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domain separation and Ras domain plasticity in Gai1
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Heterotrimeric G proteins are activated by exchange of GDP for
GTP at the G protein alpha subunit (Ga), most notably by G pro-
tein-coupled transmembrane receptors. Ric-8A is a soluble cyto-
plasmic protein essential for embryonic development that acts as
both a guanine nucleotide exchange factor (GEF) and a chaperone
for Ga subunits of the i, q, and 12/13 classes. Previous studies
demonstrated that Ric-8A stabilizes a dynamically disordered state
of nucleotide-free Ga as the catalytic intermediate for nucleotide
exchange, but no information was obtained on the structures in-
volved or the magnitude of the structural fluctuations. In the pres-
ent study, site-directed spin labeling (SDSL) together with double
electron-electron resonance (DEER) spectroscopy is used to provide
global distance constraints that identify discrete members of a con-
formational ensemble in the Gai1:Ric-8A complex and the magni-
tude of structural differences between them. In the complex, the
helical and Ras-like nucleotide-binding domains of Gai1 pivot
apart to occupy multiple resolved states with displacements as
large as 25 A. The domain displacement appears to be distinct
from that observed in Gas upon binding of Gs to the f, adrenergic
receptor. Moreover, the Ras-like domain exhibits structural plastic-
ity within and around the nucleotide-binding cavity, and the
switch | and switch Il regions, which are known to adopt different
conformations in the GDP- and GTP-bound states of Ga, undergo
structural rearrangements. Collectively, the data show that Ric-8A
induces a conformationally heterogeneous state of Gai and pro-
vide insight into the mechanism of action of a nonreceptor Ga GEF.

G protein | guanine nucleotide exchange factor | double electron
electron resonance spectroscopy | tertiary structure | protein dynamics

eterotrimeric G proteins are activated by exchange of GDP

for GTP at the alpha subunit (Ga), a reaction with a high-
activation energy barrier (1). Guanine dinucleotides and trinu-
cleotides bind tightly to Ga with affinities in the low nanomolar
range (2, 3), and contribute substantially to the overall stability
of Ga tertiary structure. Indeed, nucleotide-free Go exhibits
properties characteristic of a molten globule (4). In cells, agonist-
stimulated 7-transmembrane helical G protein-coupled receptors
(GPCRs) catalyze nucleotide exchange from G protein hetero-
trimers, in which GaeGDP is bound to a heterodimer of Gf
and Gy subunits (5). The cytosolic proteins Ric-8A and Ric-8B,
which are structurally unrelated to GPCRs, have been shown
to have guanine nucleotide exchange (GEF) activity toward
GaeGDP subunits in the absence of Gy (6, 7), thus functionally
activating the subunit. In Caenorhabditis elegans, Drosophila, and
mouse, Ric-8 homologs have been shown to be essential for
asymmetric cell division, where they are assumed to function as
GEFs (8-12). Ric-8 proteins also promote efficient folding and
membrane localization of certain Go subunits (13, 14), and in-
hibit their ubiquitination and degradation (15, 16). With respect
to these activities, Ric-8A acts specifically on Ga subunits of the
i, g, and 12/13 classes, whereas Ric-8B is active toward Gas (17).
Gao subunits are composed of two structural domains (3). The
Ras-like domain is homologous to guanine nucleotide-binding
domains of the Ras superfamily. Within the Ras-like domain are
three so-called switch segments that integrate catalytic (guanine
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nucleotide-binding and GTP hydrolysis) with regulatory function
(effector regulation). The conformations of these peptide seg-
ments differ between the GTP and GDP-bound states of G (3).
In crystals of Gail-nucleotide complexes, switch I and switch 11
are well-ordered in the GTP-bound state, but partially (switch I)
or fully (switch II) disordered when GDP is bound (18, 19).
Inserted into switch I of the Ras domain is a helical domain that
is unique to the family of heterotrimeric G proteins. The helical
domain flanks the guanine nucleotide-binding site and, while it
makes few direct contacts with the nucleotide, shields it from
solvent and may affect the rate of its dissociation (20, 21).

