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SUMMARY

Many chaperones promote nascent polypeptide
folding followed by substrate release through ATP-
dependent conformational changes. Here we show
cryoEM structures of Ga subunit folding intermedi-
ates in complex with full-length Ric-8A, a unique
chaperone-client system in which substrate release
is facilitated by guanine nucleotide binding to the
client G protein. The structures of Ric-8A-Ga; and
Ric-8A-Ga, complexes reveal that the chaperone
employs its extended C-terminal region to cradle
the Ras-like domain of Ga, positioning the Ras core
in contact with the Ric-8A core while engaging its
switch2 nucleotide binding region. The C-terminal
a5 helix of Ga is held away from the Ras-like domain
through Ric-8A core domain interactions, which crit-
ically depend on recognition of the Ga C terminus by
the chaperone. The structures, complemented with
biochemical and cellular chaperoning data, support
a folding quality control mechanism that ensures
proper formation of the C-terminal «5 helix before al-
lowing GTP-gated release of Ga from Ric-8A.

INTRODUCTION

Heterotrimeric G proteins, composed of Ga, GB, and Gy sub-
units, relay the vast majority of intracellular signaling mediated
by G protein-coupled receptors (GPCRs), the largest and most
diverse class of membrane proteins in eukaryotes. GPCRs
respond to a remarkable array of extracellular stimulants,
including light, ions, hormones, odorants, neurotransmitters,
and natural chemicals, and in turn couple primarily to G proteins
to facilitate the exchange of GDP for GTP on the Ga subunit
(Hilger et al., 2018). Nucleotide exchange promotes the func-
tional dissociation of Ga-GTP from the GBy obligate dimer, lead-
ing to downstream signaling through binding to effectors such as
adenylyl cyclase, phospholipase C, and ion channels. G proteins
are classified based on sequence homology of the Ga subunit
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into four main sub-classes: Gaio, Gog/11, Gosor, and Goyo/1s,
each comprised of multiple isoforms (Wilkie et al., 1992). Accord-
ingly, GPCRs display distinct selectivity profiles for heterotri-
meric G proteins, thereby orchestrating precise cellular path-
ways and signaling outcomes.

The central signaling role of heterotrimeric G proteins, along
with their ability to undergo extensive conformational changes
during highly tuned receptor coupling and dissociation, has co-
evolved with quality control mechanisms for their structural
and functional integrity. Recent work has shown that multiple
chaperones are necessary for proper folding, assembly, and
localization of heterotrimeric G proteins. Chaperonin-containing
tailless complex polypeptide-1 (CCT) (Lukov et al., 2005, 2006)
and dopamine receptor-interacting protein 78 (DRiP78) (Dupré
et al., 2007) were proposed to facilitate the folding of Gp and
Gy subunits, respectively, while the chaperone phosducin-like
protein-1 (PhLP-1) is subsequently involved in the formation of
the GBy obligate heterodimer (Lukov et al., 2005, 2006). Resis-
tance to inhibitors of cholinesterase-8 (Ric-8) was initially discov-
ered as a gene that positively influenced G protein signaling
pathways in a Caenorhabditis elegans mutagenesis screen
(Miller et al., 1996; Nguyen et al., 1995). Ric-8 proteins are now
known to fold nascent Go subunits prior to G protein hetero-
trimer formation. The initial in vitro work identified Ric-8 as a
non-receptor guanine exchange factor (GEF) for Ga. proteins
(Chan et al., 2011b; Tall et al., 2003), but more recent studies re-
vealed that Ric-8 proteins are molecular chaperones for nascent
Go. subunits (Chan et al., 2013; Gabay et al., 2011), thereby ex-
plaining the positive influence of their activities on G protein
signaling (Papasergi et al., 2015). Besides facilitating Ga folding,
the observed Ric-8 GEF activity for Goa subunits (Chan et al.,
2011a; Tall et al., 2003; Van Eps et al., 2015) has raised the pos-
sibility that these chaperones may also be involved in alternative
modes of Ga. subunit activation or reamplification of GPCR
signaling.

Ric-8 proteins are evolutionarily conserved from fungi to hu-
mans (Li et al., 2010; Miller et al., 2000; Papasergi et al., 2015;
Wright et al., 2011), although no homologs have been reported
in plants and baker’s yeast. However, Arr4/Get3 proteins in
yeast, structurally unrelated to Ric-8, are shown to be important
for the biogenesis and signaling of Ga subunits and act as
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non-receptor GEFs (Lee and Dohlman, 2008). There are two iso-
forms of Ric-8 identified in vertebrates: Ric-8A, which acts within
the biosynthetic pathway of the Gai/o, GOCq/ﬁ, and GO£12/13 sub-
classes, and Ric-8B, which primarily acts on the Ga.g o Subfamily
(Chanetal.,2013; Gabay et al., 2011; Nagai et al., 2010). The iso-
types Gog/11, Gat12/13, and Gor appear to have the most strin-
gent requirements for Ric-8 in order to be correctly folded and
trafficked to the plasma membrane (Chan et al., 2011a; Gabay
et al.,, 2011). Recent crystal structures of a truncated form of
Ric-8A alone or in complex with a peptidomimetic of the C-termi-
nal 5 helix of the G protein transducin (G;) showed that the
chaperone is composed of a combination of armadillo (ARM)
and Huntington, Elongation Factor 3, PR65/A, TOR1 (HEAT) re-
peats. The ARM/HEAT repeats form a crescent-shaped core
domain, with its concave surface engaging the a5 helix peptido-
mimetic (Srivastava et al., 2019; Zeng et al., 2019). However, the
lack of structural information on full-length Ric-8-Go complexes
has hindered our understanding of the chaperone activity and
the mechanism of Ga release from Ric-8, which presumably
takes place upon successful Ga folding. Part of the challenge
in attaining high-resolution information on folding intermediates
is the intrinsic difficulties in obtaining stable complexes that
are suitable for structural studies. In general, reported crystal
structures of chaperone-client complexes lack high-resolution
features of the client protein, thereby limiting the characterization
of chaperoning mechanisms at large.

To delineate the critical structural components of the chaper-
oning and GEF activity of Ric-8 toward G protein subunits, we
sought to visualize these complexes by cryoEM. To this end, we
purified or reconstituted native folding intermediates of two Ga
subunits, Gag and Gay, in complex with Ric-8A in the absence
of guanine nucleotides. CryoEM maps of Ric-8A-Ga and Ric-
8A-Go;y at near-atomic resolution provide views of a unique
chaperone-client complex and illustrate a striking chaperone
mechanism that is employed by Ric-8A to stabilize critical ele-
ments for guanine nucleotide coordination by Ga.. Mutagenesis
coupled to both nucleotide exchange assays and a cellular
chaperoning readout indicates that the recognition of the most
C-terminal residue of Ga by Ric-8 provides a critical checkpoint
for GTP binding to the G protein subunit and its subsequent
release from the chaperone. Collectively, these results suggest
a quality control mechanism underlying the chaperone and
GEF activity of Ric-8 on Ga subunits.

RESULTS

CryoEM Structures of Ric-8A in Complex with Go;4

and Go,

For our studies, we employed wild-type full-length Gaq or Gaq
proteins and full-length Ric-8A, including its potentially unstruc-
tured regions, such as the Ric-8A C-terminal tail, which is
required for chaperone activity (Oner et al., 2013; Papasergi-
Scott et al., 2018; Thomas et al., 2011). We chose to study these
complexes without any stabilizing agent such as antibody frag-
ments or crosslinkers, aiming to preserve both the native struc-
ture as well as the conformational flexibility between the chap-
erone and the client Ga subunit. It has been previously shown
that site-specific phosphorylation of Ric-8A is critical for both

3700 Cell Reports 30, 3699-3709, March 17, 2020

its chaperone and GEF activity (Papasergi-Scott et al., 2018).
To achieve these post-translational modifications, we utilized a
baculovirus system to express Ric-8A in insect cells, a strategy
that has been shown to produce largely phosphorylated chap-
erone at positions S435, T440, S522, S523, and S527 (Papa-
sergi-Scott et al., 2018). In the case of Ric-8A-Ga;4, a complex
stable enough for cryoEM imaging was generated by in vitro
reconstitution from purified Ric-8A and myristoylated G,y pro-
teins, recombinantly expressed in insect cells and E. coli,
respectively (Figure S1). Apyrase was added to hydrolyze the
GDP released from Ga;; upon forming a complex with Ric-8A
in order to promote formation of a stable nucleotide-free com-
plex. Due to the lower expression level and protein quality of
Gag compared to Gajq in the absence of chaperone and Gy,
we isolated the Ric-8A-Ga, complex after co-expression of
Ric-8A and Ga. protein in insect cells. The complex was purified
by utilizing an N-terminal GST tag on Ric-8A that was subse-
quently cleaved by TEV protease treatment. Prior to GST protein
purification, apyrase was added to the lysed insect cell suspen-
sion for maximal stabilization of the Ric-8A-Gaq complex by hy-
drolyzing free guanine nucleotides. After GST purification and
protease cleavage, the Ric-8A-Ga, complex was further purified
by size-exclusion chromatography in order to separate it from
free Ric-8A and GST protein. Both purification strategies re-
sulted in stable complexes that were monodisperse as assessed
by size-exclusion chromatography and negative stain EM visual-
ization (Figure S1). From these samples, we obtained cryoEM
maps of Ric-8A-Ga and Ric-8A-Ga; with a global indicated res-
olution of 3.5 A and 4.1 A, respectively (Figure 1; Figures S1-S3,
S4A, S4B, and Table S1). The structured portion of these assem-
blies is only ~65 kDa, reinforcing the feasibility of conventional
cryoEM for challenging proteins or complexes in the range of
50-100 kDa. These cryoEM maps enabled the modeling of
Ric-8A between residues 1-482 in the Ric-8A-Go;; complex
and residues 1-451 in the Ric-8A-Gag complex, while the back-
bone of the C-terminal region (458-484) was traced with poly-
alanine due to the poorer quality of the Ric-8A-Ga, map in the re-
gion 451-458. Nevertheless, both models included a relatively
long stretch of the C-terminal region of Ric-8A (up to residue
482 or 484), which was not observed previously. The majority
of the Ras-like domain residues of both Ga;, (residues 32-54
and 193-354) and Go, (residues 217-359) were also unambigu-
ously modeled in these maps. Although the nucleotide binding
regions of Go. are mostly ordered, we do not observe any density
for a guanine nucleotide, consistent with the purification of both
complexes in the presence of the nucleotide-hydrolyzing
enzyme Apyrase and the known stability of Ric-8-Ga nucleo-
tide-free complex. The absence of nucleotide destabilizes the
closed conformation of Ga in which the a-helical domain is
packed against the Ras-like domain. Thus, in both Ric-8A-Gai4
and Ric-8A-Ga, complexes, the a-helical domain opens up
and becomes flexible in relation to the rest of the complex,
akin to its behavior in nucleotide-free G proteins in complex
with a GPCR (Rasmussen et al., 2011; Van Eps et al., 2015;
Westfield et al., 2011). Accordingly, the general region occupied
by the a-helical domain was masked out in our high-resolution
map refinements for Ric-8A-Gay; and Ric-8A-Ga, complexes.
However, in lower resolution unmasked reconstructions during



Figure 1. CryoEM Structures of Ric-8A-Ga Complexes
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(Aand B) Orthogonal views of the cryoEM maps of full-length Ric-8A (blue) bound to (A) full-length Ga,q (Magenta) at a global resolution of 3.5 A or (B) Ga;1 (gold) at

a global resolution of 4.1 A
(C and D) Ribbon diagrams of (C) Ric-8A-Ga,, and (D) Ric-8A-Gaj; models.

