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Nanosecond Dynamics of Gai1 Bound to
Nucleotides or Ric-8A, a Ga Chaperone with GEF
Activity
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ABSTRACT Resistance to Inhibitors of Cholinesterase A (Ric-8A) is a 60-kDa cytosolic protein that has chaperone and gua-
nine nucleotide exchange (GEF) activity toward heterotrimeric G protein a subunits of the i, q, and 12/13 classes, catalyzing the
release of GDP from Ga and subsequent binding of GTP. In the absence of GTP or GTP analogs, and subsequent to GDP
release, Ga forms a stable nucleotide-free complex with Ric-8A. In this study, time-resolved fluorescence anisotropy measure-
ments were employed to detect local motions of Gai1 labeled at selected sites with Alexa 488 (C5) fluorescent dye (Ax) in the
GDP, GTPgS (collectively, GXP), and Ric-8A-bound states. Sites selected for Alexa 488 (C5) derivatization were in the a-helical
domain (residue 106), the a-helical domain-Ras-like domain hinge (residue 63), Switch I (residue 180), Switch II (residue 209),
Switch III (residue 238), the a4 helix (residue 305), and at the junction between the purine-binding subsite in the b6-a5 loop and
the C-terminal a helix (residue 330). In the GXP-bound states, the Alexa fluorophore reports local motions with correlation times
ranging from 1.0 to 1.8 ns. The dynamics at Ax180 is slower in Gai1�GDP than in Gai1�GTPgS. The reverse is true at Ax209.
The order parameters, S2, for Alexa probes at switch residues are high (0.78–0.88) in Gai1�GDP and lower (0.67–0.75) in
Gai1�GTPgS, although in crystal structures, switch segments are more ordered in the latter. Local motions at Ax63, Ax180,
Ax209, and Ax330 are all markedly slower (2.3–2.8 ns) in Gai1:Ric-8A than in Gai1�GXP, and only modest (5 0.1) differences
in S2 are observed at most sites in Gai1:Ric-8A relative to Gai1�GXP. The slow dynamics suggests long-range correlated tran-
sitions within an ensemble of states and, particularly in the hinge and switch segments that make direct contact with Ric-8A.
Induction of Gai1 structural heterogeneity by Ric-8A provides a mechanism for nucleotide release.
INTRODUCTION
Heterotrimeric G proteins relay signals elicited by the bind-
ing of agonists to seven-transmembrane G protein-coupled
receptors (GPCRs), a process that occurs predominantly at
the plasma membrane (1). Engagement of G protein hetero-
trimers composed of a GDP-bound alpha subunit (Ga) and a
heterodimer of beta and gamma subunits (Gbg) by GPCRs
induces the release of GDP from Ga. Subsequent binding of
GTP by Ga and its full or partial release from heterodimeric
Gbg yield an activated Ga�GTP species that is free to bind
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and regulate cellular effectors. Upon hydrolysis of GTP, by
virtue of its intrinsic or GTPase-activating, protein-stimu-
lated GTPase activity, Ga reassociates with Gbg, thereby
terminating effector regulation (2). Proteins that catalyze
exchange of GDP for GTP, such as GPCRs, are known as
guanine-exchange factors (GEFs). Cytoplasmic proteins
with GEF activity have been identified. Notable among
these are the A and B isoforms of Ric-8, which have been
shown to act as GEFs for free Ga�GDP subunits that are
not associated with Gbg. Ric-8A is a soluble, cytosolic
60-kDa protein that exhibits specificity for the i, q, and
12/13 classes of Ga subunits and accelerates the rate of
nucleotide exchange in vitro (3), whereas Ric-8B interacts
specifically with Gas and Gaolf (4). Ric-8 homologs have
been associated with several cell-biological processes
(5,6) and also have been shown to serve as Ga chaperones
in cells, which are required for the biogenesis of functional
Ga subunits and their localization in cellular membrane
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Nanosecond Dynamics of Gai1
compartments (7). Whether Ric-8A GEF activity has a
direct role in regulation of cell signaling processes remains
under investigation (8).

Ga subunits are members of the Ras superfamily of
GTPases. The Ras-like domain (RD) of Ga (Fig. 1) includes
two elements (Switch I and Switch II) that comprise resi-
dues involved in catalysis, Mg2þ cofactor binding, and, in
the case of Switch II, effector binding. Both undergo confor-
mational changes and order / disorder transitions upon
GTP hydrolysis (9–11). Unique to Ga is a ~120-residue
a-helical domain (HD) that is inserted at the N-terminus
of Switch I. Although it forms interactions only with the ri-
bosyl moiety of GDP and GTP (12,13), the HD acts as a lid,
restricting egress of the guanine nucleotide from its binding
pocket. Much has been learned about GEF-stimulated
nucleotide exchange in heterotrimeric G-proteins from the
perspective of GPCR-mediated G protein activation (14).
Recent spectroscopic and crystallographic studies have
demonstrated that GPCRs induce major domain rearrange-
ments as well as perturbations of local structural elements
in Ga subunits (15,16). The RD and HD separate upon for-
mation of an agonist-activated GPCR:G protein complex
(15–17). Recent microsecond-scale molecular-dynamics
calculations indicate that domain separation is necessary
but not sufficient for nucleotide release from Ga, as other
rearrangements at the RD-HD interface are also necessary
to destabilize bound nucleotide (18).