We have shown that in the complex of nucleotide-free Gail
and Ric-8A, an intermediate in the nucleotide exchange reaction
(6, 22), Gail is conformationally heterogeneous and dynamic, but
the structures involved and the magnitude of the structural
fluctuations were not determined (4). The nucleotide-free Gail:
Ric-8A complex is stable and can be readily isolated. In the
present study, we used site-directed spin labeling (SDSL) and
both continuous wave (CW) and double electron-electron reso-
nance (DEER) (23, 24) spectroscopy to map sequence-specific
structural and dynamical changes in Gail upon complex formation
with Ric-8A. The data reveal that binding of Ric-8A to Gail
induces structural heterogeneity due to new conformations in
which the helical domain has pivoted away from the Ras-like do-
main, exposing the nucleotide-binding site to solvent, thus pro-
viding an escape (and entry) pathway for the nucleotide. A similar
change is induced in Gail upon formation of the nucleotide-free
complex with the activated GPCR rhodopsin (20), but is distinctly
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different from that in the crystal structure of Gas in the complex
with B, adrenergic receptor (B2R) (25). In addition to the global
changes in tertiary structure, binding of Ric-8A also triggers de-
formation within the Ras-like domain, particularly of structural
elements that surround the nucleotide-binding pocket. Together,
these changes reveal salient features of a mechanism underlying
the GEF activity of Ric-8A.

Results

In the background of Hexa I Gail, in which all native surface-
exposed and reactive cysteine residues were mutated (26), SDSL
methods (27) were used to introduce pairs of nitroxide side
chains (R1) at selected sites in nonmyristoylated GDP-bound
Gail; sites were selected pairwise from the set shown in Fig. 1.
Spin-label pairs were designed to detect changes in the distance,
monitored by DEER (24), between the helical and Ras-like
domains and within these domains upon binding of Ric-8A to
GaileGDP. All Hexa I Gail mutants and their R1-labeled forms
exhibited GTPyS-binding rates within a factor of 2 of that for
wild-type Gail. In all cases, rates were enhanced at least 10-fold
by Ric-8A (Table 1), comparable to its action on wild-type Gail.
Heterodimeric, nucleotide-free complexes between Ric-S8A and
mutants of Hexal-Gail and their R1-labeled forms were ho-
mogeneous by HPLC analysis (Fig. S1). DEER data on the spin
labeled mutants were obtained from samples flash-frozen in
liquid nitrogen (Materials and Methods). The basic DEER data
are a dipolar evolution function from which an interspin distance
distribution is derived. Background-corrected dipolar evolution
functions for all samples are provided in Fig. S2.

Ric-8A-Induced Gail Interdomain Motions. To detect and quantify
the action of Ric-8A on the interdomain geometry of Gail using
DEER distance mapping, we made use of spin label pairs with
one R1 in each domain. The pairs were selected from a set
consisting of three sites in the helical domain (residues 90, 106,
and 147) and three functionally significant sites in the Ras-like
domain (residue 214 in switch II and 235 and 238 in switch III)
that are well-ordered in the activated GTP-bound state but flex-
ible with GDP bound (19, 28) (Fig. 1). The five pairs investigated
are 90R1/238R1, 90R1/214R1, 147R1/235R1, 106R1/214R1, and
106R1/238R1. In principle, the experimental DEER distances can
be compared with predictions based on modeling of R1 in the
appropriate crystal structure. However, for residues 209, 214, 235,

D 238 Ras-like

"SI helix

Fig. 1. The set of sites selected for introduction of R1 in Gai1 (yellow alpha
carbon spheres). The helical domain and Ras-like domains are shown as light
orange and green ribbons, respectively. The ribbon corresponding to the
switch | loop, the switch Il helix, and the switch Ill loop are all colored red,
whereas the phosphate binding P-loop is shown in blue. Other structural
elements mentioned in the text are labeled. The structure of Gail:GTPyS
(PDB ID code 1GIA) is shown because switch Il and lll are ordered in that
complex, but not in Gai1:GDP (PDB ID code 1GDD). A stick figure of GTPyS
(light magenta) is shown at the nucleotide-binding site, Right.
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Table 1. Rates of GTPyS binding to Hexa | Gai1 and Hexa |
R1-Gail