(E) A low-resolution map of the Ric-8A-Ga;; complex including density for the Ga1 a-helical domain that is positioned distal to the Ras-like domain.
(F) Comparison of the Ga;1-GTPyS crystal structure (gray; PDB: 1GIA) with the Ric-8A-Ga;y complex (Ras-like domain: gold, a-helical domain: orange). Ga4

adopts a distinct conformation from the canonical GTP-bound state.

initial steps of image processing, we observed partial density for
the a-helical domain, jutted away from the nucleotide binding
site in an average position that is rotated ~90° compared to
the nucleotide-bound structures of Gaiy or Gaq (Figures 1E and
1F). Furthermore, the N-terminal helix of both G proteins is not
resolved in the Ric-8A complexes, in agreement with its dynamic
and unfolded state in the absence of GBy, as shown in previous
crystal structures and by solution NMR studies of Ga;1 (Gorica-
nec et al., 2016; Maly and Crowhurst, 2012; Medkova et al.,
2002).

The core domain of Ric-8A (residues 1-421), comprised of a
combination of nine ARM and HEAT repeats (R1-R9), adopts a
crescent-shaped conformation that is similar to the one
observed in recent crystal structures of truncated Ric-8A alone
(Srivastava et al., 2019; Zeng et al., 2019) (Figure S4C) or in com-
plex with the Geoy o5 helix peptidomimetic (Srivastava et al., 2019)
(Figure S4D), with an RMSD of 0.9-1 A. This observation sug-
gests that the Ric-8A core domain maintains an overall stable
conformation in the presence and absence of Ga. Interestingly,
however, the core domain of Ric-8A adopts a slightly more
compact configuration in its complex with Go, compared to
Gaq (Figure S4B). Furthermore, the bulk of the observable Ric-
8A C terminus (residues 421-482) becomes ordered in the pres-
ence of Gaijy or Ga,g. This region largely maintains a coil structure,

which encapsulates the Ras-like domain of Gaq or Gai, before
forming an a-helix most likely comprised of residues 474-484
for Gaq and 474-481 for Gaq (Figure 2). The last C-terminal 40
residues of Ric-8A (490-530), predicted to include a coil/
B-strand and an a-helix/coil structure (Figure S4E), have been
shown to be critical for the chaperone function of Ric-8A in vivo,
but are not required for in vitro GEF activity (Oner et al., 2013; Pa-
pasergi-Scott et al., 2018; Thomas et al., 2011). In our maps, this
region appears disordered yet lies within the vicinity of the a-he-
lical domain of Ga, raising the possibility that the 40 C-terminal
residues may engage the flexible a-helical domain.

Chaperone-Client Interactions in Ric-8A-Ga Structures
The cryoEM structures of Ric-8A-Gay and Ric-8A-Go, reveal
three primary interaction surfaces between the chaperone and
Go. Ras-like domain (Figure 2A). One interface involves an exten-
sive interaction of the C-terminal a5-helix of Ga. with the concave
surface of the ARM/HEAT repeats (Figure 2B). A second inter-
face is formed by the 4, B5, and B6 strands of Ga with the R8-
R9 ARM/HEAT repeats and a loop formed by residues 453-
459 of the extended C terminus of Ric-8A (Figure 2C). The third
interface is formed by the C-terminal helix of Ric-8A, which is
in contact with switch2, the P loop, and the a3 helix of the Ga
Ras-like domain (Figure 2D).
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A comparison of the Ga. Ras-like domain conformation in the
Ric-8A-Ga maps and nucleotide-bound Ga crystal structures re-
veals several notable differences. The most distinct difference is
the position of the a5 helix and the very C-terminal residues of
Gaiy and Gag, Which interact with the inner concave surface of
the ARM/HEAT core domain of Ric-8A. In both complexes, the
a5 helix is completely detached from the Ras-like domain and
rotated by more than 90° away from its position in the Ga. nucle-
otide-bound conformation (Figures 1E and 1F). The o5 helix is
connected to the 6 strand by a loop containing the conserved
TCAT motif, a critical element with residues that coordinate the
guanine base of GDP or GTP bound to the Ras-like domain.
Because of the displacement of the a5 helix (Figure 3A), the
TCAT is positioned 3-5 A away from its nucleotide coordination
site (Figure 3B). The positioning of the TCAT motif of Ge;1 and
Goag in complex with Ric-8A is similar to its configuration in nucle-
otide-free heterotrimeric Ga;1-GBy and Goy¢-GBy (Goqq is a
close homolog of Ga.) proteins in complex with GPCRs (Figures
S5A and S5B). Of note, the displacement of the a5 helix from the
Ras-like domain core may be promoted by the second helix of
the final HEAT repeat («B9) of Ric-8. Structural alignment of
the Ras-like domains shows that the «B9 helix in the Ric-8A-
bound Ga;; structure occupies the position of the a5 helix in
the GTPyS-bound Goy;q structure (Figures S5C and S5D).
Another distinct difference in the Ras-like domain involves the
conformation of the switch2 motif and =2 helix that are also
important for Ga. nucleotide binding. The switch2/a2 elements
are mostly disordered in the Ric-8A-Ga; structure, while in the
map of the Ric-8A-Ga;; complex, we can trace their density
away from their corresponding conformations in the Ga. GTP-
bound state (Figures 3A and 3B). This positioning is induced by
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Figure 2. Interfaces in the Ric-8A-Ga;; Com-
plex

(A) Ric-8A binds to Ga through three interfaces.
(B) The a5 helix of Ga;y binds to the concave sur-
face of the Ric-8A N-terminal domain. Within the

Ric-8A structure, “o” denotes the a-helical sec-

ondary structure followed by the repeat identifier of
an individual ARM (1,2, or 3) or HEAT (A or B) helix
and ending with the global ARM/HEAT repeat
number from the N to C terminus of Ric-8A.

(C) The B5 and B6 strands of Ga;y bind against the
last two ARM/HEAT repeats of Ric-8A.

(D) A helical element comprising residues 472-480
of Ric-8A inserts between the switch2 motif and o3
helix of Gay.

a C-terminal helix of Ric-8A (474-484),
which is sandwiched between the switch2
motif and &3 helix, potentially forming in-
teractions with the P loop and 22 and 3
helices.

The switch1 motif of Ga. appears disor-
dered in both of our Ric-8A complex
structures, potentially due to the confor-
mational flexibility of the a-helical domain.
Additionally, the B2 and B3 strands
together with a1 helix of the Ras-like
domain are partially ordered in the Ric-8A-Gag structure and
modestly more ordered in the Ric-8A-Ga;4 structure. Notably,
the map densities corresponding to these secondary structure
elements in both the Gay and Gag complexes consistently dis-
played variability across several 3D classes. Although this region
is too limited in size to be effectively resolved through particle
classification, this observation suggests that the underlying ele-
ments are flexible when Ga. is engaged with Ric-8A (Figure S3C).

Role of Phosphorylation of Ric-8A-Ga Complexes

The extended C-terminal coil region of Ric-8A includes two
patches of phosphorylated residues, one closer to the core
ARM/HEAT domain (S435 and T440) and another at the C termi-
nus (S522, S523, and S527) (Figure S4E). Phosphorylation of
S435 and T440 are critical for Ric-8A function and highly
conserved in both mammalian Ric-8 isoforms (Ric-8A and Ric-
8B) and across species (Figure 4D; Figure S6A) (Papasergi-Scott
et al., 2018). However, these phosphorylated residues were not
represented in the recent crystal structures of Ric-8A (Srivastava
et al., 2019; Zeng et al., 2019). In our cryoEM maps, phosphory-
lated S435 and T440 were both resolved. These critical phosphor-
ylated residues interact with a highly positively charged patch
within Ric-8A formed by R345, R348, K349, K352, and R405 (Fig-
ure 4). Notably, the phosphate group of S435 in our structures oc-
cupies the same position as a reported sulfate ion, which is chem-
ically similar to phosphate, in the crystal structure of truncated
Ric-8A alone (Figure S4C) (Zeng et al., 2019). Neither S435 nor
T440 residues are directly involved in the interaction between
Ric-8A and Ga1/Gaq. However, the interaction of the phosphates
with the positive patch of Ric-8A anchors an extended coil of Ric-
8A closer to the core ARM/HEAT domain. In this conformation, a
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loop formed by Ric-8A residues 451-461 packs against the Ric-
8A core domain itself, which interacts with the Go Ras-like
domain to stabilize the interaction between the Ga B4, 5, and
B6 strands with the R8-R9 ARM/HEAT repeats. The effect of
T440 phosphorylation was shown to be much more pronounced
than S435, presumably because it further stabilizes the coil region
in closer proximity to the core, enhancing both the GEF and chap-
erone activity of Ric-8A (Papasergi-Scott et al., 2018). The inter-
action of the phosphorylated residues with the positively charged
patch of Ric-8A also increases its overall thermal stability in the
absence of Ga (Figure S6B), suggesting that it promotes a more
compact and stable protein conformation.

