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SUMMARY

Ric-8A is a 530-amino acid cytoplasmic molecular
chaperone and guanine nucleotide exchange factor
(GEF) for i, q, and 12/13 classes of heterortrimeric
G protein alpha subunits (Ga). We report the 2.2-Å
crystal structure of the Ric-8A Ga-binding domain
with GEF activity, residues 1–452, and is phosphory-
lated at Ser435 and Thr440. Residues 1–429 adopt a
superhelical fold comprised of Armadillo (ARM) and
HEAT repeats, and the C terminus is disordered.
One of the phosphorylated residues potentially binds
to a basic cluster in an ARM motif. Amino acid
sequence conservation and published hydrogen-
deuterium exchange data indicate repeats 3 through
6 to be a putative Ga-binding surface. Normal mode
modeling of small-angle X-ray scattering data indi-
cates that phosphorylation induces relative rotation
between repeats 1–4, 5–6, and 7–9. 2D 1H-15N-
TROSY spectra of [2H,15N]-labeled Gai1 in the pres-
ence of R452 reveals chemical shift perturbations
of the C terminus and Gai1 residues involved in
nucleotide binding.

INTRODUCTION

In eukaryotes, heterotrimeric G proteins––composed of guanine

nucleotide binding alpha subunits (Ga) and tightly bound hetero-

dimers of Gb andGg subunits––regulate the activities of intracel-

lular effector enzymes and ion channels that control a variety

of biochemical processes such as protein phosphorylation

and dephosphorylation, gene transcription, and ion transport

through membranes (Cabrera-Vera et al., 2003). These in turn

regulate physiological processes that include sensory process-

ing, energy metabolism, neurotransmission, immune activation,
and cytokinesis. G proteins, when localized at the intracellular

surface of the plasma membrane, are activated by membrane-

embedded G protein-coupled receptors (GPCRs) on their stimu-

lation by extracellular agonists. GPCRs activate G proteins by

catalyzing the exchange of GDP for GTP at the G protein alpha

subunit (Ga), and its subsequent dissociation from Gbg. Both

Ga$GTP and Gbg are effector regulators or co-regulators. The

regulatory cycle is terminated on GTP hydrolysis at the nucleo-

tide binding site of Ga.

G protein activation is not confined to the plasma membrane

or other membrane compartments (DiGiacomo et al., 2018; Hin-

richs et al., 2012). In amutational scan ofmutants with resistance

to inhibitors of cholinesterase in Caenorhabditis elegans, Miller

et al. (1996) identified amutant they cataloged as ric-8. The novel

product of this gene, Ric-8 (or Synembryn) was found to be up-

stream of, or epistatic to, C. elegans homologs of Gaq and Gao,

and RIC-8 defective mutations elicited defects in secretory

vesicle priming and mitotic spindle orientation and movement

(Miller et al., 2000; Miller and Rand, 2000). Tall et al. (2003) found

that rat Ric-8A possesses GEF activity toward Ga subunits of the

i, q, and 12/13 families. The in vitro GEF activity toward Ga is in-

dependent of and, indeed, inhibited by, Gbg, in contrast to the

action of GPCRs for which G protein heterotrimers are the phys-

iological substrates. In the wake of this discovery, several labo-

ratories uncovered apparent roles for Ric-8A in asymmetric cell

division involving Ga guanine nucleotide dissociation inhibitors

andGTPase activating proteins (reviewed in Bellaiche andGotta,

2005; Hampoelz and Knoblich, 2004). Roles for Ric-8A have also

been described in cytokinesis abscission (Boularan et al., 2014),

and in regulation of synapse number in neurons, where it is sub-

ject to inhibition by frequenin (Romero-Pozuelo et al., 2014).

These observations suggested models for a functional G protein

GTPase regulatory cycle independent of GPCRs or Gbg and

operating at the cell cortex or cytoplasm rather than the plasma

membrane (Blumer and Lanier, 2014; Tall, 2013). More recently,

mammalian Ric-8A and its Gas class-specific homolog Ric-8B,

were shown to act as chaperones for Ga subunits, assisting their

acquisition of native structure, transport to the membrane, and
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Figure 1. R452 Is an Active Exchange Factor

Steady-state rates of GTP hydrolysis catalyzed by 1 mM myristoylated Gai1

and 30 mM GTP in the presence of varying concentrations of phosphorylated

and non-phosphorylated R452 and intact Ric-8A (R530). Data points are

represented as mean ± SEM for three replicates. See also Figures S1, S2,

and S5B.

Please cite this article in press as: Zeng et al., Structure, Function, and Dynamics of the Ga Binding Domain of Ric-8A, Structure (2019), https://
doi.org/10.1016/j.str.2019.04.013
resistance to ubiquitination and subsequent degradation (Chan

et al., 2013; Gabay et al., 2011; Nagai et al., 2010). Deletion of

Ric-8A impairs biogenesis of functional Ga proteins in a variety

of cell lines (Papasergi et al., 2015). It has been recently discov-

ered that Ric-8A phosphorylation at five casein kinase II Ser/Thr

sites that are highly conserved across Ric-8 phylogeny activates

both the GEF and chaperone activity of Ric-8A (Papasergi-Scott

et al., 2018). Thus, whereas Ga activation at the membrane is

regulated by exogenous GPCR agonists, cytoplasmic activation

via Ric-8 is likely subject to regulation by cellular kinases and

phosphatases.

Little is understood about the mechanism by which Ric-8 ho-

mologs catalyze nucleotide exchange at Ga. As is the case for

GPCR-catalyzed activation, the nucleotide exchange reaction

proceeds with the formation of a nucleotide-free Ric-8:Ga inter-

mediate (Tall et al., 2003). This intermediate is biochemically sta-

ble in the absence of GTP. Biophysical investigations of this

complex revealed that nucleotide-free Gai1 adopts a molten-

globule-like state when bound to Ric-8A (Thomas et al., 2011)

and is structurally heterogeneous (Van Eps et al., 2015). The

secondary structure scaffold that supports the nucleotide bind-

ing site in the Gai1 Ras-like domain becomes accessible to

hydrogen-deuterium exchange (HDX) and is therefore likely de-

stabilized (Kant et al., 2016). That Ric-8A promotes a structurally

heterogeneous state while inducing long-range conformational

changes in Gai1 suggests a common mechanistic basis for its

GEF and chaperone activities.

Clearly, a detailed understanding of the mechanism of Ric-8A

cannot be attained without knowledge of the structures of Ric-8

and its complex with Ga. Although the atomic structures of a va-

riety of Ga proteins have been determined in several conforma-

tional states (Sprang et al., 2007), only computational models are

available for Ric-8A (Figueroa et al., 2009; Kant et al., 2016;

Papasergi-Scott et al., 2018). The accuracy of such models is

tenuous in view of the absence of reasonably close (>30% amino

acid sequence identity) homologs to any members of the Ric-8

family. Here, we describe the high-resolution structure of a frag-
2 Structure 27, 1–11, July 2, 2019
ment of rat Ric-8A composed of the N-terminal 452 residues of

the intact, 530-residue protein, which we termR452. This protein

retains the two (of five) casein kinase II phosphorylation sites that

are critical for GEF stimulation. We show that R452 retains partial

GEF activity that is stimulated by phosphorylation, and forms a

stable complex with Gai1. The crystal structure of phosphory-

lated R452 (pR452), in conjunction with the results of earlier

HDX-mass spectrometry (MS) experiments, small-angle X-ray

scattering (SAXS) data and evolutionary conservation analysis,

provides insight into the mechanism of Ric-8A binding, and the

global structural consequences of phosphorylation. We describe

heteronuclear NMR experiments that begin to define the struc-

tural elements of Gai1 with which Ric-8A interacts, suggesting

commonalities with the mechanism of GPCR activation despite

the absence of structural homology between Ric-8 isoforms

and members of the GPCR family.

RESULTS

Attempts to generate crystals of intact Ric-8A or the highly active

fragment comprising residues 1–491 (R491) did not yield crystals

suitable for structure determination. Earlier experiments with

C-terminal truncation mutants of Ric-8A that retain partial GEF

activity (Thomas et al., 2011), led us to a more thorough investi-

gation of a 452-residue fragment that includes all but the C-ter-

minal 78 residues of Ric-8A (R452). In accordance with the

pattern of casein kinase II (CK2) phosphorylation reported for

intact Ric-8A, mass analysis shows an increase in mass of

160 Da on treatment of R452 with CK2, consistent with phos-

phorylation at rat Ric-8A residues Ser435 and Thr440 (Fig-

ure S1A). These are the only two CK2 phosphorylation sites

within the amino acid sequence range of R452 that are shared

with the intact protein (Papasergi-Scott et al., 2018).