GTPyS binding,* min™
Mutant* R1 sites’ Nat R1 R1 + Ric-8A
Gai — 0.043 — 0.56 (43)
Hexa | Gail — 0.021 — 0.28 (32)
90C,106C H 0.018 0.019 0.22 (25)
90C,214C H-R 0.024 0.018 0.27 (24)
90¢,238C H-R 0.025 0.015 0.32 (32)
106C-214C H-R 0.019 0.025 0.33 (35)
106C-238C H-R 0.033 0.029 0.35 (32)
147C-235C H-R 0.025 0.02 0.29 (32)
63C-238C H-R 0.016 0.016 0.11 (28)
63C-209C H-R 0.022 0.022 0.29 (29)
43C-330C R 0.042 0.04 0.50 (34)
180C-305C R 0.023 0.02 0.28 (29)
209C-330C R 0.033 0.031 0.36 (30)
305C-330C R 0.041 0.032 0.49 (35)

*All R1 pairs are in the Hexa | Gail background.

TH, both R1 residues in Helical domain; H-R, one R1 residue in helical and one
R1 in Ras domain; R, both R1 residues in Ras domain.

*Nat, unlabeled cysteine mutant in Hexa | background; R1, R1-derivatized
cysteine mutant in Hexa | background; R1 + Ric-8A, R1-derivatized mutant in
the presence of Ric-8A (see Materials and Methods for assay conditions).
Values of individual measurements are within 5% of the average value.
Overall percent change in tryptophan fluorescence after 10 min of incuba-
tion with GTPyS is shown in parenthesis.

and 238, electron density is missing in the GaileGDP crystal
structure (PDB ID code 1GDD), and this comparison cannot be
made for any of the above R1 pairs.

Model-free DEER analysis for 90R1/238R1 and 90R1/214R1
in GaileGDP yields interdomain distance probability distri-
butions in which single maxima account for the majority of the
populations (Fig. 24, black traces). The widths of the dis-
tributions for the major populations are on the order of those
expected for known rotamers of R1 (29). However, the minor
populations in 90R1/214R1 at both shorter and longer distances
are outside the range for rotamers of the R1 side chain, sug-
gesting large-amplitude but low-probability fluctuations in the
structure that involve relative movements of the C-terminal
portion of the flexible switch II sequence and residue 90R1 in the
helical domain in the GDP-bound state of Gail. The smaller
populations in 90R1/238R1 may not be reliably determined by
the data. When bound to Ric-8A, there are striking changes in
the distance distributions of 90R1/238R1 and 90R1/214R1 rel-
ative to GaileGDP. For example, the distance distribution for
90R1/238R1 in the Gail:Ric-8A complex broadens strongly to-
ward longer distances and is multimodal, suggesting that the Ras
and helical domains separate to occupy a manifold of substates,
one of which (~20 A) is apparently the same as in GaileGDP. For
90R1/214R1, the major population corresponding to GaileGDP
(~40 A) drops sharply, whereas shorter and longer distances,
similar to those of the minor states in GaileGDP, are strongly
populated.

The nitroxides of the interdomain 147R1/235R1 pair are suffi-
ciently close in GaileGDP (<15 A) for the CW EPR spectra to
show magnetic dipolar broadening (30, 31) (Fig. 2B), consistent
with expectations based on any of the crystal structures of the
Gail subunit (Fig. 1). The interspin distance is too short for de-
termination by DEER (2). However, upon complex formation
with Ric-8A, the dipolar broadening disappears, as evidenced by
the sharp increase in spectral intensity that accompanies the
narrowing of the resonance lines in the CW spectra, and DEER
data reveal a broad distribution extending beyond 40 A, consistent
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Fig. 2. Distance distributions for spin pairs that span the Ras-like and he-
lical domains of Gai1eGDP and the corresponding Gail:Ric-8A complex. (A)
Distance distributions for the indicated pairs are shown for Gai1eGDP (black
traces) and for the complex with Ric-8A (red traces). Based on the DEER
data collection time, upper limits for reliable distance and width de-
termination are shown as cyan and magenta bars, respectively, on the
distance axis. (B) CW EPR spectra for the corresponding doubly labeled
proteins in the Gai1eGDP (black), Gai1:Ric-8A complex (red), and after the
addition of GTPyS (green). The scan width in magnetic field is 100 G. Insets
for 90R1/214R1 provide vertically expanded views of the low and high field
regions in the GDP and Ric-8A-bound states to more clearly reveal features
corresponding to immobilized states (arrows). For 147R1/235R1 broadening
extending beyond 100 G reveals magnetic dipolar interaction in GaileGDP
but not in the complex with Ric-8A. Slight dipolar broadening is also seen in
90R1/238R1.

with the domain separation and conformational heterogeneity
identified by the other spin pairs.