Go Subtype Selectivity by Ric-8A and Ric-8B

To construct a framework for understanding the molecular un-
derpinnings of the G protein isotype specificity of Ric-8A, we
analyzed the intermolecular contacts of the Ric-8A-Ga,;; and
the Ric-8A-Ga,q structures. Our analysis reveals that the majority
of contact residues at the primary interfaces between Ric-8A and
the two G protein isotypes are well conserved. This includes the
interface between the C-terminal a5 helices of Ga;y and Gag and
the concave surface of Ric-8A. In this region, a number of highly
conserved hydrophobic residues (L353, L348, 1343, V339, and
F336; residue numbering based on Ga;;) mediate conserved hy-
drophobic and side-chain packing interactions with Ric-8A (Fig-
ure 5; Figure S7). The coupling of Ric-8A to Gajy and Gog is
further promoted by key polar interactions that include an H-
bond between N347 in Gais (N352 in Gag) and H273 in Ric-8A
and contacts between the last C-terminal carboxyl group of
the G protein (F354 and V359 in Ga;jy and Gag, respectively)
and Ric-8A residues R71, R75, and N123 (Figure 5; Figure S7).
Even though the last C-terminal residue is not conserved be-
tween the two G protein isotypes, the common apolar and polar
contacts, described above, similarly position the a5 helices
within the concave surface of Ric-8A.

Despite the overall similarity of the interfaces between Ga,;; or
Gog and Ric-8A, there are a few different contact residues in the
a5 helix of the two G protein isotypes. Notably, these variations
are well accommodated by Ric-8A through reorientation of side

Figure 3. Guanine Nucleotide-free Go. Stabi-
lized by Ric-8A Adopts an Open Conformation
Comparison of the Ga;y structures bound to the
GTP analog 5'-guanosine-diphosphate-mono-
thiophosphate (GTPyS) (PDB: 1GIA) and to Ric-8A.
Ga;1 adopts a distinct conformation when bound to
Ric-8A (gold) from that of the canonical GTP bound
state (white).

(A) The o5 helix in the Ric-8A-Ga;; complex is
rotated more than 90° away from its position in the
Ga;1-GTPyS crystal structure. The Go switch2
motif is displaced outward compared to its
conformation in the Ga-GTPyS structure. The he-
lical segment of Ric-8A interacting with switch2 and
the a3 helix of Ga. is colored blue, and the rest of
Ric-8A was omitted for clarity.

(B) The B6-a5 loop containing the TCAT motif is
displaced 3-5 A outward fromiits position for guanine
nucleotide coordination (thick arrow), and the inter-
face between the «-helical and Ras-like domain is
disordered together with the a2 helix and B2 strand.

chains, the formation of alternative backbone or side-chain inter-
actions, and conformational changes to adjust the size of the
binding grove within the concave surface of the protein. Collec-
tively, these variations result in a larger contact surface between
the last 23 C-terminal residues of Gog and Ric-8A (2,780 Az)
compared to the Ric-8A-Ga;q structure (2,201 /0-\2). In contrast
to Gag, Gayy can be folded efficiently when expressed in bacteria
that do not have a Ric-8 homolog (Linder et al., 1990). Thus, the
tighter interaction between Ric-8A and Ga,, in comparison to
Guaq, might provide an explanation for the strict dependency of
Ric-8A for Ga, folding and the lesser dependence of Gauj.
Furthermore, the larger contact surface may be a reason for
the slightly more compact conformation of the chaperone in
the Ric-8A-Gag complex than in the Ric-8A-Ga;q structure (Fig-
ure S4B). This suggests that Ric-8A is able to adjust the size of
its G protein binding groove to accommodate the o5 helices of
different G protein isotypes of the G/, Gg/11, and G12/13 subfam-
ilies, providing an explanation for the observed range of depen-
dencies of various Ga subtypes for Ric-8 in cells.

In addition, we generated a homology model of the Ric-8B-
Gas complex and compared it with the Ric-8A complex struc-
tures to better understand G protein selectivity between the
two Ric-8 subtypes. This comparison shows that important inter-
actions are shared between the G protein complexes formed by
the two Ric-8 subtypes. We observe significant similarities in
side-chain interactions within the Ric-8A-Gag and Ric-8B-Goa
complexes, which might explain the previously observed
modest binding of Gaq to Ric-8B (Chan et al., 2011a). However,
Ric-8A shows no GEF or chaperone activity for Ga, suggesting
that the sequence variations in the a5 helices of Goaiy, Gag, and
Gas must contribute to the G protein selectivity of the two Ric-
8 subtypes. Indeed, superposition of the Ric-8B-Gas model
and Ric-8A-Ga complex structures shows that differences in
the amino acid composition of the a5 helix of Gag are not
compatible with the formation of key interactions with Ric-8A
(Figure 5; Figure S7). Furthermore, side chain variations in Gog
presumably create some clashes and repulsions that might pre-
vent binding to Ric-8A. Compared to the Ric-8A-Ga structures,
the most pronounced difference in the predicted Ric-8B-Go
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Figure 4. Ric-8A Phosphorylated Residues S435 and T440 Stabilize the R8-R9 ARM/HEAT Interaction with the Ras-like Domain Core

(A) Electrostatic surface representation of Ric-8A 1-421 (—8 to +8 kT/e ™~ electrostatic potential is colored from red to blue respectively). Ric-8A residues 422-482
and Ga; are shown as ribbon models in blue and gold, respectively. Phosphorylated residues S435 and T440 are shown as spheres.

(B) Ribbon diagram of Ric-8A 1-482 (blue) and Ga;4 (gold) of the phosphorylated, full-length Ric-8A-Ga;; complex. Phosphorylated residues S435 and T440 are

shown as sticks.

(C) Phosphorylated residues S435 and T440 bind to conserved positively charged residues of Ric-8A.
(D) Sequence alignment of Ric-8 residues interacting with the phosphorylated S435 and T440 sites. The positively charged interacting residues (*) are highly

conserved in both mammalian Ric-8 isoforms and across species.

complex is a swap of the side chains of N347 (Ga;4) and H273
(Ric-8A). In Gas, N347, which is highly conserved in G proteins
that bind to Ric-8A, is replaced by a histidine (H387). This alter-
ation in Ga,s would prevent the formation of the critical polar con-
tact with H273 in Ric-8A and would create a clash between the
two side chains (Figure 5D). In contrast, Ric-8B contains an
asparagine (N280) at the corresponding position to H273 in
Ric-8A that may enable a polar interaction with H387 of Gos.
An additional steric clash between Ric-8A and the a5 helix of
Goas might be caused between the glutamine residue Q384 of
Goa,s and F232 of Ric-8A. Ric-8B, on the other hand, possesses
a smaller side chain (V239) at the homologous position, which
is more compatible with Gags binding (Figures 5C and 5D).
Thus, subtype specificity of Ric-8 for G protein isotypes is not
only encoded by the sequences of the a5 helices of the G pro-
teins, as previously proposed (Srivastava et al., 2019), but is
also mediated by differences in the G protein binding residues
of Ric-8 subtypes that are crucial for the formation of specific
contacts with different G protein isotypes (Figure 5; Figure S7).

Ric-8A Maintains Ga;y and Gog in a Quasi-folded State
Primed for GTP Binding

The cryoEM structures of Ric-8A-Gay and Ric-8A-Ga, reveal
that the Ga subunit is partially folded, with key elements
required for guanine nucleotide binding positioned with subtle
differences in comparison to guanine nucleotide-bound confor-
mations. The ARM/HEAT repeats and the C-terminal helix of
Ric-8A interact with the a5 helix and the switch2 motif of Ga,
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respectively, to position the TCAT motif, the P loop, and
switch2 in relatively close proximity to their guanine nucleo-
tide-coordinated conformation, while the extended loop region
of Ric-8A wraps around and stabilizes the Ras-like domain of
Goa. against the chaperone’s core. These structural features
suggest that the observed Ric-8-bound Ga conformations are
primed to engage GTP, which would lead to its release from
the chaperone, as it has been shown biochemically (Chan
etal., 2011a; Johnston et al., 2008; Tall et al., 2003). By chaper-
oning critical regions for nucleotide binding, such as the
switch2 motif and the a-helix/TCAT-motif module of Ga, Ric-8
presumably ensures proper formation and positioning of the
nucleotide binding elements before GTP binding and dissocia-
tion of the G protein subunit Ga. from Ric-8. The initial guanine
nucleotide binding may be facilitated through P loop interac-
tions with the nucleotide phosphates; the three phosphates of
GTP can form stronger interactions than the two phosphates
of GDP, which could also explain the GTP preference for Ga.
release. Of note, GTP has a concentration that is 10-fold higher
than GDP inside the cell (Traut, 1994), thereby potentially
driving the chaperone activity of Ric-8 to evolve as a GTP-gated
folding machine. Importantly, displacement of Go. switch2 also
protects Ga from premature engagement of the GBy hetero-
dimer. Alignment of the Ras-like domain in the structures of
the Ric-8A-Ga,;; complex and the G;; protein heterotrimer re-
veals that switch2 is not adopting its partially a-helical confor-
mation in the region that interacts with the G subunit (Fig-
ure S5E). Thus, the placement of the Ric-8A C-terminal region
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prepares Ras-like domain elements for GTP binding while pro-
hibiting premature GBy engagement (Tall et al., 2003).
Considering these observations, one emerging question is
what the trigger is for GTP-gated Ga release from Ric-8A. To
further probe this question and delineate the mechanism of chap-
erone and GEF activity of Ric-8A, we tested the role of key Ric-8
regions observed in our structures for effect on Gy stimulated
GDP release Go;q (Figure 6A). In our assays, intrinsic Go;y GDP
release was enhanced by phosphorylated full-length Ric-8A. A
Ric-8A truncation that includes the Ric-8A C-terminal region but
lacks the entire core domain (MBP-Ric-8A 423-530) stabilized
the GDP-bound state of Ga;;, suggesting that the C-terminal
extended loop of Ric-8A can interact with Ga. switch2, and poten-
tially the alpha helical domain, without requiring an interaction be-
tween its ARM/HEAT repeats and the o5 helix of the Ga. subunit.
Assuming that the o5 helix maintains the same position as
observed in the Ga;1-GDP crystal structure (Coleman and Sprang,
1998), this observation suggests that proper TCAT motif coordi-
nation with nucleotide stabilizes bound GDP even without proper
switch2 motif positioning. In support of this interpretation, the
switch2 region of Ras-like domain is not ordered in GDP-bound
Gua;q crystal structures (Raw et al., 1997; Rensland et al., 1995;
Wittinghofer and Vetter, 2011). Strikingly, we observe that phos-
phorylated full-length Ric-8A promotes a comparable stabiliza-
tion of the GDP bound state of Ga;4 that lacks only the C-terminal
residue F354 (Go,-AF354), even though this mutant G protein pos-
sesses a similar intrinsic GDP release rate as wild-type Ga;q. The
importance of the C-terminal residue of Ga,; (F354) is indicated
from our structures and the previously reported structure of Ric-
8A with the C-terminal Ga transducin o5 helix peptidomimetic
(Srivastava et al., 2019). Ric-8A makes several interactions with
the C-terminal residues of Ga;y and Gayq including the coordina-

Figure 5. Comparison of the Interactions
between Ric-8 and the Ga o5 Helices

(A-C) CryoEM structures of (A) Ric-8A-Gay (blue
and yellow), (B) Ric-8A-Ga, (blue and magenta),
and (C) the computational model of Ric-8B-Ga
(green and gray).

