ric-8B folding 

activity was compromised when Gα13 SwII was swapped into the Gαolf sensor (Figure 

6C). Further support that efficient Gα folding requires SwII interactions with Ric-8 proteins, 

specifically by the CLH, comes from previous data demonstrating the greatly impaired 

interaction strengths of Gαolf or Gαs with an alternatively spliced Ric-8B product that lacks 

exon 9 (Ric-8BΔ9).9,15,25 Ric-8BΔ9 lacks residues 483–524, which essentially constitutes a 

natural internal deletion of the CLH (residues 484–518) as observed in the structures.

An important aspect that remains to be characterized is the impact that the Ric-8 C-terminus 

has in moderating Gα subunit folding. Like Ric-8A, the C-terminus of Ric-8B (residues 

516–560) was unresolved in the Gα complex structures, yet it is required in cells for 

Gα subunit folding. Expression of C-terminally-truncated Ric-8A (Ric-8A-ΔCT, residues 

1–492 of 530) which includes its full CLH, did not rescue the Gαq abundance defect of 

RIC-8A−/− cells,44 and the protein did not support folding of a Gαi1-GFP sensor in cell-free 

extracts.34 However, its capacity to serve as a GEF for Gαi1 and Gαq in vitro exceeded 

full length Ric-8A.34,36 The reasons for this remain unclear, but we hypothesize that the 

unresolved Ric-8 C-terminus may serve to briefly keep the Gα AHD separated from the 

RLD in pre-folded Gα subunits until the time that the G protein adopts its near final fold 

and is competent to productively bind GTP. In situations where Ric-8 proteins are absent, 

for example, in gene-deleted cells or when attempting to produce recombinant Gαq in 

E. coli, the AHD would not be blocked from rapidly binding to the RLD and this may 

cause the G protein to adopt a bottleneck (mis)fold that is nucleotide-free and incapable of 

undergoing nucleotide exchange or activation. Indeed, much recombinant, soluble Gαq can 

be produced in E. coli, but the protein is not functional, a term previously described by Paul 

Sternweis and colleagues as comatose Gα.55,56 In in vitro GEF assays, the Ric-8 substrate 

is not pre-folded, nucleotide-free Gα, but functionally folded Gα-GDP. It may be that Ric-8 

truncated proteins that lack the C-terminus are more efficient at disrupting the already folded 

Gα structure to insert the CLH alongside SwII and disrupt nucleotide binding elements to 

initiate rapid GDP release. The proposed function of the C-terminus to pause AHD and RLD 

association would not be necessary for Ric-8 to facilitate GDP/GTP exchange in vitro.

STAR★Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Gregory G. Tall 

(gregtall@med.umich.edu)

Materials Availability—All unique/stable reagents generated in this study are available 

from the lead contact upon request.

Data and Code Availability—The MS proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) through the 

PRIDE partner repository with the data set identifier: PXD036645.57
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CryoEM maps of Ric-8B in complex with Gαs and Gαolf have been deposited in the 

Electron Microscopy Data Bank under accession codes EMD-28223 and EMD-28224, 

respectively.

The atomic coordinates of Ric-8B in complex with Gαs or Gαolf have been deposited in the 

Protein Data Bank under the accession codes 8EL7 and 8EL8, respectively.

This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

Experimental Model and Subject Details

HEK293T cells were unauthenticated and purchased from the American Type Culture 

Collection (ATCC), catalog number, CRL-3216. Maximum efficiency DH5α bacteria were 

unauthenticated and purchased from ThermoFisher, catalog number 18258012. Rosetta 

2 (DE3) pLysS bacteria were unauthenticated purchased from Novagen, catalog number 

71397. DH10Bac bacteria were unauthenticated and purchased from ThermoFisher, catalog 

number 10361012. Sf9 cells were unauthenticated and purchased from Expression Systems, 

catalog number, 94–001F.

Method Details

Antibodies—Rabbit polyclonal antiserum 2413 (used at 1:5000) against Ric-8B and 

1184 (used at 1:10,000) against Ric-8A were described previously.12,22 G protein subunit 

antiserum was used to detect Gβ1–4 (used at 1:10,000) (B600).56 Commercial IgG purified 

polyclonal antibodies for Gαs (Sigma-Millipore) (used at 1:2000), and Gαq/11 (Sigma-

Millipore) (used at 1:2500) were utilized for measuring G protein abundance. A commercial 

IgG purified monoclonal antibody for was used to detect GAPDH (Invitrogen, ZG003) for 

loading controls. Primary antibodies for phospho-site detection were described previously.34 

Briefly, the Phospho-CK2 Substrate [(pS/pT)DXE] MultiMab™ Rabbit mAb mix (#8738, 

Cell Signaling Technology) was used to detect pThr473 in Ric-8B (pThr440 in Ric-8A). 