The interdomain pairs 106R1/214R1 and 106R1/238R1 have
resolved DEER data for GaileGDP that give the broad distance
distributions shown in Fig. 24. For 106R1/214R1, the width of
the main population at ~54 A is uncertain because of the limited
data duration (Fig. S2 and Fig. 2), but the most probable dis-
tance is well-determined (Materials and Methods). The width of
the distance distribution for 106R1/238R1 can be accounted for
by R1 rotamers. The key point is that upon complex formation
with Ric-8A, DEER signals are lost in both cases (Fig. S2), in-
dicating that the interspin distances have increased beyond ~60
A for 106R1/214R1 and beyond ~50 A for 106R1/238R1, further
supporting domain separation in the Ric-8A complex.

Interpretation of the distance distributions in terms of a spe-
cific trajectory for the interdomain separation would require
analysis of more pairs, but the data presented above are sufficient
to unequivocally demonstrate the main conclusion—that Ric-8A
binding induces domain separation and conformational hetero-
geneity in Gail.

1406 | www.pnas.org/cgi/doi/10.1073/pnas.1423878112

Ric-8A-Induced Structural Heterogeneity Within the Gai1 Domains.
To examine internal structural changes in the Ras-like domain
upon complex formation, R1 pairs were selected so that at least
one is placed within a functional sequence. Included in this set
are the following: 180, 209, and 238 in switches I, II, and III,
respectively, residue 330, located at the N terminus of helix o5
near the juncture of the p6-a5 loop that contacts the guanine ring
of the nucleotide (3), and residue 43, proximal to the nucleotide
phosphate binding loop (P-loop). Residues 43, 180, and 330
are in structural elements involved in nucleotide binding and
hydrolysis (3).

To monitor movement of the above residues in the Ras-like
domain because of Ric-8A binding, sites 63 and 305 were
selected as reference sites. Residue 63R1 is formally in the he-
lical domain, but located at an apparent hinge point between the
Ras and helical domains (Fig. 1) and is not anticipated to un-
dergo large amplitude motions during domain separation (25).
Residue 305 in helix o4 is in a structurally invariant region in the
crystal structures of GaileGDP, GaileGTPyS, and the complex
with GPy. Moreover, the corresponding sequence in Gas does not
change position upon complex formation with p2R (25). Thus,
residue 305 is assumed to not undergo significant changes upon
complex formation with Ric-8A. With 63R1 and 305R1 as refer-
ences, changes in distance distributions for pairs involving these
residues are tentatively assigned to movement of the partner.

Fig. 3 shows DEER distance distributions for five R1 pairs
involving these reference sites. As indicated in the figure, four of
the pairs monitor the positions of the switch regions (SI-SIII),
whereas 330R1/305R1 monitors the position of the f6-a5 junc-
tion, in each case relative to the indicated reference. In addition,
43R1/330R1 is included to measure movements of the P loop
relative to p6-aS5 junction, and the single pair 90R1/106R1 to
monitor internal changes in the helical domain. In the crystal
structure of GaileGDP, electron density is resolved for all rel-
evant residues except for 209 and 238, and the experimental
DEER distributions for the four pairs not involving these resi-
dues can be compared with predictions from modeling based on
multiscale modeling of macromolecules (MMM) (32). In each
case, the experimental and modeled distributions based on the
GaileGDP structure are in reasonable agreement, except for
43R1/330R1, where the width of the broad trimodal distribution
considerably exceeds that from MMM modeling (Fig. S3), sug-
gesting that the distribution is determined by protein flexibility
rather than R1 rotamers. The origin of the distribution could be
motion of either 43R1 or 330R1 or both, but the narrow dominant
population of 305R1/330R1 suggests that it is due to 43R1 in the P
loop that defines a boundary of the nucleotide-binding site.