(D) Overlay of the side chains from the models Ric-
8A-Go;y and Ric-8B-Gas models that are poten-
tially important for Ric-8 specificity.

tion of the C-terminal carboxyl group by
Ric-8A R71, R75, and N123 and an addi-
tional w-m interaction with F163, as
described above.

To test the importance of individual res-
idues of Ric-8A that interact with Ga, we
utilized an established Ric-8A comple-
mentation assay in HEK293T cells in which
RIC-8A was deleted using CRISPR/Cas9
technology (Papasergi-Scott et al., 2018).
Devoid of Ric-8A, the cells have greatly
diminished Gog, Ga4s, and Go; protein
abundance due to misfolding, which
can be rescued to native levels by
stable expression of functional Ric-8A
(Figures 6A and 6B). Using this system, we created stable cell
lines expressing Ric-8A mutated at predicted interaction sites
identified from our structures. In cells expressing Ric-8A R71E,
R75E, or N123A mutants, we observed a phenotype similar to
RIC-8A knockout cells whereby the Go, abundance defect was
not rescued (Figures 6B and 6C; Figure S6C). These results indi-
cate that the polar interactions of Ric-8A with the carboxy-termi-
nus of the C-terminal Ge. residue is a critical structural element for
Ric-8 chaperone and GEF activities. Similarly, mutation of Ric-8A
H273, which participates in hydrogen bonding interactions with
the o5 helix and is predicted to be critical for Ga. subtype selec-
tivity (see above), significantly abrogates the Gag abundance
rescue. Single Ric-8A point mutations at other positions showed
modest effects, with the exception of A420, which resides at the
interface of Ric-8A with the 4-B5-86 interface of the Go. Ras-like
domain. Mutating A420 to a bulky tryptophan brings it into a direct
clash with Ga. F267, explaining its deleterious effect on chaper-
oning activity.

Our assays reveal that the residues of the Ric-8 chaperone
that engage the C-terminal amino acid of the Go. Ras-like domain
dramatically affect nucleotide-dependent release of Ga from
Ric-8A. This indicates that binding of the C-terminal residue by
the chaperone may be prerequisite for proper Ga. folding. More-
over, binding of the a5 helix in the conformation observed in our
structures positions the TCAT motif within the p6-a5 loop in close
proximity to the nucleotide binding site. Of note, a synthesized
20-mer peptide of the o5 helix of Ga did not adopt an a-helical
structure in solution but a random coil conformation that was not
able to bind to the B,-adrenergic receptor (Boyhus et al., 2018).
This suggests that the o5 helix of G proteins might require the hy-
drophobic core interactions within the Ras-like domain or Ric-8
to form a helical structure. We therefore predict that binding of
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(A) Stabilization of the nucleotide-bound state of
Goayq by the Ric-8A C terminus and the importance
of the a5 helix-Ric-8A interaction for the GEF ac-
tivity of Ric-8A. The effect of the MBP-fused un-
phosphorylated “U” or phosphorylated “P” C
terminus of Ric-8A (423-530) on Ga. GDP release
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using a filter binding method and scintillation
counting. Error bars are the mean +SD, n > 3.
(B) Ribbon diagram of the Ric-8A-Gag complex
highlighting putative sites of interaction with the
Go C terminus (green), 5 helix (yellow), or Ras-like
domain (blue).

(C) Knockout of RIC-8A in HEK293T cells results in
a Gog abundance defect due to Ga misfolding
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(Papasergi-Scott et al., 2018). The rescue of Gaq
abundance upon stable expression of Ric-8A
mutants was analyzed by quantitative immuno-
blotting of cell membrane samples. Representa-
tive western blot of membrane-bound Gaq is
shown with quantification of Gaq levels as per-
centage of HEK293T Ga, abundance. Error bars
are the mean + SEM, n = 3.

also protecting it from premature GBy het-
erodimer engagement (Figure S5E). Phos-
phorylation of the Ric-8 C-terminal region
creates interactions that serve to stabilize
Goa against the ARM/HEAT repeats,
creating a compact chaperoning cradle.

the nascent o5 helix region and C-terminal residue of G to the
ARM/HEAT groove of Ric-8A might shield these hydrophobic
residues and provide the environment required for folding of
this critical region. Furthermore, the chaperoning of the o5 helix
away from the Ras core structure would allow the Ras-like
domain to fold before it could properly protect the a5 helix.
Thus, we propose that engagement of the Ga C terminus by
the chaperone serves as both a folding tool for critical regions
across the protein and as a quality control check point to release
properly folded Ge. in response to high-affinity GTP binding.

DISCUSSION

The cryoEM structures of Ric-8A-Ga;y and Ric-8A-Ga, com-
plexes along with our in vitro and in vivo biochemical assays
have led us to propose a model for the chaperoning and GEF ac-
tivity of Ric-8 for Ga subunits (Figure 7). In this model, the C-ter-
minal extended region of Ric-8 may engage the Ras-like domain
of a nascent Ga polypeptide, possibly co-translationally, while
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In this configuration, the a-helical and
Ras-like domain of Ga. are kept at a dis-
tance to allow their independent folding.
The Ras-like domain positioning also al-
lows binding of its C terminus to a distinct
position within the Ric-8 core, thereby protecting the amphi-
pathic a5 helix and promoting its folding away from the Ras
core domain. The recognition of the C-terminal Ge. residue ap-
pears to provide a critical proof-reading mechanism that pro-
motes the binding and folding of the a5 helix of Ga within the
Ric-8 core. The a5 helix is a key element that undergoes confor-
mational changes to engage a GPCR and to respond to the pres-
ence of GTP within the Ras-like domain. Thus, the Ric-8-Ga
chaperone-client system has evolved to monitor the integrity of
full-length Go subunit production, with an emphasis on protect-
ing a crucial Ga. component. Upon Ric-8-assisted folding, the o5
helix can position the $6-a5 loop containing the TCAT motif in
close proximity to engage GTP. Hence, when all nucleotide bind-
ing elements are properly folded and positioned, the coordinated
engagement of GTP will pull the o5 helix away from the Ric-8
core and instead place it in its properly folded position where it
is protected against the Ras-like domain. This compact, canon-
ical configuration of the «5/Ras-like domain in the GTP-bound
state likely favors Ga. dissociation from Ric-8. GPCR-triggered
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guanine nucleotide exchange of Ga. subunits within heterotri-
meric G proteins is mainly carried out by perturbation of the
B1-P loop region, a conformational change of the 5 helix and
the associated displacement of the TCAT motif of Ga. Strikingly,
Ric-8A uses a very similar strategy to stabilize the nucleotide-
free form of Ga, where Ric-8A interacts with the 1 strand and
the o5 helix of Ge, which orients the TCAT motif slightly outward
from its nucleotide-bound conformation. Furthermore, in the Ric-
8A-Go. complex, the a-helical domain is completely detached
from the Ras-like domain, similarly to the Ga conformations
observed in GPCR-G protein complexes. On the other hand,
these domains are closed together in both the GDP- and GTP-
bound conformations with the guanine nucleotide packed in be-
tween. Unlike GPCRs, Ric-8A additionally interacts with Ga
switch2, which is critical for GBy binding to Ga. Considering
these tailored interactions, together with the fact that, to date,
Go. subunits are the only known folding clients for Ric-8, it
emerges that Ric-8 is a uniquely evolved chaperone system for
the biogenesis of Ga. subunits.

Notably, the chaperoning activity of Ric-8 has parallels to
other well-described chaperone systems, including the ubiqui-
tous HSP70 foldase. In both cases, upon successful folding of
client protein, a nucleotide switch is employed to release the
folded client from the chaperone (Figure 7) (Bukau and Horwich,
1998; Mayer and Bukau, 2005). In the case of the HSP70 system,
HSP40 nucleotide exchange factors facilitate exchange of ATP
for ADP on HSP70 in order to alter the conformation of HSP70
to favor client protein dissociation (Bukau and Horwich, 1998;
Mayer and Bukau, 2005). By contrast, Ric-8 proteins are not
ATPases, are not known to directly consume cellular energy dur-
ing Ga. subunit folding, and do not use an ADP-ATP switch to
release folded Ga. Rather, the nucleotide switch feature is pro-
vided by the Ga client protein itself, which likely serves as the
final checkpoint for the production of properly folded G protein.
As a molecular chaperone, Ric-8A cradles the majority of the Ga
Ras-like domain to facilitate its proper folding and development
of the Ga. guanine nucleotide binding pocket (Figures 1 and 7).

Figure 7. Proposed Mechanism for Ric-8A
Chaperoning of Go

Dual phosphorylation of Ric-8 within a conserved
acidic region (orange spheres) facilitates an intra-
molecular interaction that results in optimal posi-
tioning for Go. Ras-like domain engagement by
Ric-8. Nascent, nucleotide-free Go binds Ric-8
either co-translationally or shortly following release
from the ribosome. Key interactions occur be-
tween the concave surface of the Ric-8 core and
the a5-helix of Ga (*) and between a C-terminal
helix of Ric-8 with Ga. switch2 (**). The recognition
of the final C-terminal residue of Goa by Ric-8
serves as a prerequisite for a5-helix folding (*) and
positioning of the B6-a5 loop (TCAT motif) to
engage GTP (*), thereby releasing properly folded
Go and freeing Ric-8 for subsequent rounds of
chaperoning.