The enriched IgG fraction of rabbit antiserum (6383) specifically detects pSer468 in Ric-8B 

(pSer435 in Ric-8A).34

Phos-tag SDS-PAGE—This method is described in Yu et al.35 and adapted from English 

et al.58 Protein samples were exchanged into a chelator-free buffer (20 mM HEPES pH 8.0, 

50 mM NaCl) using Cytiva PD-25 centrifugal buffer exchange columns. After measuring 

protein concentrations via Bradford assay and diluting appropriately, samples were mixed 

1:1 with 2x Phos-tag Sample Buffer (0.1% w/v bromophenol blue, 2% w/v SDS, 20% v/v 

glycerol, 0.5 M Tris-HCl pH 8.5, 0.2 M DTT) and heated at 95°C for 5 min. Phos-tag 

gels were cast fresh, resolving gel (8% 29:1 acrylamide/bis-acrylamide (Bio-Rad), 350 mM 

bis-tris pH 6.8, 75 μM Phos-tag reagent (Wako Chemical Industries), 150 μM Zn(NO3)2, 

0.1% v/v tetramethylethylenediamine (TEMED), 0.05% w/v ammonium persulfate (APS)) 

was layered with isopropanol and allowed to polymerize for ~40 min before being rinsed 

with water and overlaid with stacking gel (4% 29:1 acrylamide/bis-acrylamide, 350 mM 

bis-tris pH 6.8, 0.05% w/v APS, 0.1% v/v TEMED), which was allowed to polymerize for 
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~1 h. Running buffer (50 mM Tris-HCl pH 7.8, 50 mM MOPS, 0.1% w/v SDS, and 5 mM 

sodium bisulfite) was used for flushing out wells and samples were immediately loaded. 

Gels were run submerged in running buffer with freshly added 5 mM sodium bisulfite at 100 

V for 3.5–4 h. Gels were visualized using Coomassie Blue staining.

Membrane and cytosol preparation—Wild-type, RIC8A−/−, RIC8B−/− or 

RIC8A−/−;RIC8B−/− knockout HEK293T cells were washed and harvested in PBS 

containing a protease inhibitor (PI) cocktail (23 mg/mL phenylmethylsulfonyl fluoride, 

21 mg/mL Na-p-tosyl-L-lysine-chloromethyl ketone, 21 mg/mL L-1-p-tosylamino-2-

phenylethyl-chloromethyl ketone, 3.3 mg/mL leupeptin, and 3.3 mg/mL lima bean trypsin 

inhibitor) and 1 mM dithiothreitol (DTT). Cells were suspended in phosphate buffered saline 

(PBS) with PI and DTT and lysed using a nitrogen cavitation device (Parr Industries). The 

lysates were centrifuged at 1000 g for 10 min at 4°C, and the supernatants were further 

centrifuged at 100,000 g at 4°C for 40 min. The supernatant was carefully removed and 

isolated as the cytosolic fraction prior to storage. The remaining membrane pellet was 

homogenized in PBS with PI and DTT before −80°C storage. The total protein content 

of cytosol and membrane samples was measured by Bradford assay, and each sample was 

diluted to 1X in SDS reducing sample buffer and heated at 95°C for 5 min prior to 12% 

SDS-PAGE resolution using 20 μg total protein per lane.

Immunoblotting—All gels were transferred onto nitrocellulose membranes, blocked in 

5% (w/v) milk in BLOTTO (TBS and 0.1% NP-40) and immunoblotted at 4°C overnight 

with the antibodies listed above. Membranes were washed with TBST, incubated with 

1:5000 IR-800 donkey anti-rabbit or anti-mouse antibody (LI-COR) in 5% (w/v) milk in 

BLOTTO for 1 hr at room temperature. After incubation, membranes were washed twice in 

TBST, twice in TBS, and imaged using an Invitrogen iBright system. Western Blot lanes 

were quantified via pixel densitometry using Adobe Photoshop.

Purification and in vitro phosphorylation of Ric-8B—Recombinant GST-TEV-

Ric-8B (~20 mg) was purified from High-Five insect cells and the fusion protein was 

cleaved with 0.85 mg of purified, enhanced TEV protease in 10 mL of 20 mM HEPES pH 

8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT and PI for 1.5 h at 22°C.9,59 The TEV cleavage 

reaction was incubated with 75 μL of Protein Kinase CK2 holoenzyme (NEB), 3 mM ATP 

pH 8.0, 25 mM HEPES pH 8.0, 100 mM NaCl, 1 mM EGTA, 10 mM MgCl2, 1 mM DTT 

and PI in a 25 mL reaction at 25 °C for 1.5 hr and at 30 °C for an additional 30 min.35 

The kinase reaction was brought to 50 mL with Buffer A (20 mM HEPES pH 8.0, 100 

mM NaCl, 1 mM EDTA, 1 mM DTT), filtered through a 0.2 μm syringe filter and loaded 

onto a Mono Q 10/100 column (Cytiva) equilibrated with Buffer A. Phosphorylated Ric-8B 

was eluted with a linear gradient of increasing NaCl concentration. Fractions containing 

phosphorylated Ric-8B were pooled and stored at −80°C. The procedure typically yielded 

~3 mL of 1.0 – 1.5 mg/mL phosphorylated Ric-8B.

Recombinant Ric-8B was also purified from Rosetta 2 E. coli transformed with pET21a 

GST-TEV-Ric-8B.9 Transformants were cultured in 3 mL LB carbenicillin over day cultures, 

then used to inoculate overnight 150 mL cultures. The cells were pelleted by centrifugation 

and resuspended in 15L of LB carbenicillin. Cells were grown to an O.D.600 of 0.6 and 
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cooled for 1.5 h at 4°C until the cultures were ~16°C. Protein production was induced at 

16°C with 30 μM Isopropyl β-D-1-thiogalactopyranoside (IPTG) in an orbital shaker set to 

175 rpm for 20 h. Cells were harvested via centrifugation for 10 min at 8000 xg and frozen 

with liquid nitrogen. Frozen cells were thawed into 350 mL lysis buffer (20 mM HEPES pH 