R452 Possesses Significant GEF Activity
R452 guanine nucleotide exchange activity is assayed by its

stimulation of the steady-state rate of Gai1-catalyzed GTP hy-

drolysis, a process that is limited by the ‘‘off’’-rate of GDP at

the active site of Ga: the intrinsic rate of nucleotide exchange

is about 10-fold lower than that of GTP hydrolysis (Gilman,

1987). A Ric-8 protein concentration response series was used

with 1 mM Gai1 to show that the stimulatory activity of R452 is

�50% of that of intact Ric-8A (Figure 1). Under the same condi-

tions, the GEF activity of R452 is enhanced by 15% on phos-

phorylation at Ser435 and Thr440. As indicated by surface

plasmon resonance analysis (SRP), both phosphorylated and

non-phosphorylated R452 form an equally stable complex with

nucleotide-free Gai1. Gai1 dissociates from R452 and pR452

slowly at a rate of �1 3 10�4 s�1 comparable with that of

Ric-8A (1–491), a larger fragment of Ric-8Awith highGEF activity

that is more amenable to SRP analysis than intact Ric-8A (Fig-

ure S2). The stable Gai1:pR452 complex can be isolated by

size-exclusion chromatography.

pR452 Adopts a Mixed Armadillo/HEAT Repeat Fold
We grew crystals of pR452 in space group P212121 by vapor

diffusion from a buffered PEG 3500 solution, forming ortho-

rhombic plates that attained dimensions of 50–150 mm in the

longest dimension and 5–20mm in cross-section after 2–3weeks.



Table 1. X-Ray Data Collection and Crystallographic Refinement

Statistics

Native Sulfur-SAD Oil-Immersed

Data Collection

Wavelength (Å) 0.979 1.77 0.980

Resolution

range (Å)

31.05–2.2

(2.28–2.2)

29.1–3.41

(3.72–3.40)

39.65–2.3

(2.382–2.3)

Space group P 21 21 21 P 21 21 21 P 21 21 21

Unit cell

dimensions

a, b, c (Å) 67.0, 103.6,

141.5

66.8, 103.4,

141.8

63.30, 100.1,

130.0

Total reflections 324,978

(22,568)

11,088,284

(1,536,621)

977,649

(98,737)

Unique

reflections

50,537

(4,980)

25,770

(6,848)

37,176

(3,675)

Redundancy 6.4 (4.5) 785.9 (803.4) 26.3 (26.9)

Completeness (%) 99.4 (99.2) 99.5 (100) 99.11 (99.19)

Mean I/s(I) 15.4 (2.2) 118.3 (67.1) 30.72 (4.55)

Wilson B factor 32.8 83.3 41.0

Rmeas
a 0.10 (0.58) 0.22 (0.37) 0.09 (1.04)

Rp.i.m.
a 0.04 (0.28) 0.008 (0.013) 0.02 (0.20)

CC1/2
b 1.0 (0.32) 1.0 (0.98) 1 (0.95)

Anomalous

CCb (%)

58.4

Bijvoet ratioc 1.22

Refinement

Rwork
a 0.230

(0.373)

0.211

(0.247)

Rfree
a 0.276

(0.404)

0.260

(0.338)

CCwork
b 0.959

(0.353)

0.957

(0.901)

CCfree
b 0.924

(0.263)

0.930

(0.780)

No. of total

atoms

Protein 6,671 6,445

Ligands (ions) 20 0

Solvent 202 96

Total protein

residues

843 813

Root-mean-

square deviation

Bond lengths (Å) 0.005 0.003

Bond angles (◦) 1.01 0.58

Ramachandran

plot (%)

Favoredd 97 98

Allowedd 3 2

Outliersd 0 0

Rotomer

outliers (%)d
0.14 0

Clash scored 6.95 6.51

Table 1. Continued

Native Sulfur-SAD Oil-Immersed

Average B factor

Macromolecules 47.3 50.6

Sulfate 75.9 NA

Water 42.9 49.91

Data for highest-resolution shell are given in brackets.
aRmeas =

P
hkl (n/n� 1)1/2

P
i jIi(hkl)� <I(hkl)>j/Phkl

P
i Ii(hkl), where Ii(hkl) is

the ith observation of the intensity of the reflection hkl and <I(hkl)> is

the mean over n observations. Rp.i.m. =
P

hkl(1/n � 1)1/2
P

i jIi(hkl) �
<I(hkl)>j/Phkl

P
i Ii(hkl). Rwork =

P
hkl jj Fobsj � jFcalcjj/

P
hkl jFobsj, where

Fobs and Fcalc are the observed and calculated structure factor ampli-

tudes for each reflection hkl. Rfree was calculated for 3% of the diffraction

data that were selected randomly and excluded from refinement.
bCorrelation coefficients: CC = Si((xi � <x>)(yi � <y>))/(Si((xi � <x>)2

(yi � <y>)2)1/2, where xi and yi are the ith of n observations of quantities

whose mean values are <x> and <y>; for CC1/2, xi, and yi correspond

to intensity measurements derived from each of two randomly selected

half-datasets from the set of unmerged data; For CCwork and CCfree, xi
and yi refer to observed structure factor amplitudes and structure factor

amplitudes computed from the refined atomic model, respectively, for

the working dataset and the set used to compute Rfree. CCano = <Dano

Dano,obs>/(<D
2
ano>

1/2 <D2
ano,obs>

1/2), where Dano and Dano,obs are the

anomalous structure factor amplitude differences (F+� F�), respectively,
computed from the anomalously scattering atomic substructure, and the

observed anomalous differences. CCano was calculated using data trun-

cated to dmin = 3.4 Å.
cBijvoet ratio [(<jF+/–j>)/(<F>)] 3 100, was calculated using James

Holton’s xtalsize server (http://bl831.als.lbl.gov/xtalsize.html).
dCalculated using MolProbity (Chen et al., 2010).
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The unphosphorylated protein formed crystals under the same

conditions, but these were considerably smaller and less suit-

able for X-ray data collection. Crystallographic phases derived

from data measured at l = 1.77 Å to 3.4 Å resolution were deter-

mined by single anomalous dispersion arising from a substruc-

ture composed of 40 sulfur atoms. The final atomic model was

refined with data measured at l = 0.979 Å extending to 2.2 Å res-

olution to working and free R factors of 0.22 and 0.27, respec-

tively. A dataset was also measured for crystals, prepared as

described above, that were incubated overnight in paratone-N,

a viscous cryoprotectant. Paratone-N-immersed crystals shrank

along all three unit cell axes as described below. Diffraction from

these crystals was anisotropic, such that data for which I/s(I) < 2

extended to 1.9 Å along a*, but only to �2.3 Å along b* and c*.

For this reason, a resolution limit of 2.3 Å was imposed for

data used in model refinement. Data collection and refinement

statistics are recorded in Table 1. Of the two molecules in the

asymmetric unit, the reference model described hereinafter is

molecule B in the asymmetric unit of the native crystals. In

both native and oil-immersed crystals, molecule B exhibits

better connectivity and is better ordered within loop regions

than molecule A.

pR452 adopts a superhelical fold comprised of nine

repeat units (Figures 2A, 2B, and S3). These are not uniform,

but conform to either two-helix-bundle HEAT motifs (repeats

1, 2, 6, and 9) or three-helix Armadillo (ARM) motifs (repeats 3,

4, 5, 7, and 8) in which themiddle helix serves as a linker between

the nearly antiparallel first and last helices of the bundle (Andrade
Structure 27, 1–11, July 2, 2019 3
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Figure 2. Annotated Amino Acid Sequence and Structural Features of pR452

(A) Amino acid sequence of R452 showing the numbering convention for structural repeats. ARM repeats consist of three helices: a1X, a2X, and a3X, where X is

the nth repeat of the structure. HEAT repeats consist of two helices: aAX and aBX. a-Helical secondary structure is shown as a series of loops above the amino

acid sequence. Helices with 310 hydrogen bonding and geometry are so labeled. Straight-line sections indicate loop segments. No electron density is observed

beyond residue 423 (molecule A) and 429 (molecule B). Magenta-tinted overlay on segments of the amino acid sequence indicate regions that are protected from

hydrogen-deuterium exchange by Gai1 (Kant et al., 2016), with color intensity proportional to degree of protection as shown in Figure 4. The two phosphorylation

sites, Ser435 and Thr440, are highlighted in yellow. Blue and cyan bars shown below the amino acid sequence indicate residues that are solvent accessible (blue),

partially accessible (cyan), or buried (white). Figure modified from output from ESPript 3.0 server (Robert and Gouet, 2014). See also Figures S3 and S4.

(B) Schematic representation of the structure of pR452. Cylinders represent a helices. Rendered in red are the ‘‘A’’ helices of HEAT repeats or the second helix of

an ARM triad. ‘‘B’’ helices of HEAT repeats or the third helix of an ARM repeat are colored yellow, and the first helices of ARM repeats are rendered in green. See

also Figure S4.

(C) Electrostatic potential (positive, blue; negative, red) at themolecular surface of theC terminus of pR452, viewed from the direction indicated by the arrow in (B),

showing secondary structure (ribbons) and side chains of positively charged residues (stick figures) of residues 343–365 (a18) and residues 400–415 (aA9, aB9).

Molecular surface and electrostatic potential computed using PyMOL Molecular Graphics System Version1.7 Schrödinger LLC.