When Ga. is capable to competently bind GTP (i.e., is folded) it
switches to its active conformation that has low affinity for Ric-
8 and the complex dissociates (Figure 7). An appealing future di-
rection of our work is to examine the prospect that Ric-8 may
serve as a co-translational Ge. subunit chaperone. The finding
that the extreme C-terminal residue of Ga. is required for folded
Go release from Ric-8 provides a timing or checkpoint mecha-
nism during translation to ensure that the Ras-like domain core
is properly folded prior to productive GTP binding and release.
A lesser known fact of various isotypes of Ga. subunits purified
from bacteria or without the presence of Ric-8 is that a substan-
tial portion of the protein preparations exist in a soluble, mono-
meric form that is inactive as far as the ability to bind guanine
nucleotide, e.g., Gaq. This inactive, soluble form of Ga has
been proposed to be a nucleotide-free, alternatively folded
bottleneck conformation. The function of Ric-8 may therefore
be to disfavor such inactive conformational bottlenecks and pro-
vide the chaperone activity to favor folding of active Go..
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

FLAG M2 antibody Millipore-Sigma Cat# F3165; RRID: AB_259529
Gag/11 antibody Millipore-Sigma Cat# G4290; RRID: AB_259903
Bacterial and Virus Strains

JM109(DE3) Promega Cat# P9801

Rosetta 2(DE3) Sigma Cat# 71400

DH5¢ T1R Invitrogen 12297016
Chemicals, Peptides, and Recombinant Proteins

Benzamidine Sigma Cat# L2884
Leupeptin Sigma Cat# L2884

CHAPS Anatrace Cat# C316

GDP Sigma Cat# 7127

ESF921 culture medium Expression Systems Cat# 96-001

TCEP Sigma Cat# C4706
[®H]-GDP PerkinElmer Cat# NET966250UC
IPTG Goldbio Cat# 12481

Myristic acid Sigma Cat# M3128
Lysozyme Sigma Cat# 62970
Chelating Sepharose Fast Flow GE Healthcare Cat# 17057502

DTT Goldbio Cat# DTT

Apyrase NEB Cat# M0398L
Glutathione Resin Genscript Cat# L00206
Casein Kinase Il (CKIl) NEB Cat# P6010L
Guanosine 5'-O-(3-thiotriphosphate) (GTPyS) Abcam Cat# ab146662

FITC-labeled Ric-8A (504-530) peptide

Analytical Core Facility,
Tufts University

Custom Synthesis

Hygromycin B Invitrogen 10687010

DMEM Invitrogen 11995065

FBS, USDA Invitrogen 10437036

Mixed cellulose membrane EMD Millipore Cat# GSWP02500
HiPrep Phenyl HP 16/10 GE Healthcare Cat# 29018184
SYPRO Orange Life Technologies Corporation Cat# S6650
Deposited Data

Ric-8A-Go,, coordinates This paper PDB: 6VU5
Ric-8A-Ga;; coordinates This paper PDB: 6VU7
Ric-8A-Goy EM map This paper EMDB: EMD-21387
Ric-8A-Ga;y EM map This paper EMDB: EMD-21388

Experimental Models: Cell Lines

Trichuplusia ni

Expression Systems

Cat# 94-002S

HEK293T ATCC CRL-11268
HEK293T RIC-8A knockout Papasergi-Scott et al. N/A
Oligonucleotides

Refer to Table S2 N/A
Recombinant DNA

pFastbac-Gog This work N/A
pFastbac-GST-TEV-Ric-8A Chan et al., 2011a N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pMal-His8-MBP-Ric-8A(423-530) This work N/A

PETDuet-1-Goy1(6His between M119 and T120)/ This work N/A

NMT1

pET21a-His6-3C-Gaij4 This work N/A

pET21a-His6-3C-Go,1-AF354 This work N/A

3X-FLAG-Ric-8A pcDNA3.1 Hygro This work N/A

Software and Algorithms

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

COOT Emsley et al., 2010 https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

Molprobity Williams et al., 2018 http://molprobity.biochem.duke.edu/

Phenix 1.17.1 Liebschner et al., 2019 https://www.phenix-online.org/

Prism 8 GraphPad https://www.graphpad.com/

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

Adobe Photoshop 2020 Adobe https://www.adobe.com/

Adobe lllustrator 2020 Adobe https://www.adobe.com/

Relion3 Zivanov et al., 2018 https://www3.mrc-Imb.cam.ac.uk/relion/index.
php?title=Main_Page

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

CtfFind4 Rohou and Grigorieff, 2015 https://grigoriefflab.umassmed.edu/ctffind4

Gotf Zhang, 2016 https://www.mrc-Imb.cam.ac.uk/kzhang/

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

3DFSC Liebschner et al., 2019 https://3dfsc.salk.edu/

Other

SYPRO Orange Life Technologies Corporation Cat# S6650

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Georgios
Skiniotis (yiorgo@stanford.edu).

All the reagents generated in this study will be made available on request but we may require a payment and/or a completed
Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rat GST-TEV-Ric-8A was expressed in Tni (Trichoplusia ni) cells infected with recombinant baculovirus (pFastBac, Invitrogen). Tni
cells were obtained from Expression Systems, LLC. Rat GST-TEV-Ric-8A together with human Go, were expressed in Tni
(Trichuplusia ni) cells infected with two recombinant baculoviruses (pFastBac, Invitrogen). Human 6His-3C-Ga;; WT or 6His-3C-
Gojy AF354 were expressed in Rosetta 2(DE3) cells (Merck Millipore). Human Ga4 (6His between M119 and T120) was expressed
in JM109 (DEJ) cells (Promega). MBP-Ric-8A (423-530) was expressed in Rosetta 2 (DE3) cells. The HEK293T cell line (CRL-
11268) was obtained from the American Type Culture Collection (ATCC). Crispr/Cas9 procedures were used previously to delete
RIC-8A in the HEK293T cells (Papasergi-Scott et al., 2018). 3X-FLAG-Ric-8A point mutant plasmids were transfected and selected
for stable expression with Hygromycin B.

METHOD DETAILS

Expression and purification of myristoylated Ga;; for Ric-8A complex formation

Myristoylated Ga;; was expressed and purified as described previously (Mumby and Linder, 1994) with some modifications. In brief, a
hexa-histidine tag was inserted between amino acid residues M119 and T120 of the wild-type human Ga;1. The modified GNAIT gene
was cloned into a pETDuet-1 vector (Sigma Aldrich) together with the NMT1 gene that encodes for the N-myristoyl transferase from
Saccharomyces cerevisiae. Both proteins were coexpressed in JM109 (DE3) cells (Promega) grown in Terrific Broth medium. After
the cells reached an ODgq Of 0.6, protein expression was induced by addition of 0.5 mM IPTG together with 30 uM of myristic acid.
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The cells were harvested after 15 hours induction at room temperature and resuspended in lysis buffer (50 mM HEPES pH 7.5,
100 mM sodium chloride, 1 mM magnesium chloride, 50 uM GDP, 5 mM beta-mercaptoethanol, 5 mM imidazole, lysozyme, and pro-
tease inhibitors). Cells were disrupted by sonification using a 50% duty cycle, 70% power for four times 45 s. Intact cells and cell
debris were subsequently removed by centrifugation and the supernatant was incubated with Ni-chelated Sepharose (GE healthcare)
resin for 1.5 h at 4°C. The Ni-chelated Sepharose resin was washed multiple times in batch with lysis buffer supplemented with 20 mM
imidazole and then loaded into a wide-bore glass column. The protein was eluted with lysis buffer containing 200 mM imidazole and
dialyzed overnight in dialysis buffer (50 mM Tris pH 7.5, 100 mM sodium chloride, 1 mM EDTA, 2 mM dithiothreitol (DTT), 10 uM GDP).
Toisolate myristoylated Ga;4, the dialyzed protein was further purified by hydrophobic interaction chromatography using a HiPrep 16/
10 Phenyl HP column (GE Healthcare). For this purpose, 3.6 M ammonium sulfate (NH4).SO,) was added dropwise to the protein to
adjust the concentration to 1.2 M. Precipitated protein was removed by centrifugation and filtration and the protein was loaded onto a
HiPrep 16/10 Phenyl HP column equilibrated with buffer A (50 mM Tris pH 7.5, 100 mM sodium chloride, 1 mM EDTA, 2 mM DTT,
10 uM GDP, 1.2 M (NH,4)>S0O4. The column was washed with 5 column volumes of buffer A before the protein was eluted with a linear
gradient 0%-100% of buffer B (50 mM Tris pH 7.5, 100 mM sodium chloride, 1 mM EDTA, 2 mM DTT, 10 uM GDP) over 45 min. The
myristoylated protein was concentrated and dialyzed overnight in buffer containing 20 mM HEPES pH 7.5, 100 mM sodium chloride,
1 mM magnesium chloride, 100 uM TCEP, and 10 puM GDP. After concentrating the protein, it was flash frozen in liquid nitrogen and
stored at —80°C until further use.

Formation and purification of the Ric-8A-Ga;; complex

Phosphorylated Ric-8A protein purified from insect cells was mixed with myristoylated Go,;; at a stoichiometric ratio of 1:1.5 and incu-
bated for 90 min at room temperature. To stabilize the complex, 2.5 U of Apyrase was added to enzymatically digest GDP. After addi-
tional incubation for 90 min at room temperature, the complex was concentrated and further purified by size exclusion chromatog-
raphy to remove monomeric Ga;j4 and Ric-8A. For this purpose, the protein was loaded on a Superdex 200 Increase 10/300 GL
column equilibrated with SEC buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, 100 uM TCEP). The complex peak was
collected and concentrated to 15 mg/mL for cryoEM imaging.

Expression and purification of the Ric-8A-Ga, complex

The glutathione S-transferase (GST) tag, followed by a tobacco etch virus (TEV) protease site, was added to the N terminus of un-
modified rat Ric-8A as described (Chan et al., 2011a). This construct as well as untagged, wild-type human Go were cloned into
pFastBac1 expression vectors and recombinant baculoviruses were prepared using the Bac-to-Bac baculovirus expression system
(Thermo Fisher). Trichoplusia ni cells (Expression Systems) were co-infected with both viruses at a ratio of 1:5 (GST-TEV-Ric-8A:Goa.g)
at a cell density of 3.0 x 10° cells per mL. Cultures were harvested 48 hours post infection and incubation at 27°C with gentle rotation.
Cells were lysed in CHAPS buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, 1 mM DTT, 11 mM CHAPS, protease inhibitors,
1 mM magnesium chloride, and 5 U Apyrase) by Dounce homogenization followed by sonification using a 50% duty cycle, 70% po-
wer for four times 45 s. The soluble fraction was incubated with Glutathione resin (Genscript) for 1 hour at 4°C. The Glutathione resin
was washed several times in batch with CHAPS buffer and then loaded into a wide-bore glass column. The complex was eluted with
CHAPS buffer supplemented with 10 mM reduced glutathione and dialyzed overnight at 4°C in dialysis buffer (20 mM HEPES pH 7.5,
100 mM sodium chloride, 1 MM DTT, and 11 mM CHAPS). During dialysis, TEV protease (1:5 w/w) was added to the dialysis cassette
to cleave off the amino-terminal GST-tag from Ric-8A. The cleaved GST tag and uncleaved fractions were removed by loading the
protein onto Glutathione resin at 4°C. The flow through containing Ric-8A-Gag complex, was concentrated and further purified by
size-exclusion chromatography using a Superdex 200 Increase 10/300 column equilibrated with SEC buffer (20 mM HEPES pH
7.5, 100 mM sodium chloride, 100 uM TCEP). The monomeric complex peak was collected and re-run on a Superdex 200 Increase
10/300 GL column to remove oligomers and finally concentrated to approximately 15 mg/mL for cryoEM imaging.