8.0, 150 mM NaCl, 1 mM DTT, 5 mM EDTA, and protease inhibitor cocktail) and stirred 

with 400 mg chicken egg-white lysozyme (Sigma) at 4°C for 40 min. DNAse I (4 mg) and 4 

mL of 1M MgCl2 were added and the mixture was stirred for an additional 15 min. The cell 

lysate was clarified by centrifugation at 10,000 xg for 10 min, followed by centrifugation at 

100,000 xg for 40 min. The pellet from the initial 10,000 xg centrifugation was frozen with 

liquid nitrogen and thawed in an additional 400 mL of lysis buffer. A handheld blender was 

used for thorough secondary cell lysis. The secondary lysate was clarified by differential 

centrifugation as described above, and the clarified supernatants from both lysis steps were 

combined and loaded by gravity onto a 5 mL bed volume glutathione Sepharose 4B column 

(Cytiva). The column was washed with 50 mL of lysis buffer, and GST-TEV-Ric-8B was 

eluted with lysis buffer containing 20 mM reduced glutathione. The protein was filtered 

through a 0.22 μm polyethersulfone syringe filter and loaded onto a MonoQ 10/100 column 

(Cytiva) equilibrated with 20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT. 

GST-Ric-8B was eluted with a linear gradient up to 550 mM NaCl and elution fractions 

were analyzed by SDS-PAGE, pooled, concentrated using a 30,000 MWCO ultracentrifugal 

device (Amicon), snap frozen with liquid nitrogen, and stored at −80°C. This procedure 

yielded approximately 4.5 mg of purified GST-Ric-8B per liter of culture.

Purification of Gαsshort and Gαolf—Gαsshort and Gαolf were purified using the GST-

Ric-8 association method.28 High-Five insect cells were co-infected with baculoviruses 

encoding GST-Ric-8B and the desired Gα subunit before being harvested by centrifugation 

after 48h. Cell were lysed by nitrogen cavitation in 300 mL of lysis buffer (20 mM HEPES 

pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.05% (w/v) Genapol C100 detergent, 

and protease inhibitor cocktail. The lysate was clarified via sequential centrifugation at 3000 

xg for 10 min and 100,000 xg for 45 min. The supernatants were loaded over a packed 5 

mL glutathione Sepharose 4B column (Cytiva). The column was washed with 100 mL wash 

buffer (20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM DTT, 11 mM CHAPS and protease 

inhibitor cocktail) and warmed to 22°C. Gα subunits were eluted with 20 mM HEPES pH 

8.0, 100 mM NaCl, 1 mM DTT, 10 mM NaF, 30 μM AlCl3, 11 mM CHAPS, 100 μM 

GDP, concentrated in 30,000 MWCO ultracentrifugal device and gel filtered over tandem 

Superdex 75 and 200 10/300 GL columns (Cytiva) in gel filtration buffer (20 mM HEPES 

pH 8.0, 1 mM DTT, 0.5 mM EDTA, 1 μM GDP, 11mM CHAPS). Fractions containing Gα 
were pooled, concentrated, snap frozen in liquid nitrogen, and stored at −80°C.

Ric-8B and Gα complex assembly—Phosphorylated Ric-8B (4 – 6 mg) was mixed 

with ~7 mg of purified Gαsshort or Gαolf and 125 mU apyrase in gel filtration buffer (20 

mM HEPES pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT). The protein mixtures 

were incubated at 22°C for 30 min and then concentrated to ~5 mL using a 50,000 MWCO 

Amicon ultra centrifugal concentration device. Ric-8B/Gα complexes (~105 kDa) were 

separated from excess Gα (~45 kDa) using a Superose 6 16/60 column that was resolved 

with gel filtration buffer. Column fractions were analyzed by Coomassie-stained SDS-PAGE 
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to identify the Ric-8B/Gα complex pool. The pool was concentrated using a 30,000 MWCO 

ultracentrifugal device (Amicon). These procedures yielded ~2.5–3.0 mL of 1.2 mg/mL 

Ric-8B:Gαs complex and approximately ~0.7 mL of 2.6 mg/mL Ric-8B Gαolf complex. 

Complexes were further concentrated to 3.3–3.5 mg/mL and analyzed by negative stain 

transmission electron microscopy to ensure sample quality immediately before freezing on 

cryoEM grids.

Mass spectrometry—Purified Ric-8B protein (10 μg) was reduced with 15 mM DTT at 

37°C for 30 min, followed by alkylation with 15 mM iodoacetamide at 37°C for 45 min. 

The protein was then digested with sequencing-grade trypsin or chymotrypsin (Promega) 

at 37°C for 45 min. The protease/Ric-8B ratio was 1:20. Digestion was quenched with 

formic acid, and samples were desalted using a Waters HLB solid-phase extraction plate. 

The eluted samples were lyophilized and resuspended in 0.1% w/v TFA prior to analysis. 

Each digested sample (1 μg) was analyzed by nano LC-MS/MS with a Waters M-Class 

HPLC system interfaced to a ThermoFisher Fusion Lumos mass spectrometer. Peptides 

were loaded on a trapping column and eluted over a 75-μm analytical column at 250 

nL/min packed with Luna C18 resin (Phenomenex). The mass spectrometer was operated in 

data-dependent mode, with the Orbitrap operating at 60,000 FWHM and 15,000 FWHM for 

MS and MS/MS, respectively. The instrument was run with a 3s cycle for MS and MS/MS. 

Data were searched using a local copy of Mascot (Matrix Science). Mascot files were parsed 

into Scaffold (Proteome Software) for validation, filtering, and creating a non-redundant 

list per sample. Data were filtered using a 1% protein and peptide false discovery rate 

(FDR) and requiring at least two unique peptides per protein to confirm specific peptide 

phosphorylation sites.