4 Structure 27, 1–11, July 2, 2019
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Table 2. Parameters Derived from SAXS Analysis of R452

and pR452

Parametera R452 pR452

I(0) (cm�1) from Guinier plot 84.65 ± 0.081 106 ± 0.18

Rg (Å) from Guinier plot 29.7 ± 0.57 29.2 ± 0.53

qRg limit for Guinier analysis 1.17 1.18

I(0) (cm�1) from P(r) 84.63 106.2

Rg (Å) from P(r) 30.01 29.59

dmax (Å) from P(r) 101 92

Porod volume estimate (Å3) 69,043 69,991
aI(0), total scattering intensity at zero scattering angle; Rg, radius of gyra-

tion; q, momentum transfer, = 4p sin(q)/l, where 2q is the scattering

angle, and l is the wavelength of incident radiation; dmax is the maximum

particle dimension.
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et al., 2001) (Figure 2B). Ric-8A appears to be unusual among he-

lical repeat proteins in that it is composed of both types of repeat

units (Andrade et al., 2001). Generally, residues within the

concave surface of pR452, formed largely by the aB and a3 he-

lices of HEAT and ARM repeats, respectively, are well conserved

among Ric-8A paralogs (Figures S3, 5B). The angular rotation

that superposes one repeat to the next is fairly uniform over

the first six repeats, ranging from 20� to 40� (Table S1), but the

C-terminal repeat pairs are related by larger rotation angles,

from �60� to �110�. The distance between the centers of

mass between repeats is fairly constant, 9.8–13.3 Å, consistent

with extensive packing interactions between each pair of re-

peats. Due to differences in the number of residues that

comprise each repeat, the solvent-accessible surface area

(SASA) buried by the structural elements of each ranges from

560 to 2,250 Å (Table S1). In contrast, the SASA occluded be-

tween adjacent repeats 1 through 8 is relatively constant,

ranging from 1,950 to 2,490 Å2. In contrast, the interface be-

tween the last two repeats buries only 1,550 Å2. Loop excursions

between helical elements, both within and between superhelical

repeats, project toward the convex surface of the molecule. The

longer of these (>10 residues) join helical elements within, rather

than between ARM repeats.

No connected electron density is observed beyond residue

423 of molecule A or 429 of molecule B, which include both

phosphorylated residues Ser435 and Thr440. MALDI-TOF anal-

ysis shows that pR452 is intact in crystals (Figure S1B). The

C-terminal-most residues of pR452 molecules A and B are adja-

cent to solvent channels of sufficient volume to accommodate

the disordered residues. In keeping with an amino acid compo-

sition rich in glycine, proline, and both charged and polar resi-

dues, the C terminus of pR452 has a high probability for adopting

an intrinsically disordered state (Dyson, 2016), as indicated by

the DISOPRED3 predictor (Jones and Cozzetto, 2015), and

also a high potential for serving as a protein binding site

(Figure S4).

The electrostatic potential contact map rendered at the mo-

lecular surface of pR452 reveals dispersed and non-contiguous

regions of positive and negative charge density. A striking

exception is the extensive positively charged surface near the

C terminus (Figure 2C). The surface charge arises from a constel-

lation of ten arginine and lysine side chains that project from a18
and aA9, all but two of which are highly conserved among Ric-8

homologs (Figure S3). Because the C-terminal residues of R452

are part of an extended disordered region, it is possible that the

positively charged surface is solvent-exposed in intact Ric-8A.

Thus, the conserved Arg345/Arg348/Lys349 triad, which binds

a sulfate ion derived from the crystallization buffer, could serve

as a recognition site for one of the C-terminal phosphorylated

serine or threonine residues (Figure S5A). Mutation of Arg345

to glutamine or Lys349 to alanine results in the reduction of

GEF activity of either pR452(R345Q) or pR452(K349A) to that

of unphosphorylated wild-type R452. However, an approxi-

mately equal reduction of GEF activity of R452(R345Q) or

R452(K349A) relative to wild-type unphosphorylated R452 is

also observed (Figure S5B).

The two C-shaped molecules of pRic-8A in the asymmetric

unit of the unit cell are intimately packed, such that the a18

and aA9 elements of molecule B are nested into the cavity

formed by multiple ARM/HEAT repeats on the convex surface

of molecule A (Figure S6). The corresponding surface of mole-

cule B forms similar, but less intimate contacts with the a18

and aA9 motifs of a symmetry-related copy of molecule A. Ex-

amination of lattice packing reveals solvent channels that appear

to be sufficient volume to accommodate the disordered C

termini of pR452. Immersion of crystals in paratone oil before

data collection results in shrinkage along the a, b, and c axes

of 4, 6.5, and 11.5 Å, respectively (Table 1, Figure S7). Lattice

compaction results in little distortion of the structure itself

(root-mean-square differences at Ca positions = 0.63 and

0.64 Å for chains A and B, respectively, relative to their counter-

parts in native crystals). Rather, symmetry-relatedmolecules un-

dergo relative translations and reorientations within the lattice

that largely preserve the original molecular packing. An excep-

tion is the exclusion of the four sulfate anions observed in the

parent crystals.

Phosphorylation Induces Global Changes in the Solution
Structure of R452
We employed SAXS to determine the low-resolution structure of

pR452 and R452 in solution. These experiments reveal funda-

mental hydrodynamic properties of these molecules, including

radius of gyration (Rg), maximum molecular dimension (dmax),

and conformational flexibility (Table 2) (Mertens and Svergun,

2010; Trewhella et al., 2017). SAXS profiles were measured for

pR452 and R452 after passage through a size-exclusion column

(Figure S8A). Averaging of successive frames derived from peak

fractions over which the computed radius of gyration (Rg) was

invariant afforded redundancy in measurements of scattering in-

tensity data (Figures 3A and S8; Table 2) extending to q = 4psinq/

l = 0.435 (d = 2p/ql = 13.38 Å).Rg was found to be constant over

a range of concentrations, consistent with the absence of R452

aggregation or multimerization. Rg values for R452 and pR452

computed from the slope of the linear portion of the Guinier

plot (Figure 3A, inset), are within error estimates and agree with

values computed from the pair distribution function, P(r) (Fig-

ure S8B). The Kratky plot for R452 and pR452 indicates that

both are compactly folded in solution (Figure 3B). Estimates of

dmax from the pair distribution function (Figure S8B) are consis-

tent with the crystal structure of pR452 (Table 2). The slight

rise in the Kratky plot (Figure 3B) at high scattering angle is
Structure 27, 1–11, July 2, 2019 5



Figure 3. Small-Angle X-Ray Scattering Shows that pR452 and R452 are Well Folded in Solution

(A) Scattering data for R452 (closed circles) and pR452 (open circles), Guinier plots for each sample are shown in the insert. Linear fit of ln(I(q)) versus q2 in the

range 0.0065 < q < limit (see Table 2) for determination of Rg is shown in yellow.

(B) Kratky plot, q2I(q) versus q, shows a bell-shaped curve indicative of a compact globular particle. Increase in the function at high q suggests presence of

unfolded component. See also Figure S8.
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indicative of the presence of a disordered region, which may

correspond to the C-terminal�25 residues that are not observed

in the crystal structure.

Using the crystal structure of pR452 as an initial state, we em-

ployed normal mode perturbations, as implemented in the pro-

gram SREFLEX (Panjkovich and Svergun, 2016), to generate

models of pR452 and R452most consistent with their respective

SAXS scattering curves extending to q = 0.3 (d = 20.27 Å), while

minimizing steric clashes and chain breaks (see the STAR

Methods). Projections along the lowest normal modes gave

rise to quasi-rigid body angular displacements of three

subdomains of pR452, comprising residues 1–183, 184–287,

and 288–429, which correspond roughly to helical repeats 1–4,

5–6, and 7–9 (Figure 2A; Table S1).

The solution structures of pR452 and R452 generated by this

procedure afford better fits to their respective scattering curves

than the crystal structure of pR452 (Figures 4A and 4D). The top

five solution state models of pR452 and R452 produced by

SREFLEX were fairly uniform with respect to the quality of fit

(c2) to the corresponding experimentally generated SAXS pro-

files, but differed in stereochemical quality (Table S2). The

most stereochemically reasonable models for pR452 and R452

are depicted in Figures 4B and 4E, respectively. These exemplify

the magnitude of relative subdomain rotations that optimize the

fit of the model to its scattering curve. Thus, the solution struc-

ture of pR452 (model P-05, Table S2) differs from the crystal

structure by a rotation of the N- and C-terminal subdomains by

12� and 15�, respectively, relative to the central subdomain (Fig-

ure 4B). Taking P-05 as the reference for the solution structure of

pR542, the unphosphorylated state is achieved by the N- and

C-terminal subdomain counter-rotations of 25� and 5�, respec-
tively (Figure 4E). The contacts between solvent-inaccessible

residues at the subdomain interfaces are for themost part hydro-

phobic (Figure S3), and thus can likely bemaintained after a rela-

tive rotation of one with respect to the next. The model solution

structures of pR452 and R452 fit well to the ab initio molecular

envelopes generated from the solution scattering profiles of

phosphorylated and unphosphorylated R452 (Figures 4C and
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4F). Thus, the SAXS data provide evidence that crystal packing

forces may distort the structure of pR452 from its equilibrium

solution state, and that phosphorylation induces subdomain-

level conformational changes.