Expression and purification of non-myristoylated Go;; protein and the Go;1-AF354 mutant

Human Ga,; subunit and Go;1-AF354 with an amino-terminal 6x histidine tag followed by a rhinovirus 3C protease side were ex-
pressed in Rosetta 2 (DE3) cells (Merck) using pET21a. Cells were grown in Terrific Broth to ODggg of 0.6, and protein expression
was induced by addition of 0.5 mM IPTG. After 15 h of incubation at room temperature, cells were harvested and resuspended in
lysis buffer (50 mM HEPES pH 7.5, 100 mM sodium chloride, 1 mM magnesium chloride, 50 uM GDP, 5 mM beta-mercaptoethanol,
5 mM imidazole, lysozyme, and protease inhibitors). Cells were disrupted by sonification using a 50% duty cycle, 70% power for four
times 45 s. Intact cells and cell debris were subsequently removed by centrifugation and the supernatant was incubated with Ni-
chelated Sepharose (GE healthcare) resin for 1.5 h at 4°C. The Ni-chelated Sepharose resin was washed multiple times with lysis
buffer in batch and then loaded into a wide-bore glass column, and protein was eluted with lysis buffer containing 200 mM imidazole.
The eluted protein was dialyzed overnight in dialysis buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, 1 mM magnesium chlo-
ride, 20 uM GDP, 5 mM beta-mercaptoethanol, and 5 mM imidazole). The amino terminal histidine tag was cleaved by adding 1:1000
w/w 3C protease into the dialysis bag. Uncleaved protein, cleaved histidine tag, and 3C protease were subsequently removed by
incubation with Ni-NTA resin for 45 min at 4°C. The resin was loaded into a wide-bore glass column and the flow-through containing
the Ga subunit was collected. The protein was concentrated and run on a Superdex 200 10/300 GL column in SEC buffer (20 mM
HEPES pH 7.5, 100 mM sodium chloride, 1 mM magnesium chloride, 20 uM GDP, and 100 uM TCEP).
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Purification of His8-MBP-Ric-8A(423-530) for GDP release assay

The DNA encoding residues 423 to 530 of the C terminus of Ric-8A was cloned into a pMal vector to generate a construct containing a
N-terminal octahistidine tag followed by the maltose binding protein and Ric-8A(423-530) (His8-MBP-Ric-8A(423-530)). Rosetta 2
(DE3) cells (Merck) transformed with pMal-His8-MBP-Ric-8A(423-530) were grown in Terrific Broth medium at 37°C to an ODggg
of 1. For protein expression, the cells were induced with 0.5 mM IPTG for 15 hours at room temperature. After harvesting the cultures,
cells were disrupted by sonification using a 50% duty cycle, 70% power for four times 45 s in buffer containing 50 mM HEPES pH 7.5,
100 mM sodium chloride, 5 mM beta-mercaptoethanol, 5 mM imidazole, protease inhibitors, and lysozyme. Intact cells and cell
debris were subsequently removed by centrifugation and the supernatant was incubated with Ni-chelated Sepharose (GE healthcare)
resin for 1.5 h at 4°C. The Ni-chelated Sepharose resin was washed 3 times in batch using wash buffer (50 mM HEPES pH 7.5,
100 mM sodium chloride, 5 mM beta-mercaptoethanol, protease inhibitors, and 20 mM imidazole). After loading the resin into a
wide-bore glass column, it was washed with 10 column volumes of wash buffer before the protein was eluted in wash buffer supple-
mented with 200 mM imidazole. The eluted protein was concentrated and further purified by size-exclusion chromatography using a
Superdex 200 Increase 10/300 GL column and SEC buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, and 100 uM TCEP) to
remove oligomers and free MBP. The monomeric protein was collected, concentrated, and flash frozen in liquid nitrogen for further
usage.

In vitro phosphorylation of MBP-Ric-8A (423-530)

Purified His8-MBP-Ric-8A(423-530) (4 mg) was phosphorylated with 60 pg of Casein Kinase Il (CKIl) (New England Biolabs Inc.) for 2
hours at 30°C in 4 mL of phosphorylation buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, 5 mM EDTA, 100 uM TCEP, 10 mM
magnesium chloride, and 250 uM ATP. The phosphorylated protein was further purified by size-exclusion chromatography and phos-
phorylation was analyzed with Pro-Q Diamond Phosphoprotein Gel Stain (Thermo Fisher).

GDP release assay

The GDP release assay was performed with purified full-length Ric-8A or MBP-Ric-8A(423-530) protein in the unphosphorylated or
phosphorylated state, respectively, and Ga;4. For this purpose, Ga;1 in 20 mM HEPES pH 7.5, 100 mM sodium chloride, 1 mM mag-
nesium chloride, 100 uM TCEP, and 5 uM GDP was diluted to 0.4 uM in GDP-loading buffer (20 mM HEPES pH 7.5, 150 mM sodium
chloride, 1 mM EDTA pH 8.0, 100 uM TCEP) and *H-GDP (39.8 Ci/mmol, Perkin Elmer) was added to a final concentration of 2.5 uM.
After incubation for 60 min at room temperature, the GDP release was initiated upon the addition of Ric-8A proteins (0 or 1 uM) in
reaction buffer (20 mM HEPES pH 7.5, 100 mM sodium chloride, 1 mM magnesium chloride, 100 uM TCEP, and 100 uM GTPyS).
At 0 and 20 min, 500 uL of ice-cold wash buffer (20 mM HEPES pH 7.5, 150 mM sodium chloride, 20 mM magnesium chloride,
30 uM aluminum sulfate, 5 mM sodium fluoride) was added to 20 uL of the reaction and the mixture was immediately filtered using
a microanalysis filter holder (EMD Milipore) and pre-wet mixed cellulose filters (25 mm, 0.22 um). The filter was washed three times
with 500 plL ice-cold wash buffer and dried for at least 1 h at room temperature. The amount of radioactivity that remained bound to
the filters was determined by liquid scintillation spectrometry. GDP release data were analyzed using GraphPad Prism.

Fluorescence polarization spectroscopy

FITC-labeled Ric-8A (504-530) peptide with phosphoserines at positions 522, 523, and 527 was obtained by custom peptide syn-
thesis from Tufts University Core Facility and dissolved to an approximate concentration of approximately 1mM in 100 mM HEPES
pH 7.4. The exact concentration was then determined by diluting the stock appropriately to be in a linear absorbance range and by
measuring the FITC absorbance at 495 nm. Using the chosen dilution factor and the calculated extinction coefficient at pH 7.5 of
84000 cm™ M, the exact stock concentrations was calculated. Fluorescence polarization spectroscopy measurements were per-
formed and analyzed based on published guidelines (Moerke, 2009; Rossi and Taylor, 2011). To perform saturation binding exper-
iments, two-fold dilution series in 20 mM HEPES pH 7.4, 100 mM sodium chloride, 100 uM TCEP, 0.01% (w/v) DDM and 20 uM GDP
of unlabeled Ga;1, Gois, and a-helical domain of G4 (Goi1-AHD) were made, yielding twelve samples with final concentrations ranging
from 592 uM to 0.07 pM, 550 uM to 0.07 uM, and 1008 uM to 0.1 uM, respectively. Each of these samples was incubated with FITC-
labeled peptide for 1 hour at room temperature prior to measurements, and for each dataset, a control sample containing no protein
was included to measure the free anisotropy of FITC-labeled peptide. The FITC-labeled Ric-8A (504-530) was used at a final con-
centration of 4 nM in all assays. Measurements were performed in quintuplicate in a 384-well plate on a Tecan Infinite M1000 (Tecan
Life Sciences), using an excitation wavelength of 470 nm, an emission wavelength of 525 nm and excitation, and emission band-
widths of 5 nm. The obtained data was fit using “One Site — Total” nonlinear regression in GraphPad Prism.

CryoEM data acquisition and processing
3.5 ul of Ric-8A-Ga; or Ric-8A-Gag (~5mg/mL) supplemented with 0.05% (w/v) B-octyl glucoside detergent was applied to freshly
glow-discharged gold holey carbon grids (Quantifoil, Au-R1.2/1.3) under 100% humidity. Excess sample was blotted away for
1.5 s at 20°C, and the grids were subsequently plunged-frozen using a Vitrobot Mark IV (Thermo Fisher Scientific).