Peptide-binding thermal shift assay—C-terminally amidated peptides comprising the 

last 18 residues of Gα13 and Gαs, along with chimeric peptides transposing the last 

five residues of each, were synthesized and purified by HPLC (Genscript). Peptides were 

prepared as 50 mM stock solutions in anhydrous DMSO. Purified Ric-8B proteins (1 

mg/mL) were exchanged into thermal shift assay buffer (20 mM HEPES pH 7.4, 140 mM 

KCl, 5% v/v glycerol, 1 mM DTT) based on previously characterized Ric-8 studies.31,33 

SYPRO Orange dye provided as a 5000X concentrated dye solution in DMSO (Sigma) was 

diluted to a 10X concentrated stock into the diluted protein to create a 2X protein/dye mix. 

Peptide stocks were prepared by serially diluting the 50 mM DMSO stocks into thermal shift 

assay buffer at twice the desired assay concentration. Protein/dye mix (10 μl) was aliquoted 

into wells of MicroAmp Optical 384-well qPCR plates (Applied Biosystems), and 10 μl 

of the 2X peptide dilutions were added so that each well contained 0.15 mg/ml protein, 

5X dye (relative to manufacturer intended concentration for gel staining), and the desired 

final concentration of peptide. Plates were centrifuged at 500 xg for 3 min and covered 

with optical adhesive film (VWR). Melt assays were performed in an Applied Biosystems 

QuantStudio 7 using a DNA melt curve setting modified such that following incubation at 

25°C for 2 min, the temperature was increased using a 0.5°C, 30 s step gradient until a final 

2 min hold at 75°C, while obtaining readings using the x1 and m4 filters.
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Cloning and Ric-8 expression constructs—Mouse Ric-8B cDNA (Invitrogen, LLAM 

collection, clone 6490136) was amplified by linker-based PCR with BamHI and SalI sites 

and subcloned into the BamHI and XhoI sites of pcDNA3.1. The same Ric-8B cDNA was 

also subcloned into pFastBac-1 with an N-term GST-TEV tag.11 Rat Ric-8A cDNA was 

amplified by linker-based PCR and subcloned into the EcoRI and XhoI sites of pcDNA3.1/

hygromycin.33 Drosophila melanogaster Ric-8 (DmRic-8) was subcloned from pVJL11 by 

EcoRI and SalI restriction enzyme digestion and ligation into the EcoRI and XhoI sites 

of pcDNA3.1.11 Caenorhabditis elegans Ric-8 (CeRic-8) was subcloned from pVJL11 by 

BamHI and SalI digestion and ligation into the BamHI and XhoI sites of pcDNA3.1. 

QuikChange mutagenesis with PfuTurbo Polymerase (Agilent) was used to produce point 

mutations and deletions in mouse Ric-8B and human Gαolf RLuc plasmids.37 All primers 

used and plasmids generated in this work are listed in Table S3 and Table S4.

RIC-8B-deleted cell lines and the Gαolf-RLuc biosensor protein folding assay
—HEK293T cells were cultured in Dulbecco’s modified Eagles’s medium (DMEM) 

(Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco). RIC-8B 
was deleted from wild type and RIC-8A knockout cells34 using CRISPR technology 

as described previously60 by the University of Michigan Human Stem Cell and Gene 

Editing Core. Briefly, wild type and RIC-8A−/− cells were transfected with the RIC-8B 
guide RNA sequence 5’-TGTGACGGTAGACAGTTGGA-3’, SpCas9 protein and ctRNA 

complex. Cells were then placed into a 24-well culture plate and allowed to recover for two 

days, followed by clonal cell isolation using two successive 96-well plate serial dilutions.61 

Deletion of RIC-8B in clonal cell line outgrowth cultures was confirmed by sequencing of 

polymerase chain reaction (PCR)-amplified genomic DNA and a RIC-8B specific TaqMan 

Gene Expression assay (Applied Biosystems) (Figure S3).

An optimized Gαolf-Renilla luciferase (RLuc) fusion construct was produced by Yano, 

H. et. al.37 Gαolf folding assays were performed in the RIC-8B knockout HEK293T cell 

line after transient expression of WT or mutant Ric-8 constructs and the Gαolf-RLuc 

sensor. RIC-8B knockout HEK293T cells in 6-well format were transfected using 5 μl 

of Lipofectamine2000 and 200 ng of Gαolf-RLuc and 200 ng of WT or mutant Ric-8 
constructs, described in detail above, in 100 μl of Optimem. cDNA titration experiments 

using WT or mutant (R75E, N123A, A449W) Ric-8 constructs were performed with 200 

ng, 400 ng or 800 ng of Ric-8B plasmid. Total DNA amounts were balanced to 1.6 μg 

with pcDNA3.1. At 24 h post-transfection, cells were counted and seeded into white, 

96-well, TC-treated plates at 40,000 cells per well in 120 μL of Fluorobrite medium (Gibco) 

containing 10% FBS. At 3 h after cell seeding, the medium was supplemented with 100 

μg/mL of cycloheximide (CHX) (Sigma Aldrich) to achieve 200 μL volume per well. At 

19 h after CHX treatment, the plates were centrifuged (500 g for 5 min) and 150 μL of 

medium was removed. Cells were lysed by addition of 50 μL of 2X Renilla Luciferase 

buffer62 with final assay concentrations of 3 μM coelenterazine H, 5% M-PER (Invitrogen) 

and 0.2% w/v Triton-X100. Luminescence reads were taken 10 min after cell lysis using 

a TriStar2 plate reader (Berthold). Data were plotted as normalized percent Gαolf folding 

values with respect to the assay signal window among transfections with and without WT 