Deduction of the Ga Binding Site of R452 from HDX-MS
and Sequence Conservation
HDX analysis of a fragment of Ric-8A comprising residues

1–491, a highly active GEF, revealed residues that interact with

Ga or are perturbed by that interaction (Kant et al., 2016). Two

distinct surfaces, the first formed by residues in structural ele-

ments a23 through aA6, and the second by residues in a37

and a18, are protected by Gai1 (Figures 2A and 5A). Projection

of evolutionary conservation scores of Ric-8A homologs onto

the structure of pR452 using the CONSURF server (Landau

et al., 2005) (Figures 5B and S3) shows that, in addition to the

aB and a3 helices that form the concave surface of R452, virtu-

ally all of the residues within structural elements from a37 to the

C terminus are highly conserved. The contiguous surface en-

compassed by the V-shaped helical hairpin formed by a37 and

a18 has a mean protection factor of �8% (change in deutera-

tion), and an average conservation score exceeding 7 (maximum

score is 9). We propose that this surface, which partly overlaps

the positively charged region described above, harbors a Gai1

binding site, or is otherwise occluded byGai1 binding. Segments

within the second surface, including the N terminus of a16, and

C-terminal residues of a34 and a35 are also conserved and

moderately protected from HDX by Gai1 binding, and thus

may also form a Gai1 interaction surface.

Interaction of R452 with Gai1
To identify the residues within Gai1 that interact with R452, we

prepared uniformly 2H- and 15N-labeled Gai1D31, which lacks

the N-terminal 31 residues of intact Gai1. 2D-[1H,15N]-TROSY

experiments were conducted to monitor chemical shift

perturbations and resonance broadening in the spectrum of
2H,15N-Gai1D31 on titration with R452 (Figures 6A–6C). The

2D-[1H,15N] –TROSY spectra of Gai1D31in complex with GTP



Figure 4. Solution Structures of pR452 and R452 Modeled from SAXS

(A and D) Scattering profiles for pR452 (A, open circles) and R452 (D, closed circles). Computed scattering profiles from the crystallographic coordinates of pR452

and R452 are shown in magenta. Solution scattering profiles generated from normal mode refinement of pR452 crystallographic coordinates with respect to

experimental scattering curves are shown for pR452 (A, green), and R452 (D, cyan). The bottom panels of (A) and (D) show the error-weighted residual difference

plotsDI/s = [Iexperimental(q) – CImodel(q)]/s(q) versus q, where C is a normalizing scale factor. Normalmode refinement of pR452 coordinates affords improved fits to

the experimental scattering curves.

(B) Superposition of the crystal structure pR452 (magenta) onto the model generated by normal mode refinement of the latter with respect to the solution

scattering curve for pR452 (green). Models, rendered as cylinders for a-helical segment. Helices at subdomain interfaces and the N and C termini are labeled.

The coordinate sets were superimposed using the Ca atomic positions of the central rigid body domain, residues 184–287. See also Table S2.

(E) Superposition of the modeled solution structure of pR452 (green), as shown in (B), onto the modeled solution structure of R452 (cyan).

(C and F) Solution structure models of pR452 (green) and R452 (cyan) fit to their respective ab initio molecular envelopes. See also Figure S8.
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analogs and GDP were assigned in earlier studies (Goricanec

and Hagn, 2019; Goricanec et al., 2016), thus affording identifi-

cation of many of the residues that are perturbed by interaction

with R452. At a 1.6:1 stoichiometric ratio of R452 to Gai1D31,

additional signals appear in the random coil region (�8 ppm 1H

chemical shift) of the NMR spectrum, indicative of the presence

of a second, most likely less structured conformation in slow ex-

change (microsecond to second timescale), in addition to sub-

stantial resonance broadening throughout the spectrum, caused

by the formation of a larger complex.

Gai1D31 residues that experience the strongest chemical

shift perturbations due to R452 binding are located within a5,
the C terminus of Gai (residues 345–354), the same region that

forms the major contact site in Ga complexes with GPCRs (Fig-

ures 6D and 6E). Also perturbed are: residues in the a1 helix (e.g.,

M53) that follows the P loop that interacts with the guanine

nucleotide phosphate moieties; the b2b3 hairpin and the b5

strand (265–268) that precedes a loop that forms part of the

nucleotide purine binding site; the C terminus of a4 (F307) that

forms a hydrophobic interaction with b5 L266, and residues at

the N terminus of a5. All of these Gai1 residues experience an in-

crease in HDX on Ric-8A binding (Kant et al., 2016), consistent

with their structural destabilization as a consequence of interac-

tion with Ric8A.
Structure 27, 1–11, July 2, 2019 7



Figure 5. Changes in Hydrogen-Deuterium

Exchange at R452 and Amino Acid Sequence

Conservation Suggest Sites for Gai1 Binding

(A) Segment colored magenta are protected by Gai1

binding; de-protected segments are colored green.

Extent of protection/de-protection indicated by color

intensity, to maximum/minimum values of ±16% in

change in HDX protection on Gai1 binding.

(B) Amino acid sequence conservation, computed

using CONSURF (Ashkenazy et al., 2010) for 150

Ric-8 homologs, mapped on the surface of pR452.

Conservation is depicted over a color range from

burgundy (most conserved) to cyan (most variable).

Black denotes absence of HDX information.

(C) Spatial relationship between central subdomain,

with helices rendered as cylinders and flanking

subdomains rendered as coils. Segments that

exhibit high HDX protection are colored burgundy

and positively charged residues in conserved basic

surface are shown as blue spheres at Ca positions.

See also Figure S3.
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DISCUSSION

Unlike many helical repeat proteins, the N-terminal 423 residues

of Ric-8A are composed of both HEAT and ARM repeats to

generate a protein fold that is in general agreement with predic-

tions from secondary structure analysis, model building, and cir-

cular dichroism spectroscopy (Figueroa et al., 2009; Kant et al.,

2016; Papasergi-Scott et al., 2018; Thomas et al., 2011).

Although present in the R452 construct, residues beyond the

C-terminal ARM repeat are disordered in the crystal structure.

This C-terminal �28 residue sequence has characteristics of an

intrinsically disordered region and includes serine 435 and threo-

nine 440,which,whenphosphorylated by casein kinase II, induce

substantial stimulation of both GEF and Ga chaperone activity

(Papasergi-Scott et al., 2018). Both pR452 and R452 bind tightly

to nucleotide-free Gai1 with an off-rate comparable with that of a

larger fragment consisting of residues 1–491,which is amore effi-

cacious GEF than intact Ric-8A in both unphosphorylated

(Thomas et al., 2011) and phosphorylated states (Papasergi-

Scott et al., 2018). That phosphorylation of R491 at Ser335 and

Thr340 results in tighter binding of nucleotide-free Gai1, but

phosphorylation of the same residues of R452 does not (Fig-

ure S2), suggests that the effect of phosphorylation depends at

least partly on residues beyond R452, as indicated by previous

HDX-MS studies (Kant et al., 2016). Because R452 possesses

significant phosphorylation-stimulated GEF activity we propose

that it constitutes the minimal Ga-binding and catalytic domain

of Ric-8A. Indeed, truncation of Ric-8A at residue 426, which de-

limits the ordered ARM/HEAT repeat structure described here,

virtually abolishes GEF activity (Thomas et al., 2011).

The two phosphorylation sites, of which Thr440 is particularly

important (Papasergi-Scott et al., 2018), confer potent regulatory

activity on the residues that extend beyond the HEAT/ARM

repeat domain. Further toward the Ric-8A C terminus, between

residues 452 and 474, HDX-MS and mutagenic scanning exper-

iments (Kant et al., 2016), revealed three closely spaced hot-

spots for GEF activity. The ab initio molecular envelopes

generated from SAXS data, supported by dmax values derived

from pair distribution functions, suggest that pR452 is a more
8 Structure 27, 1–11, July 2, 2019
compact structure than its dephosphorylated counterpart. The

ion-pairs formed between sulfate ions in the crystallization buffer

and Arg345, Arg348, and Lys349 in the positively charged cluster

within the last HEAT repeat may mimic possible contacts with

pSer435 or pThr440. However, mutation of either of two of these

basic amino acids to neutral residues reduces the GEF activity of

both R452 and pR452. Hence it is possible that the sulfate-bind-

ing triad interacts with negatively charged residues elsewhere in

R452, for example, the glutamate- and aspartate-rich cluster

within the disordered segment surrounding the phosphorylated

residues extending from residues 429 to 452, or residues of Ga

itself. In the former instance these and other residues within

the basic patch (Figures 2C, S3, and 5C) might serve to orient

and stabilize putative Ga binding sites located between residues

452 and�490 near the C terminus of Ric-8A (Kant et al., 2016), or

within the disordered segment itself. Such interactions might

formed only in the complex with Ga. DISOPRED3 analysis indi-

cates that the segment between �450 and 490 is likely to be

ordered.