Ric-8A-Ga. protein complexes were imaged at cryogenic temperatures with a Titan Krios G2 (ThermoFisher Scientific) transmission
electron microscope with a post column energy filter (20mV slit width) operated at 300 kV on a Gatan K2 Summit direct electron cam-
era at a magnification of x 130,000 (1.06 /&/pixel) for Ric-8A-Ga;4 and x 165,000 (0.82 /&/pixel) for Ric-8A-Go,. 3095 micrographs,
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dose fractioned over 50 frames, for Ric-8A-Ga¢, and 7560 micrographs, dose fractioned over 48 frames, for Ric-8A-Go, complexes,
were recorded with a dose rate of 1.3 e/A2 (7.3 e/pixel/second) using counted mode with a defocus range of 1.0-2.0 um using Se-
rialEM (Mastronarde, 2005). Beam induced anisotropic image motion on the micrographs was corrected using MotionCor2 (versions;
1.2.1 and 1.2.6) (Zheng et al., 2017) with dose weighting. Contrast transfer function values of each micrograph was initially deter-
mined using both CtfFind4 (Rohou and Grigorieff, 2015) and Gctf 1.06 (Zhang, 2016) and further refined using Relion3 (Zivanov
et al., 2018). Auto-picked particle projections, 4,723,551 for Ric-8A-Gaq4 and 4,960,082 for Ric-8A-Goai1, were subjected to several
rounds of two-dimensional reference-free alignment to exclude damaged particles and contaminations using Relion3 (Zivanov
et al., 2018). The initial models for both maps were obtained using Relion3 stochastic gradient descent algorithm implemented
from cryoSPARC (Punjani et al., 2017). The particles in the well-defined 2D classes were further processed with several rounds of
3D classification to remove particles populating poorly defined classes. Initial 3D classifications yielded 424,000 high quality particle
projections for Ric-8A-Gag and 727,000 for Ric-8A-Ga;q. The core part of both Ric-8A-Ga complexes were stable across several 3D
classifications, in contrast to the C-terminal extended region of Ric-8A that displayed variability. The most complete maps were ob-
tained by selection of particle sets belonging to classes with clear density around the C-terminal extended loop of Ric-8A. Around
70,000 and 153,000 particles for Ric-8A-Gog and Ric-8A-Gaq, respectively, were refined independently to obtain maps with global
indicated resolution of 3.5 and 4.1 A, respectively, using the FSC 0.143 criterion. The masks used for final refinements were generated
with Relion3 and excluded the a-helical domain. Local resolution maps were generated with Relion3.1. Validation of cryoEM maps
and models was performed with PHENIX (Liebschner et al., 2019). Three-dimensional orientation distribution is assessed by 3D-FSC
curves generated using the 3DFSC tool (Tan et al., 2017). UCSF Chimera was used for map/model visualizations and figure prepa-
ration (Pettersen et al., 2004).

Model building and refinement

Initial models of Ric-8A-Ga;1 and Ric-8A-Ga were built by rigid-body fitting of the Ric-8A (residues 1-423) (PDB: 6NMG) (Zeng et al.,
2019), as well as the Ras-like domain of Ga;y (PDB: 1GP2) (Wall et al., 1995) and Gag (PDB: 3AH8) (Nishimura et al., 2010) into the
cryoEM maps. Ric-8A residues 424-482 of the Ric-8A-Ga,y and 424-484 of the Ric-8A-Gag complex, as well as the p6-a5 loop
and a5 helix of Ga;y and Gag, were built by de novo modeling. For most of Ric-8A, the map quality was sufficient for building and
assign side chains, except for the C-terminal residues 452-484 in the Ric-8A-Go, complex that did not allow unambiguous assign-
ment of the registration of amino acid residues. As a result, residues 452-457 were not included in the final model and residues 458-
484 were built as a poly alanine model. The map quality in this region was better in the Ric-8A-Ga,4 structure and allowed building of
the Ric-8A model up to residue 482 including side chains. The Ras-like domain of Ga;; was modeled between residues 32-54 and
193-354 due to the poor density of the alpha helical domain (residues 63—176) and adjacent loops that was only visible in low-
pass filtered maps. For Goag, we were only able to build a model for residues 217-359 due to the weaker cryoEM map density in
the N-terminal region compared to Ga;;. Side chains and loop residues without sufficient EM density were stubbed or completely
deleted.

The starting models were then subjected to iterative rounds of manual refinement in Coot (Emsley et al., 2010) and real space
refinement in Phenix (Adams et al., 2011). The final models were visually inspected for general fit to the maps and the geometry
was analyzed using MolProbity (Williams et al., 2018) as part of the Phenix software suite. The final refinement statistics for both
models are summarized in supplemental data (Table S1). All molecular graphics figures were prepared with UCSF Chimera (Pettersen
et al., 2004). Residue numbering for the interaction profiles between Ric-8A and Ga subunits (Figure S7) are based on Ga;; and the
“common Ga numbering (CGN) system in superscript” (Flock et al., 2015).

Generation of a homology model of Ric-8B-Gog

A homology model of the Ric-8B-Ga,s complex was generated by using SWISS-MODEL (Waterhouse et al., 2018). For this purpose,
we used the Ric-8A-Gayq structure as a template, including Ric-8A residues 1-451 and the poly-alanine model of the C-terminal tail
(residues 458- 484) as well as Gaq 217-359. For the target sequences we used the Uniprot entries P63092 (human Ga.,) and QONVN3
(human Ric-8B).

Protein Thermal Stability Assays

Thermal stability of indicated Ric-8A proteins were analyzed by a SYPRO Orange fluorescent dye-based denaturation assay using a
Bio-Rad C1000 - CFX96 Real-Time PCR detection system. SYPRO Orange dye was added at 1000x dilution in samples containing
0.5mg/mL Ric-8A 1-452 or full-length with or without phosphorylation (Buffer: 20 mM HEPES pH:7.4, 140 mM KCI, 5% glycerol and
1mM TCEP). Fluorescence of SYPRO orange is measured between 10 to 80°C (30 s per 1°C increments) using the SYBR channel on
the CFX96 plate reader.

Cell culture and cell line generation
Wild-type and RIC-8A knockout HEK293T cell lines were cultured in DMEM with 10% (v/v) FBS. The RIC-8A knockout cell line was
generated using CRISPR technology (Papasergi-Scott et al., 2018) RIC-8A knockout cell lines with stably-expressed 3X FLAG-
tagged Ric-8A point mutants were generated by transfection of pcDNA3.1-Hygro-3XFlag-TEV-Ric-8A point mutant plasmids and
selection with 300 pg/mL Hygromycin B.
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Membrane preparation and Immunoblotting

Cells were washed and harvested in PBS containing protease inhibitor cocktail (23 ug/mL phenylmethylsulfonyl fluoride, 21 pg/mL
Na-p-tosyl-L-lysine-chloromethyl ketone, 21 pg/mL L-1-p-tosylamino-2-phenylethyl-chloromethyl ketone, 3.3 ng/mL leupeptin, and
3.3 ng/mL lima bean trypsin inhibitor). Cells were suspended in 20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM MgCl, and 1 mM EDTA,
and protease inhibitor cocktail and lysed using a nitrogen cavitation device (Parr Industries). The lysates were centrifuged at 750 g
and the supernatants were centrifuged at 100,000 g for 30 min. The pelleted membranes were suspended in 2X SDS sample buffer.
The amido black protein assay was used to quantify total protein in all samples (Schaffner and Weissmann, 1973). The lysates were
resolved by 12% SDS-PAGE, transferred to nitrocellulose and immunoblotted with a Gg/11a antibody (Millipore 06-709).

Multiple sequence alignment and secondary structure prediction
The multiple sequence alignment for Ric-8 was done using Clustal Omega program (Madeira et al., 2019) and displayed using Jalview
software (Waterhouse et al., 2009). The following species and their corresponding reference sequences are used for the RIC-8 mul-
tiple sequence alignment; Ric-8A Rattus norvegicus (NP_001093990.1), Ric-8A Homo sapiens (NP_001273063.1), Ric-8B Homo sa-
piens (NP_001317074.1), Ric-8 Drosophila melanogaster (NP_001285048.1), Ric-8 Caenorhabditis elegans (NP_001023561.1) and
Ric-8 Xenopus tropicalis (NP_989159.1).

The secondary prediction for Ric-8A was done using PSIPRED 4.0 (Jones, 1999), visualized by Jalview (Waterhouse et al., 2009)
and the previously known phosphorylation sites are manually added to its corresponding figure.

QUANTIFICATION AND STATISTICAL ANALYSIS

GDP dissociation was quantified by liquid scintillation spectrometry using a scintillation counter (Beckman). The counts after 20 min
incubation time were normalized to the counts at time point zero to calculate the percentage of bound GDP: (counts at t,(): (counts at
to). Experiments were run at least in triplicate and error bars are the mean + SD.

Western blot band intensities were quantified by pixel densitometry analysis using Adobe Photoshop. Images were inverted and
band intensities were measured using the formula: (Mean pixel intensity * area) - (Mean pixel intensity blank * area). Western blots
were run in triplicate and error bars are the mean + SEM.

DATA AND CODE AVAILABILITY
The atomic coordinates of the Ric-8A-Ga, and Ric-8A-Ga; have been deposited in the Protein Data Bank (PDB) under accession