Ric-8B plasmid.
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Fluorescent imaging of Gαolf-mVenus—RIC-8B KO HEK293T cells were transiently 

transfected in 6-well format with Lipofectamine2000 using 200 ng of Gαolf-mVenus and 

200 ng of WT Ric-8B or pcDNA3.1.37 Cells were washed and lifted 24 h after transfection 

and plated at 50,000 cells per 35 mm dish with a 20 mm glass-bottom (Bioland Scientific) 

that had been pretreated for 30 min with 100 μg/mL poly-D-lysine (Millipore). Images were 

acquired using a Leica DMi8 microscope in confocal mode with a 63x oil objective lens 

using 488-nm excitation for mVenus detection 24 h after seeding.

CryoEM Data Collection—Specimen suitability was first evaluated by negative stain EM 
63 which showed monodisperse samples.64 For cryoEM of the Ric-8B/Gαs complex, 3.5 

μL of 3.3 mg/mL sample was applied to glow-discharged UltrAuFoil gold grids (Quantifoil, 

Au300-R1.2/1.3). The grids were blotted using an FEI Vitrobot Mark IV (ThermoFisher) 

at 20 oC and 100% humidity and then plunge frozen in liquid ethane. CryoEM imaging 

was performed on a Titan Krios (ThermoFisher) electron microscope equipped with a 

K3 Summit direct electron detector (Gatan). The microscope was operated at 300 kV 

accelerating voltage, with a set magnification of 29,000x in counting mode resulting in 

a magnified pixel size of 0.8521 Å. Μovies were obtained at an exposure rate of 24.2 

electrons/ Å2/sec with defocus ranging from −1.8 to −0.8 μm. The total exposure time was 

2.497 sec over 50 frames per movie stack. Automatic data acquisition was performed using 

SerialEM65 for all data sets. CryoEM grids for the Ric-8B/Gαolf complex, at 3.5 mg/mL, 

were prepared similarly to the Ric-8B/Gαs complex. Imaging was performed using identical 

operating conditions, except for differences in exposure settings. Μovies were obtained at 

27.55 electrons/Å2/sec exposure rate with a total exposure time of 2.49 sec over 55 frames 

per movie stack.

Image Processing and 3D Reconstruction—Dose-fractionated image stacks were 

subjected to beam-induced motion correction and dose-weighting using MotionCor2.66 

Contrast transfer function parameters for each non-dose weighted micrograph were 

determined by CtfFind-4.1.67 For all data sets; MotionCor2, CtfFind-4.1, autopicking, and 

extraction were performed in RELION 3.1.68 For the Ric-8B/Gαs complex, 9,597,316 

particles from 9,416 micrographs were extracted using semi-automated particle selection. 

Subsequently, two rounds of 2D classification and five rounds of 3D classification (coupled 

ab initio and heterogeneous refinement operations) were performed on a binned dataset 

(pixel size 3.41 Å and 1.70 Å, respectively) using cryoSPARC.69 A refined set of 

707,174 unbinned particles (0.8521 Å/pix) was subjected to homogeneous and non-uniform 

refinement in cryoSPARC.70 The data set was exported to RELION for five rounds of 3D 

classification without alignment, 3D Refinement, and Bayesian Polishing. Homogeneous 

refinement of the resultant set of 349,857 particles in cryoSPARC produced a final map 

at a global indicated resolution of 2.8 Å. CryoSPARC’s 3D Variability Analysis (3DVA)45 

was used to determine conformational heterogeneity in the final data set, as well as an 

expanded set of particles (1,021,554 particles) that had been semi-cleaned through 2D 

and 3D classification and then refined by homogeneous refinement. The former set of 

particles was processed by 3DVA with three modes, a filter resolution of 7Å, and a tight 

mask encompassing the resolved regions in the unsharpened final map. “Cluster” mode 

analysis on the first principal component (PC0) separated the 3DVA results into five 
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discrete clusters of particles that were further refined individually through homogeneous 

refinement. Additionally, both sets of particles were processed by 3DVA using a loose 

mask encompassing the resolved regions and an area adjacent to the complex that was 

hypothesized to contain the Gαs alpha helical domain. “Cluster” mode analysis on the first 

principal component (PC0) then separated the 3DVA results into ten discrete cluster maps 

filtered at a resolution of 10Å.

For the Ric-8B/Gαolf complex, 4,695,512 particles from 4,670 micrographs were extracted 

using semi-automated particle selection. Two rounds of 2D classification and seven rounds 

of 3D classification (coupled ab initio and heterogeneous refinement) were performed on a 

binned dataset (pixel size 3.41 Å and 1.70 Å, respectively) using cryoSPARC. Homogeneous 

refinement of the resultant set of 247,416 unbinned particles (0.8521 Å/pix) produced a final 

map at a global indicated resolution of 3.2 Å. UCSF Chimera71 and ChimeraX72 were used 

for map/model visualization, using Wiggle73 interface to aid 3DVA analysis.