Upon formation of the Gail:Ric-8A complex, there are changes
in the distance distributions for all pairs. The general nature of
these changes is moderate to strong broadening of the overall
distribution, leading to the important conclusion that complex
formation with Ric-8A results in an increase in conformational
heterogeneity in the Ras-like domain, presumably corresponding
to fluctuations in solution at ambient temperatures. In addition
to the overall broadening, there are large shifts in distance dis-
tributions for some R1 residues relative to the selected reference.
In particular, the distribution for switch I (180R1) shows the ap-
pearance of a new population at a displacement of ~10 A relative
to 305R1. Distributions for switch II (209) relative to both 63R1
and 305R1 undergo strong broadening, and new populations
appear at longer distances for 209R1/305R1. The broad mul-
timodal nature of the distributions for the 180/305R1 and 209R1/
305R1 pairs in the complex indicate fluctuations of switch I and
II between conformational substates, one of which is apparently
similar to the GuileGDP state. The position of switch III, moni-
tored by 238R1 relative to 63R1, shifts to longer distances cor-
responding to one of the two states present in the GaileGDP
state, suggesting the possibility of conformational selection. The
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Fig. 3. Distance distributions for spin pairs within the Ras-like domain in
Gai1eGDP and the corresponding Gail:Ric-8A complex. (A) Distance dis-
tributions for the indicated pairs are shown for Gai1eGDP (black traces) and
for the complex with Ric-8A (red traces). Upper limits for reliable distance
and width determination are shown as cyan and magenta bars, respectively,
on the distance axis. (B) CW EPR spectra for the corresponding doubly la-
beled proteins in the Gai1eGDP (black), Gai1:Ric-8A complex (red), and after
the addition of GTPyS (green).

distance distribution for 43R1/330R1 shows shifts in relative
populations upon complex formation, but is also broadened,
consistent with fluctuations along the P-loop/purine binding
site axis. In contrast, the distance distribution for 90R1/106R1,
which monitors the internal structure of the helical domain, shows
essentially no change, despite its large-scale separation from the
Ras domain.

The interresidue distance changes observed upon Ric-8A bind-
ing are likely to originate from the combined displacements of
multiple structural elements in Gail. Under any circumstance, the
collective data are consistent with substantial fluctuations in the
dimensions of the nucleotide-binding site in the complex.

CW EPR Spectra Reflect Structural Changes Due to Ric-8A and GTPyS
Binding. Changes in the CW EPR spectra upon complex forma-
tion with Ric-8A at room temperature reflect changes in Gail
conformation and dynamics in multiple ways. For example, in
147R1/235R1, the nitroxides are sufficiently close to show dis-
tant-dependent magnetic dipolar broadening in the CW spectra
for GaileGDP (30) as mentioned above; there is also a weak
dipolar broadening in 90R1/238R1 (Fig. 2) This broadening
disappears upon formation of the complex (dramatically in the
case of 147R1/235R1), signaling separation of the spins beyond

Van Eps et al.

approximately 15 A (compare black and red traces; Fig. 2B)
and supporting the conclusions from DEER distance mea-
surements made at cryogenic temperatures. Addition of GTPyS
to the nucleotide-free complex (green traces) leads to complete
recovery of the dipolar broadening, demonstrating reversible
closing of the domains.

In the absence of dipolar broadening, the CW EPR spectral
lineshapes of R1 reflect the local structure (33) and backbone
dynamics (34, 35), and changes in lineshape can be interpreted in
those terms. For example, the spectra of the 90R1/214R1 and
305R1/180R1 doubles show an increase in the population of a
more immobilized state upon Ric-8A binding (arrows, Figs. 2B
and 3B). Although these spectra are composites of those for the
individual sites, the absence of spectral changes for other pairs
involving the same partners (i.e., 90R1/106R1, 305R1/330R1,
and 305R1/209R1) suggests that 214R1 and 180R1 are the
source of the change. CW spectra of single 214R1 and 180R1
mutants confirm this conclusion (Fig. S4). Residue 214R1 is
located in switch II, and an interesting possibility to account for
the strong immobilization is a direct contact of the switch II
sequence with Ric-8A in the complex. The same model could
account for the immobilization of 180R1 in the nearby switch I.