Although the interfaces between the ARM/HEAT repeats of

R452 are well-packed, normal mode analysis identifies three

blocks of residues (roughly, repeats 1–3, 4–7, and 8–9) that

constitute domains that exhibit uniform collective motion. Global

structural deformations that relate the crystal and solution

structures (via SAXS) of pR452 can bemodeled as rotational dis-

placements between these subdomains. It is remarkable that

phosphorylation at Ser435 and Thr440 in a flexible region of

the molecule appears to induce long-range structural changes

that also can be modeled as relative rotations between the

same subdomains. Because several members of a family of rela-

tive domain rotations of the same set of subdomains can ac-

count for the SAXS data, it is not possible to speculate on the

mechanism by which Ric-8A phosphorylation might induce rota-

tional displacements of this type.

The results of HDX experiments (Kant et al., 2016), examined

in the light of amino acid sequence conservation in the Ric-8

family, are consistent with an extended Ga binding surface.

Global structural rearrangements induced by phosphorylation

could increase the potency and efficacy of GEF activity by



Figure 6. Perturbation of the Structure of

Gai1D31 by R452

(A) 2D-[1H,15N]-TROSY spectra of 100 mM 2H,15N

Gai1D31.

(B) As in (A) in the presence of R452 at 0.5

stoichiometric ration with respect to Gai1D31.

(C) As in (A) in the presence of R552 at 1.6

stoichiometric ratio with respect to Gai1D31.

(D) Magnitude of chemical shift perturbation (CSP)

of Gai1D31 backbone resonances. Average CSP

and average plus 1xs are marked by broken

lines. Orange and red bars indicate CSPs calcu-

lated with the spectra at 0.5 or 1.6 molar ratio,

respectively.

(E) Residues at which CSPs exceed average

values are depicted on a ribbon model Gai1D31

(PDB: 1CIP) as spheres, colored in increasingly

deeper shades of red according to magnitude of

the CSP. A van der Waals model of GTP is shown

to mark the position of the guanine nucleotide

binding site, which is not occupied in the complex

with R452.
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optimizing the spatial complementarity of these non-contiguous

(in amino acid sequence) interaction sites with Ga. Indeed, struc-

tural segments of Ric-8A that are protected by Gai1 from HDX

overlap with the boundaries of subdomains that are predicted

to rotate with respect to each other on phosphorylation (Figures

5C and S3).

Ric-8A adopts a fold that is quite different from that of mem-

bers of the GPCR family. Nevertheless, the NMR data presented

here, together with earlier studies, suggest some similarities in

the mechanism by which the two types of GEFs catalyze nucle-

otide exchange at Ga. Notably, as suggested by other studies

(Thomas et al., 2011), the NMR titration experiments provide

direct evidence that the C terminus of Ga, which includes resi-

dues of the a5 helix, is a Ric-8A binding site. Other Gai1 sites

perturbed by Ric-8A include a1, which may disrupt interactions

with a5 and also result in structural changes at the guanine

nucleotide phosphate binding loop (P loop), the b2b3 loop, a4,

and b6. In view of its interactions with these sites, it appears

that Ric-8A employs amechanism similar to that used byGPCRs

to disrupt the network of interactions that retain nucleotides in
the active site of Ga (Flock et al., 2015;

Kant et al., 2016; Rasmussen et al.,

2011; Thaker et al., 2012). On the other

hand, deformation of the b5-aG loop,

which dictates specificity for guanine nu-

cleotides, is not observed in crystal struc-

tures of GPCR-bound Ga, and may be a

unique feature of Ric-8A exchange activ-

ity. Whether observed chemical shift per-

turbations are due to direct binding of

Ric-8A or are induced by binding, cannot

be determined. It is noteworthy that the

chemical shift perturbation observed

require only Ric-8A residues N-terminal

to residue 452. It remains to be seen

whether the C-terminal 78 residues of

Ric-8A afford additional interactions with
Gai1, as suggested by HDX-MS and mutagenic scans (Kant

et al., 2016) or only modulate the strength or efficacy of interac-

tions formed by the N-terminal Ga binding domain.
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Deposited Data

Atomic Coordinates and Structure Factors,

native pR452 structure

RCSB Protein Databank www.wwwpdb.org 6NMG

Atomic Coordinates and Structure Factors,

paratone-immersed structure

RCSB Protein Databank www.wwwpdb.org 6NMJ

Small Angle X-ray Scattering Data, R452 Small Angle Scattering Biological Data Bank

https://www.sasbdb.org/

SASDFA5

Small Angle X-ray Scattering Data, pR452 Small Angle Scattering Biological Data Bank

https://www.sasbdb.org/

SASDFB5

Oligonucleotides

Forward and reverse primers for Arg345Gln

Mutation of R452

5’-gaacttcctggcaggctggtgcatgcgggcac-3’

5’-gtgcccgcatgcaccagcctgccaggaagttc-3’

Integrated DNA Technologies n.a.

Forward and reverse primers for Arg345Gln

Mutation of R452

5’-gggccttcaggaacgccctggcaggacggt-3’

5’-accgtcctgccagggcgttcctgaaggccc-3’

Integrated DNA Technologies n.a.

Recombinant DNA

Rat His(6)-Ric-8A(1-452) in pET-28A vector Thomas et al., 2011 n.a.

Rat His(6)-Ric-8A(1-491) in pET-28A vector Thomas et al., 2011 n.a.

Rat His(6)-Ric-8A (full-length) in pET21a vector Yu et al., 2019 n.a.

Rat internally His(6)-tagged Gai1 in pQE60 vector Mumby and Linder, 1994 n.a.

Yeast N-myristoyltransferase in pBB131 vector Mumby and Linder, 1994 n.a.

Software and Algorithms

PHENIX suite https://www.phenix-online.org/ n.a.

HKL2000 http://www.hkl-xray.com/ n.a.

autoxds script http://smb.slac.stanford.edu/facilities/software/

xds#autoxds_script

SHELXC/D/E program suite http://www.ccp4.ac.uk/download/http://shelx.uni-

goettingen.de/download.php

n.a.

COOT https://www2.mrc-lmb.cam.ac.uk/Personal/

pemsley/coot/

n.a.

MolProbity http://molprobity.biochem.duke.edu/ n.a.

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ATSAS suite https://www.embl-hamburg.de/biosaxs/

download.html

n.a.

SAStool https://www-ssrl.slac.stanford.edu/smb-

saxs/content/software

n.a.

NMRFAM Sparky https://nmrfam.wisc.edu/nmrfam-sparky-

distribution/

n.a.

UCSF Chimera https://www.cgl.ucsf.edu/chimera/ n.a.

PyMOL 1.7 https://pymol.org n.a.

ESPript 3.0 http://espript.ibcp.fr n.a.

Disopred 3.0 http://bioinf.cs.ucl.ac.uk/psipred/?disopred=1 n.a.

Agilent QuikChange primer design tool https://www.agilent.com/store/

primerDesignProgram.jsp

n.a.

CLUSTALW https://www.ebi.ac.uk/Tools/msa/clustalo/ n.a.

UniProtKb https://www.uniprot.org/. n.a.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Stephen R. Sprang (Stephen.sprang@umontana.edu).

METHOD DETAILS

Protein Expression, Purification and Mutagenesis
Rat Ric-8A 1-452 (R452) was expressed as an N-terminal Hexahistidine (His)6 fusion protein from a pET-28A vector and purified as

described (Thomas et al., 2011) with some alterations. Briefly, the N-terminal hexa-histidine-tagged protein construct was expressed

in E. coli BL21 (DE3)-RIPL cells in TB media containing kanamycin (100mg/L) and induced with 50mM isopropyl b-D-1-thiogalacto-

pyranoside (IPTG) overnight at 20�C. Subsequent purification steps were conducted at 5�C. After cell lysis and clarification by centri-

fugation in lysis buffer (50mM Tris, pH 8.0, 250mMNaCl, 5%Glycerol, 2mM b-mercaptoethanol, 2mM phenylmethylsulfonyl fluoride

(PMSF)), protein was loaded onto a Profinity IMAC (Bio-Rad) column and eluted by gravity with elution buffer (50mM Tris, pH 8.0;

250mM NaCl; 5% Glycerol; 2mM b-mercaptoethanol; 2mM PMSF; 300mM Imidazole). Tobacco Etch Virus (TEV) protease was

added to (His)6-Ric-8A at a 1:15 (w/w) TEV:Ric-8A ratio and the proteolysis reaction was allowed to proceed for 15 to 20 hours at

4 degrees-C. The reaction product was subjected to two rounds of dialysis into Q-buffer (5mM b-mercaptoethanol, 50mM NaCl,

5% glycerol) and then applied to IMAC column as above to recover TEV-cleaved Ric-8A. The IMAC flow-through was then loaded

onto a HiTrap Q XL anion exchange column (GE Healthcare) and eluted in Q-buffer with a NaCl gradient (0mM to 500mM). After con-

centration, the protein was applied to a Superdex 200 10/300 GL size exclusion column (GE Healthcare) and eluted with storage/

crystallization buffer (50mM HEPES, pH 8.0, 150mM NaCl and 1mM tris(2-carboxyethyl) phosphine (TCEP)).