Model Building—The initial model for the Ric-8B/Gαss complex was generated as 

a homology model from the cryoEM structure of Ric-8A/Gαi1 (PDB ID: 6VU833; 

61.8% sequence similarity to Ric-8A and 58.7% sequence similarity to Gαi1) using 

SWISS-MODEL.74 An initial homology model of Ric-8B/Gαolf was generated from 

the final Ric-8B/Gαss complex structure reported in this manuscript (PDB ID: 8EL7, 

90.3% sequence similarity between Gαss and Gαolf). Homology models were placed 

into respective cryoEM maps using the Chimera ‘fit-in-map’ function. Iterative rounds of 

interactive model adjustment in Coot (version 0.9.2 EL)75 followed by real-space refinement 

in Phenix (version 1.17.1–3660)76 employing secondary structure restraints in addition to 

the default restraints were performed to improve the modeling.

Structure Comparison—RMSD values were determined using the model align 

tool in PyMol Molecular Graphics System (Schrödinger). RMSD comparison between 

Ric-8B:Gαss (PDB ID: 8EL7) and Ric-8A:Gαq (PDB ID: 6VU5) or Ric-8B:Gαolf (PDB 

ID: 8EL8) were calculated using 500 to 500 atoms; Ric-8B:Gαss (PDB ID: 8EL7) and 

Ric-8A:Gαi1 (PDB ID: 6VU8) was calculated using 494 to 492 atoms. Analysis of relative 

domain positioning was determined using UCSF Chimera.71 The centers of mass defined 

centroid positions within the structures for residues 1–295, residues 296–492, and the Ras-

like domain of Gα. Alignment was made to the armadillo repeat domain of each structure 

as that region is highly similar between structures. Axes were defined between centroids and 

along the Gα α5 helices.

Cavity Volume Calculation—The volume of the Gα α5-helix binding pocket of Ric-8A 

and Ric-8B was calculated using VMD (version 1.9.3)77 with the Epock (v.1.0.5) plugin.78 

The sampling area was defined using the cylinder method, with coordinates in x, y, z format 

of 111, 107, 69 and 81, 68, 92, and a radius of 10 Å. Sampling was executed using a grid 

size of 1 Å. Prior to running Epock, the Ric-8 structures were aligned so that the placement 

of the sampling cylinder was equivalent, encompassing the α5-helix binding cavity. The 

resultant calculated cavities were visualized using ChimeraX (Figure S5).
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Quantification and Statistical Analysis

Data from thermal shift assays were normalized to the fraction of maximal fluorescence 

and fit to a Boltzmann sigmoidal curve using GraphPad Prism (processing is derived from 

previously used methods for melt curve fitting79 and normalization80). Data are presented as 

the best-fit curve from experiments performed in four biological replicates. The plotted 

ΔTm shift values of Ric-8A and Ric-8B at 150 μM peptide are represented as mean 

+/− S.D and statistical significance was calculated using repeated measures of one-way 

analysis of variance (ANOVA) using GraphPad Prism. Data from the cell-based Gαolf 

protein folding sensor assay are represented as mean +/− S.D. of at least three biologically-

independent transfections, with a minimum of six technical replicates per condition. Data 

were normalized to the luminescent signal from WT Gαolf-RLuc with and without co-

transfected WT Ric-8B, which was present on every plate read as a positive and negative 

control respectively. Statistical significance between chaperone binding was calculated using 

one-way ANOVA testing with GraphPad Prism. Protein relative abundance levels from 

Western Blot analyses were quantified in triplicate via pixel densitometry using Adobe 

Photoshop and represented as mean +/− S.D. prior to ANOVA comparison. All displayed P 

values from individual ANOVA tests are numerically described within their corresponding 

figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Structures of Ric-8B in complex with its folding clients Gαolf and Gαs

• Ric-8B has a more permissive Gα subunit α5 helix binding pocket than 

Ric-8A

• Ric-8B accommodates the unique i3 loop of Gαs/olf.

• A new RIC-8B-deletion cell line with Gαolf folding sensor was created.
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Figure 1. 
CryoEM reconstructions of Ric-8B in complex with Gαs and Gαolf. (A, B) CryoEM maps 

and (C, D) ribbon diagrams of Ric-8B (teal) with Gαs (gold, A and C) or Gαolf (purple, B 

and D). (E) Ric-8B structure shown by ribbon diagram and definition of elements. Individual 

α-helices are named by helical repeat number, from N-terminus to C-terminus, and by 

position within repeat. HEAT repeats consist of two α-helices and are lettered lowercase ‘a’ 

and ‘b’, while ARM repeats contain three α-helices lettered uppercase ‘A’, ‘B’, and ‘C’. See 

also Figure S1 and S2, and Table S2.
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Figure 2. 
Structure-guided mutational analysis of Ric-8B folding activity. (A) Validation of RIC-8B 
gene deletion by immunoblot quantification of Gαs protein abundance in wild type, 

RIC-8B−/− or RIC-8A−/−;RIC-8B−/− double knockout HEK293T cells. In RIC-8B knockout 

cells, the Gαolf sensor produced a dim luminescence signal that was enhanced markedly 

by transfection of wild type Ric-8B. (B) Cartoon representation of the Gαolf protein 

folding sensor with an internal Renilla luciferase (RLuc) module. (C) The effects on Gαolf 

sensor folding upon mutagenesis of key Ric-8B residues deduced from the structures to be 

important interaction sites between Ric-8B and Gαs/olf. (D-F) Global and focused ribbon 

diagram views depicting Ric-8B interaction sites with the Gαs/olf (E) α5-helix interface 

and (F) β4-β6 sheet region. Data represent the mean of experiments performed in at least 

triplicate with error bars representing +/− S.D. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001. See also Figure S3 and S4.
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Figure 3. 
Ric-8B interactions with the Gα α5 helix are generally hydrophilic and polar in nature, 

while Ric-8A interactions with the Gα α5 helix are primarily hydrophobic. Interaction 

between Ric-8 proteins with the Gα α5 helices represented with helical-wheel diagrams. 