Collectively, the CW EPR lineshape changes observed upon
formation of the Ric-8A complex reverse after the addition of
GTPyS to 305R1/180R1, consistent with the dissociation of the
complex (Fig. 3B, green traces). The dramatic change of the
90R1/214R1 spectrum upon GTPyS addition to this mutant is
a hallmark of the dynamic transition in switch II upon moving
from the GDP to the GTPyS-bound state (28).

Discussion

The results presented here afford insight into mechanistic fea-
tures of nucleotide exchange that are specific to Ric-8A activa-
tion of monomeric Ga in contrast to GPCR activation of Ga in
a heterotrimeric context, and those that appear to be common to
both. Fig. 4 summarizes graphically the main findings of this
study regarding the nature and topography of changes in Gail
that occur upon binding to Ric-8A. Although they are structur-
ally unrelated, GPCRs and Ric-8A appear at least superficially
to use similar mechanisms to induce nucleotide release. Thus,
both GEFs bind to the C terminus (4, 25, 36-39) of Ga and
trigger changes that destabilize the contacts between the helical
and Ras-like domains of Ga. In addition to the appearance of an
open state in which residue 90R1 in the helical domain is sep-
arated by ~48 A from 214R1 in switch II and 238R1 in switch III,
there appears to be essentially a continuum of intermediate
states that approach the fully closed GaileGDP conformation,
suggesting a ratchet-like separation that may facilitate nucleotide
release while clearly providing an entry route to GTP (20, 25)
(Fig. 44). However, a model of the Ric-8A-bound open state for
Gail based on the crystal structure of the Gs:p2R complex (25) is
not consistent with the DEER data presented here. For example,
in the crystal structure, the helical domain occupies a position
relative to the nucleotlde domain that is ~20 A further than that
measured by the maximum 90R1-238R1 distance in the distri-
bution (Fig. 44). However, the 106R1-214R1 distance is found to
be beyond the detection limit of the DEER experiment (Fig. S2)
and, thus, must be substantially longer then would be expected for
a Gs:p2R-like complex (~50 A) in which the distance would be
resolved. To the extent that they can be compared, the displace-
ment and broad distribution in position of the Gia1 helical domain
in the Ric-8A complex is similar to that observed in the complex
with activated rhodopsin (20). A distribution of helical domain
positions is also observed in cryo-EM studies of the P2R:Gs
complex (40). The large displacement in the crystal structure of
the Gs:p2R complex may be due to lattice interactions.

In addition to the separation of the helical and Ras-like
domains in the nucleotide-free state of Ga, both GPCRs and
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Fig. 4. Models summarizing Gai1 structural heterogeneity in the Gail:Ric-
8A complex as determined by DEER. (A, Upper) The distance distributions
between 90R1 (helical domain) and 238R1 (nucleotide domain) in the Gail:
Ric-8A complex (red trace) reproduced from Fig. 2; the asterisks mark the
short and long distance extremes in the nearly continuous distribution.
Lower shows a ribbon model of Gail with the helical domain occupying the
two distance extremes of the distribution; the ribbons are color-coded to
match the asterisks in Upper, and the nucleotide domain is shown in green
with a red ribbon for S, SlI, and Slll. For reference, the position of the helical
domain modeled from the Gs:p2R crystal structure (PDB ID code 3SN®6) is
shown as a gray ribbon. (B) Structural heterogeneity around the nucleotide-
binding site. With the helical domain removed, a top view of the Ras-like
domain is displayed. The thickness of the backbone segment illustrates in-
creased heterogeneity in the Gail:Ric-BA complex versus GaileGDP. The
GTPyS nucleotide is shown as a surface rendering in light magenta.

Ric-8A induce internal perturbations within the Ras-like do-
main. For example, in the crystal structure of the Gs:f2R com-
plexes, the P-loop, p6-a5 connector and the N-terminal segment
of switch II that encompass the GTP binding site, all undergo
receptor-induced conformational changes (25). However, while
p6-a5, the P-loop, and flanking segments of secondary structure are
resolved in the crystal structure, hydrogen—deuterium exchange
experiments show that these segments become conformationally
dynamic (41). These changes are allosterically induced, because the
receptor forms no direct contacts with the switch regions, or ele-
ments that form the nucleotide-binding site. The extent of con-
formational dynamics appears to be localized to discrete regions of
secondary structure.