number PDB: 6VU5 and PDB: 6VUS, respectively. The cryoEM maps of Ric-8A-Gag and Ric-8A-Gaiy have been deposited in the
Electron Microscopy Data Bank (EMDB) with the codes EMDB: EMD-21387 and EMDB: EMD-21388, respectively.
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Supplementary Figure 1. Overview of protein purification strategies and cryoEM imaging. (A) Representative
elution profile of purified Ric-8A-Goy;; and Ric-8A-Ga, complexes on Superdex200 Increase 10/300 size-exclu-
sion column. (B) Representative cryoEM micrographs and (C) 2D class averages of full-length Ric-8A bound to
full-length Gay; (left panels) and Ga, (right panels) for ~200,000 total particle projections with each class
representing between 500 to 2500 particle projections. Related to Figure 1.
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Supplementary Figure 2. CryoEM workflow for the Ric-8A-Ga complexes. (A) CryoEM processing flow-chart, (B) local resolution
estimation and (C) angular distribution of the projections contributing to the refined cryoEM map of the Ric-8A-Ga;; complex. (D) CryoEM
processing flow-chart, (E) local resolution estimation and (F) angular distribution of the projections contributing to the refined cryoEM map
of the Ric-8A-Ga, complex. Related to Figure 1.
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Supplementary Figure 3. CryoEM map quality and validation. (A) Representative cryoEM densities of Go, (magenta) and Ga;; (gold) bound
to Ric-8A (blue - left panels for Ga,and right panels for Ga.,;). (B) Fourier shell correlation plots between the model and full map and between
the half maps generated using Mtriage in PHENIX and 3DFSC. Dashed lines represent the resolution values at 0.143 FSC for half maps and
0.5 FSC for the model to full map. (D) Structural variability in Ric-8A-Ga complexes. Ric-8A-Gua; particles were subjected to iterative 3D
classification rounds followed by refinement to elucidate variation across reconstructions. Corresponding Ric-8A and Ga;; densities are
colored blue and gold respectively. Four representative classes are shown to highlight the structural variability (indicated by arrows) of the
extended C-terminal loop region of Ric-8A, the C-terminal helix of Ric-8A interacting with the switch2 motif of Goy;, the Ras-like domain
secondary structure elements that interact with guanine nucleotide and the AHD, and the loop between a5 and 6 of Goy; including the TCAT
motif respectively. Related to Figure 1.
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Supplementary Figure 4. Comparison of Ric-8A structures and topology of the C-terminal tail of Ric-8A. (A) Domain
architecture of Ric-8A, color coded by ARM/HEAT repeats and the extended C-terminal loop, in complex with Ga; (grey).
(B) Comparison of the Ric-8A structures bound to Goy; (tan) and Go, (blue), aligned according to the first two HEAT repeats
of Ric-8A to show the more compact conformation of the core ARM/HEAT repeats of Ric-8A bound to Ga,. (C) Ric-8A-Goy
complex structure (tan/grey) compared with the crystal structure of Ric-8A 1-453 alone (red, PDB: 6NMG); the arrow
indicates the sulfate ion bound to Ric-8A in the crystal structure. (D) Ric-8 A-Ga;; complex structure (tan/grey) compared with
the crystal structure of Ric-8A (cyan) bound to a Ga transducin (Ga,) peptide (purple), (PDB:6N85). (E) Secondary structure
prediction of Ric-8A residues 401-530 and experimentaly identified phosphorylation sites. Related to Figure 3.
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Supplementary Figure 5. Comparison of Ga struc-
tures in complex with GTPyS, Ric-8A or a GPCR.
Comparison of (A) the structure of Gay; (gold) bound to
Ric-8A (blue) aligned with the nucleotide free structure
of Gay; (purple) bound to Cannabinoid Receptor 1
(CB1) (PDB:6N4B) and (B) the structure of Ga,
(magenta) bound to Ric-8A (blue) to the nucleotide free
structure of Ga,;;; chimera (green) bound to the
Muscarinic Acetylcholine Receptor 1 (M1)
(PDB:601J). (C-D) Comparison of the Gay; structure
bound to GTPyS (PDB ID: 1GIA) or to Ric-8A. The G
a;; 05 helix (gold) adopts a distinct conformation when
bound to Ric-8A compared to that of the canonical
GTP bound state (white). The a5 helix in the Ric-8A-G
a5 complex is displaced to interact with the concave
inner surface of Ric-8A. The canonical a5 helix
position is occupied by the second helix of the final
HEAT repeat (aB9) of Ric-8A. (E) Ric-8A prevents
premature association of Gy, with G, by interacting with the switch2 motif. Overlay of the Gy, crystal structure
(PDB ID:1GP2) with the cryoEM model of Gay; (gold) bound to Ric-8A (blue). The switch2 motif interacts with
Ric-8A in both Go;; and Gag. The switch2 motif of Go;; bound to Ric-8A adopts a different conformation than switch2
motif in either Gao;; in complex with B,y, (slate grey/grey) or Ga, alone. The conformation of Ga switch2 in Ric-8A-Ga
structures does not appear to be compatible with canonical By, interaction. Related to Figure 3.
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Supplementary Figure 6. Multiple sequence alignment of Ric-8, thermal stability of Ric-8A and expression control of Ric-8A mutants in
the cell based Ric-8A complementation assay. (A) The sequence alignment of Ric-8 includes Ric-8A Rattus norvegicus (NP_001093990.1),
Ric-8A Homo sapiens, (NP_001273063.1), Ric-8B Homo sapiens (NP_001317074.1), Ric-8 Drosophila melanogaster (NP_001285048.1),
Ric-8 Caenorhabditis elegans (NP_001023561.1) and RIC-8 Xenopus tropicalis (NP_989159.1). (B) Thermal stability of full-length
Ric-8A (Ric-8A FL), phosphorylated/full-length Ric-8A (p-Ric-8A FL) and truncated Ric-8A (Ric-8A 1-452), and phosphorylated/truncated
Ric-8A (p-Ric-8A 1-452). The stability was analyzed using SYPRO Orange fluorescence over increasing temperatures. (C) Knockout of
RIC-8A in HEK293T cells results in a Go, abundance defect (Papasergi-Scott et al., 2018). The rescue of Go, abundance upon stable
expression of Ric-8A mutants was analyzed by quantitative immunoblotting of cell membrane samples. Representative western blot of
membrane-bound Ga, is shown in upper panel and Ric-8A in lower panel. Related to Figure 4 and 6.
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Supplementary Figure 7. Comparison of interaction profiles of the a5 helices with the Ric-8 core domain. Interaction profile of
the o5 helix of (A) Gay; or (B) Ga, with Ric-8A identified in the cryoEM structures, and the a5 helix of Go, with Ric-8B predicted
by homology modeling. Residue numbering is based on the “common Ga numbering (CGN) system in superscript” (Flock et al.,
2015). Related to Figure 5.



Table S1. CryoEM data collection, refinement and validation statistics. Related to Figure 1.

Data collection and Ric-8A-Gagq Ric-8A-Gai1
processing
Magnification 165,000 130,000
Voltage (kV) 300 300
Electron exposure (e/A2?) 62 65
Defocus range (um) 1.0-2.0 1.0-2.0
Pixel size (A) 0.82 1.06
Symmetry imposed C1 C1
No. Initial particle images 4,723,551 4,960,082
No. Final particle images 70,439 153,110
Map resolution (A) 3.5 4.0
FSC threshold 0.143 0.143
Map resolution range (A) 3.2-4.2 3.8-4.5
Map sharpening B factor (A2) | -90 -180
Refinement
Initial model used (PDB code) | 6NMG (Ric-8A)/3AH8 6NMG (Ric-8A)/1GP2
(Gag) (Gain)
Supplied resolution (A) 3.5 4.0
FSC threshold 0.5 0.5
Model composition
Chains 2 2
Non-hydrogen atoms 4,657 5249
Protein residues 603 669
B factors (A2 71.51 142.16
R.m.s. deviations
Bond lengths (A) 0.006 0.005
Bond angles (°) 0.934 1.023
Validation
MolProbity score 1.98 1.97
Clashscore 8.28 7.78
Poor rotamers (%) 0.00 0.00
Ramachandran plot
Favored (%) 90.53 90.08
Allowed (%) 9.47 9.92
Disallowed (%) 0 0




Table S2. Oligonucleotides. Related to Key Resources Table.

REAGENT or RESOURCE

| SOURCE

IDENTIFIER

Oligonucleotides

Gain-AF354_Fw: 5-AAAGATTGTGGTCTCTAAGC
TTCTGAGATCCGGCTGC-3’

Stanford Pan Facility

Custom synthesis

Gaii-AF354_Rev: 5-TCTCAGAAGCTTAGAGACCACA
ATCTTTTAGATTATTTTTTATGATGACATCTGTTAC-3

Stanford Pan Facility

Custom synthesis

Quickchange PCR forward primer for R75E: 5'- IDT Customer synthesis
CCGAATCCTATCCGAAGACCGCAGCTGCC-3

Quickchange PCR reverse primer for R75E: 5'- IDT Customer synthesis
GGCAGCTGCGGTCTTCGGATAGGATTCGG-3

Quickchange PCR forward primer for N123A: 5'- IDT Customer synthesis
CAAATGCCTGTGTGCTCTTGTGCTCAGCAG-3

Quickchange PCR reverse primer for N123A: 5'- IDT Customer synthesis
CTGCTGAGCACAAGAGCACACAGGCATTTG-3

Quickchange PCR forward primer for F163A: 5'- IDT Customer synthesis
CGAAGTCCAGTTCGCTGACTTAAGGCTCC-3

Quickchange PCR reverse primer for F163A: 5'- IDT Customer synthesis
GGAGCCTTAAGTCAGCGAACTGGACTTCG-3

Quickchange PCR forward primer for L174W: 5’- IDT Customer synthesis
CCTGCTAACAGCCTGGCGCACTGATGTGC-3

Quickchange PCR reverse primer for L174W: 5'- IDT Customer synthesis
GCACATCAGTGCGCCAGGCTGTTAGCAGG-3

Quickchange PCR forward primer for K225A: 5'- IDT Customer synthesis
CATGGAAATCCTCGCAGTGCTCTTTAACATC-3

Quickchange PCR reverse primer for K225A: 5'- IDT Customer synthesis
GATGTTAAAGAGCACTGCGAGGATTTCCATG -3

Quickchange PCR forward primer for F228W: 5’- IDT Customer synthesis
CCTCAAAGTGCTCTGGAACATCACCTACG-3

Quickchange PCR reverse primer for F228W: 5'- IDT Customer synthesis
CGTAGGTGATGTTCCAGAGCACTTTGAGG -3

Quickchange PCR forward primer for F232A: 5'- IDT Customer synthesis
CTTTAACATCACCGCCGACTCTGTTAAGAG-3

Quickchange PCR reverse primer for F232A: 5'- IDT Customer synthesis
CTCTTAACAGAGTCGGCGGTGATGTTAAAG -3

Quickchange PCR forward primer for H273F: 5'- IDT Customer synthesis
GGAGTTCCATGGCTTCACCGTGAATCTCC-3

Quickchange PCR reverse primer for H273F: 5'- IDT Customer synthesis
GGAGATTCACGGTGAAGCCATGGAACTCC -3

Quickchange PCR forward primer for R365A+E367A: 5°- | IDT Customer synthesis
GGGATGTGAGGACTGCGCCTGCGGTGGGGGACCT

GCTC-3

Quickchange PCR reverse primer for R365A+E367A: 5°- | IDT Customer synthesis
GAGCAGGTCCCCCACCGCAGGCGCAGTCCTCACAT

Cccc-¥

Quickchange PCR forward primer for T381V: 5'- IDT Customer synthesis
CTTGTCCGCCTCATGGTACACCTGGATACAG-3’

Quickchange PCR reverse primer for T381V: 5'- IDT Customer synthesis
CTGTATCCAGGTGTACCATGAGGCGGACAAG -3

Quickchange PCR forward primer for R389A: 5’- IDT Customer synthesis
GATACAGATGTGAAGGCAGTAGCTGCTGAGTTC-3

Quickchange PCR reverse primer for R389A: 5'- IDT Customer synthesis

GAACTCAGCAGCTACTGCCTTCACATCTGTATC -3




Quickchange PCR forward primer for A416W: 5'- IDT Customer synthesis
CTACGGGAATGCTTGGGGCCTCCTGGCTG-3

Quickchange PCR reverse primer for A416W: 5'- IDT Customer synthesis
CAGCCAGGAGGCCCCAAGCATTCCCGTAG -3

Quickchange PCR forward primer for A420W: 5'- IDT Customer synthesis
CTGCTGGCCTCCTGTGGGCCAGGGGCCTCATG -3

Quickchange PCR reverse primer for A420W: 5'- IDT Customer synthesis

CATGAGGCCCCTGGCCCACAGGAGGCCAGCAG -3
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