Non-helical C-terminal residues continue to the upper right of each diagram. Specific 

interactions of Gα residues with Ric-8 α-helical repeat elements are noted in bold black 

lettering (e.g., 2b, etc.).
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Figure 4. 
Contribution of the Gα C-terminus and α5 helix to Ric-8 isoform specificity. (A) 

Electrostatic surface maps of the Gα α5 helix binding pockets of Ric-8A in complex with 

Gαq (top) and Ric-8B in complex with Gαs (bottom). (B) Ric-8A and Ric-8B protein 

thermal stability assays with synthetic peptides comprising the last 18 residues of Gαs and 

Gα13 or chimeric Gα peptides with swaps of the last four residues (e.g., Gαs/13 is 14 

residues Gαs / 4 residues Gα13). (C) Quantification of maximal ΔTm shifts for (B) Ric-8A 

(blue) and Ric-8B (green). (D) Ric-8A- and Ric-8B-dependent cell-based folding assay of 

chimeric Gαolf sensors consisting of 18 C-terminal Gα residue swaps for Gα13, Gαq, 

Gαi1. Ric-8B indiscriminately folded each sensor. A partial gain of folding function was 

observed for Ric-8A only when C-termini of its Gα substrates were swapped into the Gαolf 

sensor. Data represent the mean of experiments performed in at least triplicate with error 

bars representing +/− S.D. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

See also Figure S5 and S6.
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Figure 5. 
3D variability analysis summary of the Ric-8B/Gαs complex. Two representations 

of discrete particle subsets within the cryoEM dataset reveal heterogeneity within 

the Ric-8B/Gαs complex. Notably, the cradle loop helix (CLH) is conformationally 

heterogeneous across classes. See also Figure S7.

Papasergi-Scott et al. Page 31

Structure. Author manuscript; available in PMC 2024 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Analysis of Gα Switch II interactions with Ric-8. (A-B) Detailed views of the region 

containing Gαs Switch II (pink) engaged by Ric-8B (PDB ID: 8EL7). The Ric-8B CLH 

interacts with the Gαs α3 helix and Switch II. (C) Ric-8B and Ric-8A folding of the Gαolf 

sensor (grey) compared to folding of Gα13, Gαq- and Gαi1 Switch II / Gαolf chimeric 

sensors. Switch II sequence alignments of Gα subunits tested. Gαs/olf Q222 (purple) has 

polarity difference compared to equivalent residues of the other Gα subunits (E, red and H, 

blue). Data represent the mean of experiments performed in at least triplicate with error bars 

representing +/− S.D. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. See 

also Figure S6.
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Figure 7. 
Analysis of Gα αG-α4 (i3) loop interactions with Ric-8 and the dependence for Gα subunit 

folding. (A-B) Zoomed in views of overlaid αG-α4 connecting loops from the Gαs / Ric-8B 

complex (gold, PDB ID: 8EL7) and the Gαi1 / Ric-8A complex (violet, PDB ID: 6VU8) 

showing the positioning of the extra i3 loop insertion within Gαs and its contacts with the 

ARM 7B-7C loop of Ric-8B (teal). (C) Sequence alignment of the Gαolf αG-α4 (i3) loop 

and two engineered i3 deletions (Δ312–318 or Δ312–323) that were tested in the Gαolf 

sensor folding assay. Ablation of the extra Gαolf i3 insertion had substantial impact on 

Ric-8B-mediated folding but had no impact on Ric-8A-mediated folding even in the context 

of swaps of the Gαolf α5 helix for Gα13, Gαq or Gαi1 α5 helices. Data represent the mean 

of experiments performed in at least triplicate with error bars representing +/− S.D. * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal antiserum 2413 against Ric-8B Chan et al., 2013; Gabay et 
al., 2011

N/A

Rabbit polyclonal antiserum 1184 against Ric-8A Chan et al., 2013; Gabay et 
al., 2011