Ric-8A likewise induces conformational dynamics within the
Ras domain. The DEER results presented here suggest that the
amplitude of these dynamic changes are large and global in
scope. Thus, the centroid distribution of 305R1-330R1 distances
increases in breadth by 10 A at its half maximum. The CW
spectra show that the local environments at the probe positions
do not change upon complex formation, showing that there is no
direct contact with Ric-8A, indicating that Ric-8A acts alloste-
rically to induce these structural changes. Similarly, we observe
increases in structural heterogeneity across the nucleotide-
binding site, indicated by the loss of substructure in the major
peak of the 43R1/330R1 distance distribution relative to that
observed for GaileGDP. The centroid of this distribution is
down-shifted by 3 A, indicative of a contraction in the nucleo-
tide-binding site along the P-loop—p6-a5 axis in Ric-8A-bound
nucleotide-free Gail, a change that is not observed in the
Gs:p2R complex. The large excursions in switch I and switch II,
as revealed in the 180R1/330R1 and 209R1/330R1 distributions
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(and also in the increase in the width of the 63R1/209R1 dis-
tribution) are accompanied by immobilization of 180R1, and
quite dramatically, of 214R1, suggesting that Ric-8A may induce
these structural displacements by making direct contact with the
two switch segments. Thus, the magnitude of Ras domain het-
erogeneity induced by Ric-8A appear to be markedly greater
than those caused by Go—GPCR interactions as inferred from
the crystal structure.

That Ric-8A binds to monomeric GoileGDP, whereas GPCRs
preferentially recognize intact G protein heterotrimers—thereby
preserving contacts between Ga switch II and Gpy—may, in part,
explain the differences in the amplitude of changes induced by
the two exchange factors on the Ras domain of Ga. The presence
of GBy in GPCR complexes with G protein heterotrimers may
provide some degree of global stabilization of nucleotide-free Ga
that is not afforded in the complex with Ric-8A, and this stabili-
zation may be reflected in the kinetics of nucleotide exchange.
Detergent-solubilized rhodopsin catalyzes rapid (50 min~') nu-
cleotide exchange from heterotrimeric transducin (42). In con-
trast, the slow kinetics (8 min™) of Ric-8A—catalyzed exchange
(22) may reflect the high activation energies associated with in-
duction of unfolding events in monomeric Ga, manifested in the
formation of an ensemble of structurally heterogeneous nucle-
otide-free states observed in the experiments described here.

Materials and Methods

Molecular Cloning, Protein Expression, and Spin Labeling. A cDNA construct
encoding bovine Gai1 with six amino acid substitutions at solvent-exposed
cysteine residues (C3S, C66A, C214S, C305S, C325A, C3511; Gail Hexa I) and
a hexahistidine sequence inserted between residues M119 and T120, was
amplified by PCR using an attB-modified forward primer encoding a tobacco
etch virus (TEV) protease site N-terminal to the Gai1 sequence, and sub-
cloned into a pDEST-15 destination vector for expression as a GST fusion
protein using the Gateway cloning system (Invitrogen). This vector was used
for construction of double-cysteine mutants by QuikChange mutagenesis
(Agilent). The C147/C235 mutant was constructed as described (20). Hexa |
Gail harboring cysteine pairs were expressed and purified as described by
Thomas et al. (4). A fully active fragment of rat Ric-8A composed of residues
1-492 was purified as described (4) and used for all experiments.

R1 adducts of cysteine double mutants of Hexa | Gail were generated by
incubation with the sulfhydryl spin label S-(1-oxy-2,2,5,5,-tetramethylpyrro-
line-3-methyl)-methanethiosulfonate and purified as described by Van Eps
et al. (28). Intrinsic and Ric-8A-catalyzed rates of GTPyS binding was assayed
for the double cysteine mutants and the R1-labeled species as indicated in
Table 1. Complexes of doubly R1-labeled Hexa | Gail with Ric-8A (1-492)
were prepared and purified as described by Thomas et al (4)., and subjected
to HPLC analysis as indicated in Fig. S1. To check labeling, preliminary CW
spectra were taken on a Bruker EMX Plus EPR spectrometer by using a 200-G
field scan at a microwave power of 0.6325 mW.