Phosphorylated R452 (pR452) was prepared essentially as described (Yu et al., 2019). Briefly, 10 mg R452 was incubated in 1.1 ml

reaction mixture containing 1mM ATP, 20 mM Tris-HCl pH 7.5, 50 mM KCl, 10 mMMgCl2, 50mM HEPES, pH 8.0, 150mM NaCl and

1mM TCEP, and 3000 units of holo casein kinase II (New England Biolabs) and incubated overnight at 25�C. Phosphorylated protein

was purified by anion exchange and size exclusion chromatography as described above. Yield of doubly-phosphorylated R452 is >

90% as judged by triple quadrupole time-of-flight mass spectrometry.

Myristoylated Gai1 (myrGai1) was prepared, with modifications, as described (Mumby and Linder, 1994). Internally hexa-histidine

tagged rat Gai1 encoded in a pQE60 expression vector was co-expressed in JM109 cells with yeast N-myristoyltransferase encoded

in a pBB131 vector. After cell lysis using an EmulsiFlex-C5 cell disruptor (Avestin) in lysis buffer (50mM Tris pH 8.0, 100mM NaCl,

5mM b-mercaptoethanol, 10mM GDP, 2mM PMSF) and clarified by centrifugation, His6-tagged myrGai1 was applied to a nickel-

NTA (Qiagen) column and eluted with 50mM Tris pH 8.0, 100mM NaCl, 5mM b-mercaptoethanol, 10mM GDP, 2mM PMSF,150mM

imidazole, and further purified by ion exchange chromatography on a HiTrapQ Sepharose FF column (GEHealthcare) and size exclu-

sion chromatography as described above.

Site directed mutations of R452, Arg335Gln and Lys349A were carried out using the QuikChange II-XL mutagenesis kit (Agilent)

following the manufacturer’s protocols. Mutagenesis primers (Integrated DNA Technologies) were designed using the Agilent

QuikChange Primer Design Tool using the pET29a R452 wild type plasmid as the template. The PCR products were transformed

into Top10 competent E. coli for amplification.Mutationswerewere confirmed byDNA sequencing performed by EurofinsGenomics.
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Assay of Ric-8A-Stimulated Gai1 Nucleotide Exchange Activity
Steady-state GTPase reactions catalyzed by Gai1 in the presence and absence of Ric-8A were assayed by the production of 32Pi

from g-32P-GTP as described (Ross, 2002). Reactions were conducted in assay buffer (50mM HEPES, pH 8.0,100mM NaCl, 1mM

EDTA, 1mM TCEP, and 10mM MgCl) containing R452, pR452 or intact Ric-8A (R530) at concentrations ranging from 0 to 10mM,

and 30mM GTP doped with g-32P-GTP (6000 Ci/mmol, PerkinElmer) to a specific activity of 1000 cpm/pmol. GTPase reactions

were initiated with addition ofmyrGai1 to a final concentration of 1mM in a 20mL reaction volume and allowed to proceed for 5minutes

at 30�C, then quenched by addition of 180mL cold 50mMNaH2PO4, pH 4.0 and mixed with 800mL 5%w/v Norit charcoal suspension

in the same buffer. After clarification by centrifugation, 150mL of clarified supernatant was added to 10ml of 3a70B scintillation cock-

tail (RPI) and beta emission was counted in a scintillation counter. Reactions were conducted in triplicate. A negative control with

10mMRic-8A species and no myrGai1, was included with each Ric-8A concentration series to account for residual GTPase or casein

kinase II contamination.

Fluorimetric guanine nucleotide exchange assays were conducted as described in (Kant et al., 2016). Exchange reactions were

conducted in buffer (50mM HEPES pH 8.0, 1 mMTCEP, 150 mMNaCL and 10 mMMgCl2) containing 10 mM guanosine 5’-[g-thio]

triphosphate (GTPgS), 2mMR452 or pR452 or mutants thereof as indicated, and 2mMGai1 at a reaction temperature of 25� Reaction
volume was 500ml. Reaction was initiated by addition of Gai1$GDP to R452 mixture and Gai1$GTPgS measured by flouorescence

emission at 345nm (excitation wavelength 295nm) in an LS55 luminescence spectrometer (PerkinElmer Life Sciences). Three to 5

replicates were taken for each data set and significance of differences was estimated by a Student’s T Test.

Crystallization of pR452, X-Ray Data Collection and Structure Determination
Crystals of pR452 were obtained by vapor diffusion from a 1:1 mixture of 0.5ml 20mg/ml protein in crystallization buffer (see above)

and reservoir solution containing 0.2 mM Li2SO4 and 25-30% w/v PEG 3350, 0.1 mM HEPES, pH 7.5, set against the same reservoir

solution. Crystals were cryoprotected either in 20%w/v PEG400 inmother liquor, or immersed in Paratone-N (Parabar 10312, Hamp-

ton Research). Crystals were harvested with 20mmnylon Cryoloops (Hampton Research) or MicroLoops Eloops (MiTeGen) and flash-

frozen in liquid nitrogen for data collection.

Data collection and structure determination using native Sulfur anomalous scattering are described in detail in a manuscript in

preparation (T.-C. Mou, unpublished data), and are described briefly here. For sulfur-anomalous phasing, eighteen datasets from

randomly orientated crystals were recorded at 100K and a wavelength of 1.7712 Å using the helical data collection method on

the micro-focusing FMX beamline at National Synchrotron Light Source II (NSLS-II) equipped with an Eiger16M pixel array detector

with a 133Hz framing rate. Diffraction data for each crystal were recorded in 0.1-0.2� oscillation images over a range of 360 - 5760�

per crystal at 20% transmission at 0.05 – 0.1 s exposure time/image. Diffraction data were integrated and initial scaling performed

with XDS (Kabsch, 2010a, b). Final scaling calculations were carried out using the phenix.scaled-and-merged script in the PHENIX

program suite (Terwilliger et al., 2016). Datasets recorded from crystals cryoprotected in PEG-400 and Paratone-N were measured

using X-rays at a wavelength of 0.979Å and 0.980Å from the APS 19BM and SSRL BL9-2 Beamlines, respectively. Diffraction data

were taken in conventional (non-helical) mode from a single PEG-400 protected crystal over a 360� range with 0.5� oscillation steps

and exposure time of 5 s. with an ADSC Q210r detector. Data were measured from a single Paratone-N soaked crystal over a

720�degree range with 0.2� oscillation images and an exposure time of 2 s with a Dectris Pilatus 6M detector. Data from PEG-

400 protected crystals were integrated and scaled using HKL2000 (Otwinowski and Minor, 1997). Data from Paratone-N-protected

crystal were integrated and scaled using XDS (Kabsch, 2010a) implemented by use of the autoxds script (A. Gonzalez and Y Tsai,

http://smb.slac.stanford.edu/facilities/software/xds#autoxds_script).

Initial crystallographic phases were determined by use of anomalous differences in scattering from sulfur atoms in pR452. The sul-

fur substructure was determined using the SHELXC/D/E program suite (Sheldrick, 2010). Preliminary crystallographic phases were

determined and refined from the sulfur substructure using the AutoSol wizard in PHENIX (Terwilliger et al., 2009). An initial atomic

model was constructed at 3.4Å using AutoBuild (Terwilliger et al., 2008) and by manual fitting of a sigma-weighted 2mFo-DFc

map using Coot (Emsley and Cowtan, 2004; Emsley et al., 2010). Phases were extended to 2.2Å resolution using the 0.979Å wave-

length data by iterative cycles of manual rebuilding and refinement using the phenix.refine module in PHENIX(Afonine et al., 2012).

The refined atomicmodel was used to determine the structure of pR452 from crystals immersed in Paratone-N bymolecular replace-

ment using the Phaser (McCoy et al., 2007) GUI in PHENIX, followed by manual rebuilding and refinement, which, at final stages was

guided by inspection of information generated by MolProbity structure evaluation software (Chen et al., 2010; Davis et al., 2007).

Refined models and structure factors are deposited in the RCSB Protein Data Bank (Berman et al., 2000) (www.wwwpdb.org)

with ID numbers 6NMG (PEG-400 cryoprotected crystals) and 6NMJ (Paratone-N cryoprotected crystals).

Small Angle X-Ray Scattering Data Collection, Analysis and Modeling
Synchrotron radiation X-ray scattering data from the SEC–SAXS experiments were collected at the Stanford Synchrotron Radiation

Lightsource (SSRL) beamline BL 4-2 using Blueice (McPhillips et al., 2002) software with a focused 12 keV X-ray source (0.3 x 0.3mm

beam size) and recorded on a Pilatus3 X 1Mdetector at a sample-to-detector distance of 1.7m and over a range of momentum trans-

fer 0.0065<q<0.42Å-1 [ q=4psin(q)/l ]. Protein sample (approximately 1 mg/ml in 50mM HEPES, pH 8.0, 150mM NaCl and 1mM

TCEP) was allowed to through a 1.5 mmquartz capillary sample cell as the eluate from Superdex 200 Increase 1.3/300 size exclusion

column mounted on an Akta-FPLC system (GE Healthcare) at a flow rate at 0.5 ml/min. Scattering data frames were taken with 1

second exposures. Intensity data were radially averaged to produce one-dimensional profiles of scattering intensity vs. q. Data
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were corrected for background scattering by subtracting the buffer curve from sample curves. Data reduction and analysis were per-

formed using the beamline software SAStool and PRIMUS of the ATSAS suite (Franke et al., 2017) The programAutoGNOMwas used

to generate Guinier curves and compute the pair distribution function, P(r), to determine the maximum dimension Dmax and radius of

gyrationRg from the scattering intensity curve (I(q) versus q) in an automatic, unbiasedmanner, and rounds ofmanual fitting in GNOM

(Svergun, 1992) were used to verify these values. Ab initiomolecular envelopes were computed by the programs DAMMIN (Svergun,

1999). Ten beadmodels were reconstructed in DAMMIF (Franke and Svergun, 2009), which were aligned and averaged in DAMAVER

(Volkov and Svergun, 2003) with no rejections and a normalized spatial discrepancy of 0.486 ± 0.015 and 0.490 ± 0.019 for R452 and

pR452 respectively. Molecular envelopes were visualized, and atomic models fit to molecular envelopes using Chimera (Pettersen

et al., 2004).