N/A

G protein subunit antiserum B600 against Gβ1–4 Linder et al., 1993 N/A

IgG purified polyclonal antibodies for Gαs Millipore Sigma Cat#06–237

IgG purified polyclonal antibodies for Gαq/11 Millipore Sigma Cat#06–709

IgG purified monoclonal antibody for GAPDH Invitrogen ZG003

Phospho-CK2 Substrate [(pS/pT)DXE] MultiMab™ Rabbit mAb 
mix

Cell Signaling Technology #8738

Enriched IgG fraction of rabbit antiserum against Ric-8B 
pSer468/Ric-8A pSer435

Papasergi-Scott et al., 2018 N/A

Bacterial and Virus Strains

E. coli Rosetta 2 (DE3)pLysS Novagen Cat#71397

E. coli DH10 Bac Invitrogen Cat#10361012

E. coli DH5a Invitrogen Cat#18258012

Chemicals, Peptides, and Recombinant Proteins

Phos-tag Acrylamide Wako Chemical Industries Product Number AAL-107

Protein Kinase CK2 holoenzyme New England Biolabs P6010

Phenylmethylsulfonyl fluoride Sigma Cat#P7626

Na-p-tosyl-L-lysine-chloromethyl ketone Sigma Cat#T7254

L-1-p-tosylamino-2-phenylethyl-chloromethyl ketone Sigma Cat#T4376

leupeptin (hemisulfate) Cayman Chemical Cat#14026

trypsin inhibitor from lima bean Sigma Cat#T9378

Dithiothreitol Sigma Cat#D9779

NP-40 Thermo Scientific Cat#28324

ATP disodium salt Sigma Cat#A3377

CHAPS G-Biosciences Cat#DG051

NaF JT Baker Cat#3688–01

AlCl3 Fisher Cat#A573

GDP sodium salt Sigma Cat#G7127

iodoacetamide Promega Cat#VB1010

trypsin Promega Cat#V5111

chymotrypsin Promega Cat#V1061

formic acid Sigma Cat#F0507

Gαs C-term amidated peptide: NDCRDIIQRMHLRQYELL Genscript N/A

Gα13 C-term amidated peptide: RDVKDTILHDNLKQLMLQ Genscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gαs/Gα13 C-term chimera amidated 
peptide: NDCRDIIQRMHLRQLMLQ

Genscript N/A

Gα13/Gαs C-term chimera amidated 
peptide: RDVKDTILHDNLKQYELL

Genscript N/A

Sypro Orange  Sigma Cat. #S5692

cyclohexamide Sigma Cat#01810

coelenterazine H NanoLight Technology Cat#301–5

M-PER Thermo Scientific Cat#78501

Triton-X 100 Bio-Rad Cat#161–0407

Lipofectamine 2000 Invitrogen Cat#11668–027

Critical Commercial Assays

TaqMan Gene Expression assay Applied Biosystems Cat#4331182

Deposited Data

Cryo-EM structure of Ric-8B/Gαs This paper EMDB-28223; PDB-8EL7

Cryo-EM structure of Ric-8B/Gαolf This paper EMDB-28224; PDB-8EL8

Cryo-EM structure of Ric-8A/Gαi1 Seven et al., 2020 PDB-6VU8

Cryo-EM structure of Ric-8A/Gαq Seven et al., 2020 PDB-6VU5

AlphaFold predicted structure of D. melanogaster Ric-8 Jumper et al., 2021 AF-Q9GSX9-F1

Alpha Fold predicted structure of C. elegans Ric-8 Jumper et al., 2021 AF-Q9W358-F1

Mass spectrometry proteomics for Ric-8B This paper PXD036645

Experimental Models: Cell Lines

HEK293T: RIC-8B knockout This paper N/A

HEK293T: RIC-8B, RIC-8A knockout This paper N/A

HEK293T: RIC-8A knockout Papasergi-Scott et al., 2018 N/A

HEK293T ATCC CRL-11268

High Five cells:Trichuplusia ni  Expression Systems Cat# 94–002S

Oligonucleotides

RIC-8B guide RNA: 5’-TGTGACGGTAGACAGTTGGA-3’ IDT N/A

Primers used in this study are listed in Supplementary Table 3 This paper N/A

Recombinant DNA

pcDNA 3.1 mouse Ric-8B Gabay et al., 2011 N/A

pFastBac1 GST-TEV- mouse Ric-8B Tall et al., 2003 N/A

pcDNA 3.1/hygromycin rat Ric-8A Seven et al., 2020 N/A

pET21a GST-TEV mouse Ric-8B Chan et al., 2011b N/A

pcDNA 3.1 Ce Ric-8 This paper N/A

pcDNA 3.1 Dm Ric-8 This paper N/A

pcDNA 3.1 Gαolf-Rluc Yano et al., 2017 N/A

pcDNA 3.1 Gαolf-mVenus Yano et al., 2017 N/A

pcDNA 3.1 mouse Ric-8B point mutation plasmids listed in 
Supplementary Table 4

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA 3.1 Gαolf-Rluc chimeric mutation plasmids listed in 
Supplementary Table 4

This paper N/A

Software and Algorithms

Prism 9 GraphPad software https://www.graphpad.com/

Photoshop Adobe https://www.adobe.com/

Mascot Matrix Science https://www.matrixscience.com/

Scaffold Proteome Software https://www.proteomesoftware.com/
products/scaffold-5

SerialEM Mastronarde, 2005 https://bio3d.colorado.edu/SerialEM/

MotionCor2 Zheng et al., 2017 https://emcore.ucsf.edu/ucsf-motioncor2

CtfFind-4.1 Rohou and Grigorieff, 2015 https://grigoriefflab.umassmed.edu/
ctffind4

Relion 3.1 Scheres, 2016 https://www3.mrc-lmb.cam.ac.uk/relion/
index.php?title=Main_Page

cryoSPARC Punjani et al., 2020  https://cryosparc.com/

UCSF Chimera Petterson et al., 2004 https://www.cgl.ucsf.edu/chimera/

UCSF Chimera X Petterson et al., 2021 https://www.cgl.ucsf.edu/chimerax/

SWISS-MODEL Waterhouse et al., 2018 https://swissmodel.expasy.org/

COOT v0.9.2 EL Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/
personal/pemsley/coot/

Phenix v1.17.1–3660 Liebschner et al., 2019 https://www.phenix-online.org/

PyMol Molecular Graphics System Schrodinger https://pymol.org/2/

VMD v1.9.3 Humphrey et al., 1996 https://www.ks.uiuc.edu/Research/vmd/

Epock v1.0.5 Laurent et al., 2015 https://epock.bitbucket.io/

Other

UltrAuFoil gold grids  Quantifoil Au300-R1.2/1.3

Superdex 75 10/300 GL gel filtration column Cytiva Cat#17517401

Superdex 200 10/300 GL gel filtration column Cytiva Cat#17517501
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