Rates of GTPyS Binding to Hexa | and R1-Labeled Hexa | Gail. Exchange of
GTPyS for GDP bound to Gai1, Hexa |, their cysteine mutants, and R1 adducts
was followed by monitoring the change in the tryptophan fluorescence of
Gail. Gai1eGDP (1 pM) in assay buffer (20 mM Hepes, pH 8.0, 100 mM Nacl,
10 mM MgCly, 0.1 mM DTT, 2 uM GDP, and 0.05% C12E10) in a reaction
volume of 400 pL was allowed to equilibrate for 10-15 min at 20 °C in a
quartz fluorescence cuvette. GTPyS (final concentration, 10 uM) was added
to the reaction mixture in the absence or presence of 1.5 pM Ric-8A, and the
increase in fluorescence at 340 nm was monitored upon excitation at 290 nm.
Fluorescence measurements were conducted by using an LS55 spectro-
fluorometer (PerkinElmer Life Sciences) attached to a circulating water bath
to maintain a steady sample temperature of 20 °C. Excitation and emission
slit widths were set at 2.5 nm. All exciting light was eliminated by use of a
290-nm cutoff filter positioned in front of the emission photomultiplier. All
kinetic rate parameters are numerical averages obtained by fitting triplicate
datasets to a single exponential (y = yo + a(1 — e™*)) equation in Sigma Plot
8.0 or Graph Pad Prism 5.0. Values of individual measurements are within
5% of the average value. Incubation of R1-labeled Gail proteins in assay
buffer for 2 h at 25 °C, followed by acquisition of CW spectra, demonstrated
that R1-side chains are not cleaved from the protein to a significant extent
by disulfide exchange in the presence of 0.1-0.2 mM DTT.
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HPLC analysis of R1-Gail:Ric-8A complexes were performed on a TSKgel
SuperSW S3000 with 50 mM Tris, pH 8.0, 150 mM Nadl, and 0.2 mM DTT as the
running buffer using an Agilent 1200 HPLC. R1-labeled Gai1eGDP samples (con-
taining 50 uM Gai1eGDP, 10 pM GDP in 100 puL) were mixed in equal molar ratio
of Ric-8A, incubated for 2 h and concentrated by using a Millipore micro-Cen-
tricon to remove excess GDP. After centrifugation at 18,300 x g on a benchtop
microcentrifuge, samples (25 pL) were injected onto the column, eluted at 0.3
mL/min and monitored at 280 nm. Bio-Rad gel filtration standards (15 L) were
injected and eluted at 0.3 mL/min in the running buffer to provide molecular
weight markers, and check column flow characteristics and peak shapes.

CW EPR and DEER Measurements. CW EPR spectra over a 100-G range were
recorded at room temperature on a Bruker E580 spectrometer by using a
high-sensitivity resonator (HS0118) at X-band microwave frequencies with
an observe microwave power of 20 mW. Field-modulation amplitudes were
selected to give maximal signal intensity without line-shape distortion. The
data were typically averages of 20-30 scans.

For DEER measurements, the spin-labeled proteins were flash-frozen in
quartz capillaries (1.5 mm inner diameter and 1.8 mm outer diameter) in
a liquid nitrogen bath. Data were collected on a Bruker Elexsys 580 spec-
trometer with a Super Q-FTu Bridge by using a Bruker EN 5107D2 resonator
at 80 K. A 36-ns m-pump pulse was applied to the low field peak of the
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nitroxide absorption spectrum, and the observer n/2 (16 ns) and = (32 ns)
pulses were positioned 50 MHz (17.8 G) upfield, which corresponds to
the nitroxide center resonance. Model-free distance distributions were
obtained from the raw dipolar evolution data by using the program
“LongDistances” developed by Christian Altenbach. The program is freely
available online at www.biochemistry.ucla.edu/biochem/Faculty/Hubbell.
Upper distance limits for reliable distance and width determination were
calculated as described (24).
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