The conformational flexibility of pR452 and R452 was modeled by coarse-grained fitting with respect to experimental SAXS data

using SREFLEX program in the ATSAS software package. Normal mode analysis was conducted with automatic determination of

rigid body units. The final disposition of rigid body units after application of normal mode projections was determined by rigid

body refinement with respect to the computed SAXS profile (Panjkovich and Svergun, 2016). CRYSOL software from the ATSAS soft-

ware package was used to model scattering profiles from atomic coordinates.

Heteronuclear NMR Data Collection and Analysis
Uniformly 2H,15N isotope-labeled Gai1D31 was expressed and purified as described (Goricanec et al., 2016). 2D-TROSY NMR

spectra of 2H,15N Gai1D31 alone or in the presence of R452 at 0.5 and 1.6 stoichiometric ratio to Gai1D31, were recorded with

1024 and 128 complex points in the 1H and indirect 15N dimension, respectively, at 303K on a 600 MHz Bruker spectrometer equip-

ped with a cryogenic TXI probe. Samples contained 100 mM 2H,15N Gai1D31 in 20mM Sodium Phosphate pH 7.0, 50 mM NaCl,

5 mM MgCl2 and 5 mM dithiothreitol, 300 mM GDP. Backbone assignments are available for 73 % of the resonances in the 2D-

[1H,15N] -TROSY spectrum of GDP-bound Gai1D31(Goricanec and Hagn, 2019). Chemical shift perturbations were calculated using

the empirical formulaDdav = (DdH
2 + (DdN/5)

2)½. Data analysis was carried out with NMRFAMSparky software (Lee et al., 2015) based

on Sparky4 (T.D. Goddard and D.G. Kneller, University of California, San Francisco) and structures were visualized with UCSF

Chimera (Pettersen et al., 2004).

Mass Spectrometry
Protein sample (400 ml at 1mg/ml) was subjected to chromatography on a 1.0mm x 100 mm Phenomenex Onyx monolithic C18 col-

umn (Torrance, CA) with a mobile phase gradient (A= water, 0.1% formic acid; B=acetonitrile, 0.1% formic Acid: 0’-1’, 10%B; 1’-7’,

10% to 70%B; 7’-8’, 70% to 90%B; 8’-9’, 90%B; 9’-10’, 90% to 10%B) in line to a Brucker microTOF focus II at a flow rate of 400 ml/

min, scanning in the positive mode over a scan range of 200 – 3000 m/z at a scan rate of 2 Hz. Data analysis was conducted with

Bruker DataAnalysis software v 4.2 provided with the instrument, using the Maximum Entropy deconvolution algorithm.

For analysis byMALDI-TOFMS, crystals of pR452 (red) were rinsed in reservoir solution three times and dissolved in 0.1% trifluoro-

acetic acid (TFA) to create a�10 pmol/mL pR452 solution. Purified R452 and pR452 in solution were also diluted to�10pmol/mL using

0.1% TFA prior to sample preparation. MALDI matrices (Bruker) were prepared according to manufacturer’s directions. Briefly, a

2’,6’-dihydroxyacetophenone (DHAP) solution was prepared from 7.6 mg of DHAP in 375 ml ethanol and 125 ml of aqueous diammo-

nium hydrogen citrate (DAHC) solution (18 mg/ml). One part sample solution was mixed with one part of 2 % TFA and one part of

DHAP solution; then 1mL or 2 ml of sample mixture were spotted on a MSP 96 target polished steel BC microScout Target plate

(Bruker) and dried at room temperature. Mass spectrometry experiments were performed using a microflex MALDI-TOF (Bruker)

with flexControl (Bruker) software provided with the instrument. Protein samples in the DHAP matrices were ionized at 37%-50%

laser power and ion masses scanned over a 10-70 kDa range. Data was analyzed using flexAnalysis (Bruker) software provided

with the instrument.

Surface Plasmon Resonance Binding Analysis
All proteins were buffer-exchanged by elution though a Superdex-200 column (GE Healthcare) into running buffer (50mMHEPES pH

8.0, 150mM NaCl, 1mM TCEP). N-terminally hexa-histidine-tagged Ric-8A ligands (R452, pR452, R491, pR491) at 0.1mM in running

buffer were anchored to anNi-NTA sensor chip surface for 5minutes followed by a 7-minute wash, or until the baseline response level

was stable, with buffer to remove unbound/loosely bound ligand molecules. For binding phase, Gai1 analyte at each of a range of

concentrations (0.625 mM, 1.25mM, 2.5mM) of was applied to the ligand-coated sensor chip surface for 3 minutes, followed by a

6-minute wash with running buffer, to complete the dissociation phase. All steps were conducted at room temperature (�25�C) at
a flow rate of 30mL/min. After each analyte binding/dissociation step, the Ni-NTA sensor chip surface was regenerated by first strip-

ping with 350mM Ethylenediaminetetraacetic acid (EDTA), followed by doubly distilled water (ddH2O), followed by 0.5mM NiCl2,

3mM EDTA, and finally, running buffer. Using BiaCore X100 evaluation software (GE Healthcare) provided with the instrument,

all binding and dissociation comprising a single data set were globally fit to a 1:1 binding model to generate a single kon, koff,

Rmax, for the binding phase, R(t), the relative response at time t, = (1 – exp -(kon $C+koff)t)Req and for the dissociation phase, R(t) =

(exp -(koff $t)Req, where Req=(kon $C/(kon $C+koff))Rmax, where Rmax is the maximum value of the response unit if all ligand at concen-

tration C, is occupied by analyte, kon is an apparent pseudo-first order association rate (M-1s-1), and koff is the dissociation rate (s-1).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Figure 1: Data points are shown as mean +/- SEM for three replicates. Replicates represent three independent measurements of

labeled reaction products from the same reaction volume.

Figures 4A and 4D: Agreement between experimental and modeled scattering intensities is shown as the residual divided by the

standard deviation of measurement (DI/s).

Figure S2: Sensograms were determined once for each sample at three analyte concentrations. Standard error for fit of kinetic

parameters determined by a global nonlinear fit of observed sensogram data to the models described in STAR Methods.

Figure S6B: Three to 5 replicates were taken for each data set and significance of differences was estimated by a Student’s T Test.

Each replicate derives from a progress curve generated by mixture of reaction components from the same preparation.

DATA AND SOFTWARE AVAILABILITY

Atomic coordinates and structure factors for native and paratone-immersed pR425 crystals are deposited in the RCSP Protein Data

Bank (https://www.rcsb.org) with accession numbers 6NMG and 6NMJ, respectively.

Small Angle Scattering data for R452 and pR452 are deposited in the Small Angle Scattering Biological Data Base (SASBDB)

https://www.sasbdb.org/ with accession identifiers SASDFA5 and SASDFB5, respectively.
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Table S1.  

 Solvent accessible surface of, and spatial relationships between ARM and HEAT repeats of 
R432; Related to Figure 2B 

Intra-repeat parameters Inter-repeat parameters 
repeat residue 

range 
Repeat 

type 
Intra-
repeat 
SASA* 

(Å2) 

transition Rotation 
(°) 

Center-
Center 

(Å) 

Inter-
repeat 
SASA 
(Å2)  

1 1-36 H 836 - - -  
2 37-76 H 953 1à2  39 10.6 2043 
3 77-128 A 1415 2à3  22 9.8 1978 
4 129-

174 
A 1338 3à4  31 10.9 2191 

5 175-
236 

A 1695 4à5  34 11.3 2342 

6 237-
282 

H 1200 5à6  40 11.4 2490 

7 283-
344 

A 2250 6à7  78 13.3 1948 

8 345-
400 

A 1791 7à8  61 12.7 2193 

9 401-
429 

H 556 8à9  114 11.7 1551 

* Solvent Accessible Surface Area, computed using Mac PyMol version 1.7 Schödinger LLC. Rotation 
and translations were determined using the PyMol script draw_rotation_axis available at 
https://raw.githubusercontent.com/Pymol-Scripts/Pymol-script-repo/master/draw_rotation_axis.py 

  



 
Table S2.  

Fit of Models from SREFLEX normal-mode fitting of pR452 crystal structure to 
SAXS curves for phosphorylated (P01-5) and non-phosphorylated R452 (U01-5); 

Related to Figure 4 
model Rotation of  

Segment 1 (°)* 
Rotation of  
Segment 3 (°)* 

RMSD (Å) χ2 clash breaks 

P-01 13.64 25.02 3.66 .24 .09 .03 

P-02 16.68 20.43 4.03 .26 0 0 

P-03 12.5  12.0  3.08 .27 0 .01 

P-04 28.9 48.99 9.71 .27 .14 .18 

P-05 12.3 15.19 3.66 .28 0 0 

U-01 9.56 26.31 6.05 .39 0 .27 

U-02 24.57 26.21 5.78 .44 05 .19 

U-03 21.56 34.14 7.71 .44 05 .42 

U-04 16.74 21.27 3.95 .44 0 0 

U-05 3.59 23.25 5.08 .44 .14 ,18 

* Magnitude of rotation of Segment 1 (residues 1-183) or Segment 3 (residues 288-430) 
relative to Segment 2 (residues184-287) of the native crystal structure;  RMSD between  Cα   
positions of the molecule B of pR452 and corresponding atoms of the model.  Clash and 
break scores indicate the relative number of steric overlaps within the model structure and 
breaks in the polypeptide chain, respectively (Panjkovich and Svergun, 2016). 

  



 
 
Figure S1.  Casein Kinase II phosphorylates R452 at two sites. Related to Figure 1 and Figure 2.  See 
STAR Methods for phosphorylation and Mass Spectrometry protocols. (A) triple quadrupole mass 
spectrometric analysis of phosphorylated and unphosphorylated Ric-8A The mass difference between 
R452 and pR452 is 160.249 Da, consistent with phosphorylation at two sites. (B) MALDI-TOF mass 
spectrometry of dissolved crystals of pR452 crystals (red), purified R452 (cyan) and pR452 (black). Mass 
spectrometry experiments were performed using a microflex MALDI-TOF (Bruker) with flexControl 
(Bruker) software. Data was analyzed using flexAnalysis (Bruker) software.  
 
 
 
  



Figure S2.  Kinetics of Ric-8A protein binding to Gαi1 measured by surface plasmon resonance using a 
BiaCore X100 system (GE Healthcare). See STAR Methods. Related to Figure 1. N-terminally hexa-
histidine-tagged Ric-8A ligands (R452, pR452, R491, pR491) were anchored to an Ni-NTA sensor chip 
surface for 5 minutes For The Gαi1•GDP analyte was applied to the ligand-coated sensor chip surface at 
each of a range of concentrations (0.625 µM, 1.25µM, 2.5µM). Binding and dissociation data were 
globally fit to a 1:1 binding model to generate a single kon and koff (See STAR Methods).  Note that kon is 
an apparent pseudo-first order association rate (M-1s-1), and koff  is the dissociation rate (s-1). The apparent 
on-rate includes the kinetics of GDP dissociation from Gαi1, such that Gαi1•GDP is the species that 
associates with the chip-bound Ric-8A ligands, whereas it is nucleotide-free Gαi1 that dissociates from 
ligand. Thus, the ratio koff/kon is not equivalent to the dissociation constant for the Ric-8A:Gαi1•GDP 
complex.  
 
Ligand kon, apparent (M-1s-1) koff, (s-1) 

R452 3302 (205) 1.52 (0.04) x 10-4 

pR452 2664 (277) 1.13 (0.04) x 10-4 

R491 3190 (243) 3.04 (0.04) x 10-4 

pR491 2614 (424) 8.94 (0.3) x 10-5 

 
 



Figure S3. Amino acid sequence alignment of Ric-8A homologs (human, bovine, mouse, rat, chicken, 
frog (xenopus), zebrafish). Related to Figures 2, 4, and 5.  Amino acids at interface between subdomain 
interfaces are boxed in gray, with black and dashed underlines lines indicating residues at opposing 
interfaces, I1 between subdomains (1-183) and (184-287) and I2, between subdomains (184-287) and 
(288-429), demarcated with vertical lines at right. Magenta underlining indicates segments of strongest 
protection from HDX (Figures 2, 5). Residues in the conserved basic region (Figure 2C, 5C) are shown in 
blue-shaded boxes.  Extent of secondary structure elements of HEAT/ARM repeats are shown above 
sequence blocks.  Phosphorylated residues Ser335 and Thr440 are shaded in yellow.  Alignment 
performed using European Bioinformatics Institute CLUSTALW server 
https://www.ebi.ac.uk/Tools/msa/clustalo/ from sequences deposited in the UniProtKb database 
https://www.uniprot.org/.  
  



 
 

 
Figure S4. Prediction of disordered residues by DISOPRED-3 (Jones and Cozzetto, 2015). Related to 
Figure 2 and Figure 4. The grey dashed line indicates a confidence score of 0.5, above which the input 
sequence is considered disordered. The orange line shows the confidence of disordered protein binding 
residue predictions. DISOPRED-3 was accessed through the PSIPRED server 
http://bioinf.cs.ucl.ac.uk/psipred/?disopred=1 
 

  



 

Figure S5.  A potential phosphate-binding site near the N-terminus of α18 composed or R345 and R348 
of pR452, bound to a sulfate ion derived from crystallization buffer. Related to Figure 2 (A) The 2mFo-
DFc map calculated with the final, refined phase set, is rendered at the 1.0 σ contour level.  Carbon 
atoms are colored green, nitrogen, blue, oxygen, red, sulfur, yellow.  Interatomic contact distances shown 
with dashed lines with distances in Ångstrom units, Rendered using PyMOL V1.7, Schrödinger, LLC. 
Average B factors for guanidinium groups of Arg345 and Arg348 are 57Å2 and 46Å2, respectively. The B 
factor for the Nζ of Lys349 is 56Å2.  The overall B factor for the sulfate ion is 75Å2. These may be 
compared to the average B factor for all protein atoms, 47Å2. (B) Fluorimetric Guanine nucleotide 
exchange assay, conducted as described in (Kant, et al, 2016). See STAR Methods.  Exchange reactions 
were conducted in buffer (50mM HEPES pH 8.0, 1 mM TCEP, 150 mM NaCL and 10 mMMgCl2) 
containing 10 mM GTPγS, 2µM R452 or pR452 or mutants thereof as indicated, and 2µM Gαi1 at a 
reaction temperature of 25° Reaction volume was 500µl.  Reaction was initiated by addition of Gαi1•GDP 
to R452 mixture and Gαi1•GTPγS measured by fluorescence emission at 345nm (excitation wavelength 
295nm) in an LS55 luminescence spectrometer (PerkinElmer Life Sciences).  Three to 5 replicates were 
taken for each data set and significance of differences was estimated by a Student’s T-Test.  

  



 
Figure S6  Symmetry relationship and packing interactions between pR452 molecules A and B.  Related 
to Table 1 and Figure 2. The red line shows the screw axis that relates the two molecules in the 
asymmetric unit by a 110° rotation and a translation of 29Å.  This packing interaction arises from an 
extensive interface formed by α18 and αA9 motifs of molecule B with the C-shaped cavity formed by 
multiple ARM/HEAT repeats of molecule A. The corresponding surface of molecule B forms similar, but 
less intimate contacts with the α18 and αA9 motifs of a symmetry-related copy of Molecule A. The rms 
deviation between the Cα atoms of molecule A and molecule B is 0.78 Å (346 atoms aligned). The 
PyMOL script draw_rotation_axis available at https://raw.githubusercontent.com/Pymol-Scripts/Pymol-
script-repo/master/draw_rotation_axis.py was used to compute the superposition matrix and derive 
screw-axis parameters.  

 

  



 
Figure S7. Immersion of pR452 crystals in paratone-N (Hampton) causes lattice contraction along all 
three unit cell axes.  Related to Table 1. The crystal lattices of the native and paratone-N-soaked crystals 
and their contents are colored cyan and yellow, respectively and aligned by superposition of molecule B  
(symmetry equivalent x,y,z) of the native structure (cartoon ribbon colored magenta) with the 
corresponding molecule in the paratone-N-soaked crystals (cartoon ribbon colored yellow).  Molecules A 
are shown as cyan (native crystals) and green (paratone) ribbons.  Sulfate ions that are present in native, 
but not paratone-N soaked crystals are shown as van der Waals spheres.  Oil immersion causes changes 
in packing interactions (including those between molecules A and B), but only minor distortion of pR452 
itself (rms differences at Cα positions = 0.63Å (365 atoms aligned) and 0.64Å (344 atoms aligned) for 
chains A and B, respectively, relative to their counterparts in native crystals).  Figure produced using Mac 
PyMOL, Version 1.7 Schrödinger LLC. 

  



 
Figure S8.  (A) SEC-SAXS chromatography of R452 (closed circles) and pR452 proteins (open circles); 
I(0) (black) and Rg (red) are plotted as a function of time as sample passing through the S200 Increase 
1.3/300 column. (B) pair distribution function, P(r), computed using the GEOM indirect transform program 
in the ATSAS program suite. Related to Table 2 and Figures 3 and 4. 
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