Ric-8A induces structural changes in Ga subunits that
are consistent with its GEF and chaperone activity.
Together, experiments employing heteronuclear NMR,
global hydrogen-deuterium exchange, limited proteolysis,
and scanning calorimetry indicate that Ric-8A stabilizes a
structurally heterogeneous and conformationally dynamic
state of nucleotide-free Gai1 (19). Double electron-electron
resonance experiments demonstrate that upon binding to
Ric-8A and release of GDP, the RD and HD swing apart
and assume multiple conformational states (20). The RD it-
self exhibits structural plasticity in this complex, as reported
by the distribution of distances between spin-label probes at
the nucleotide-binding site, switch segments, and the RD-
HD hinge. Thus, in stabilizing the nucleotide-free state,
Ric-8A induces or permits major structural perturbations
of Ga tertiary and possibly secondary structure.
In this investigation, we aimed to explore differences in
local structural dynamics associated with nucleotide-bound
and Ric-8A-stabilized nucleotide-free states of Gai1. By
measuring time-resolved fluorescence anisotropy of Alexa
dyes conjugated at selected sites on the solvent-accessible
surface of Gai1, we resolved the timescales and amplitudes
of local structural motions that correlate with equilibrium
conformational dynamics in Gai1�GDP, Gai1�GTPgS,
and Gai1:Ric-8A. We found that the correlation times of
the local motions were typically longer at most sites in the
Ric-8A-bound complex of Gai1. In contrast, differences
in the amplitude of local dynamics observed in the three
Gai1 complexes were highly site specific. The data reveal
surprising differences between GDP-bound and GTP-bound
states that are not evident from crystal structures, and
demonstrate that the global perturbations of Ga structure
in the nucleotide-empty, Ric-8A-bound state are comple-
mented by comparable changes in local secondary-structure
dynamics.
MATERIALS AND METHODS

Protein expression and purification

A cDNA construct encoding rat Hexa I Gai1 (21), which harbors six amino

acid substitutions at solvent-exposed cysteine residues (C3S-C66A-C214S-

C305S-C325A-C351I) and a hexa-histidine tag between amino acid resi-

dues M119 and T120, was subcloned into a pDEST-15 destination vector

for expression as a GST fusion protein (20). This vector was used as a tem-

plate for construction of single cysteine-substitution mutants (E63C,

Q106C, K180C, K209C, E238C, S305C (which restored the cysteine in

the native sequence), and K330C, respectively). Hexa I Gai1 cysteine-sub-

stitution mutants were expressed and purified as described previously (19).

A fragment of rat Ric-8A composed of residues 1–491, which was found to

have GEF activity exceeding that of the full-length protein, was expressed

and purified as described previously (19) and used for all experiments.
Protein fluorescent-dye labeling

The Hexa I Gai1 cysteine-substitution mutants (E63C, Q106C, K180C,

K209C, E238C, C/S305C, and K330C; 100–200 mM) were incubated in

reducing buffer (50 mM Tris pH 8.0, 250 mM NaCl, 100 mM GDP,

10 mM dithiothreitol) for 30 min and subsequently exchanged into labeling

buffer (20 mMMOPS pH 7.4, 250 mM NaCl, 100 mMGDP, 10% glycerol)

using Millipore Amicon Ultra concentrators (30 kDa cutoff; Merck

Millipore, Billerica, MA). Then, 100–200 mL of 100-mM reduced protein
FIGURE 1 Ribbon schematic of the tertiary

structure of Gai1�GppNHp (PDB: 1CIP). The

a-helical and Ras-like domains are colored beige

and charcoal, respectively. Switch segments (Sw

I–III) are colored cyan and labeled. The P-loop

and purine-binding segments are colored cyan

and magenta, respectively. Secondary-structure

elements of interest (see text) are labeled. Alexa

488 (C5)-conjugated residues are shown as spheres

and labeled.
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sample was allowed to react with equimolar Alexa 488 (C5) maleimide

(100–200 nmol stock aliquots; ThermoFisher Scientific, Waltham, MA).

Reactions were quenched after 15 min by addition of b-mercaptoethanol

to a final concentration of 10 mM, passed over a 10-mL G-10 desalting

column (GE Healthcare Life Sciences, Marlborough, MA) to remove un-

reacted dye, and then passed through a 0.22-mm filter to remove aggregated

protein. Labeled proteins were subjected to mass spectrometry analysis us-

ing a Microflex matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) instrument (Bruker, Billerica, MA).
Preparation of Gai1 complexes and
nucleotide-exchange assays

Freshly labeled Gai1 samples were diluted to 1 mM in 20mMHepes pH 8.0,

100mMNaCl, 2mMdithiothreitol, 0.01%C12E10with either 100mMGDP

to stabilize the Gai1�GDP complex, 1.5 mMRic-8A to form the nucleotide-

free Gai1:Ric-8A complex, or 1.5 mM Ric-8A þ 10 mM GTPgS þ 10 mM

Mg2þ to employ the GEF activity of Ric-8A to catalyze formation of

Gai1�GTPgS. After a 30-min incubation on ice, to separate nucleotide-

bound Gai1 from the Ric-8A-bound species, the samples were purified by

gel filtration on a Superdex S-200 (GE) size-exclusion column at a flow

rate of 0.4 mL/min using an ÄKTA fast protein liquid chromatography sys-

tem (GE) and monitored at 280 nm. Column fractions corresponding to

40 kDa (15.2-mL elution volume, Gai1�GDP or Gai1GTPgS) or 95 kDa

(12.5-mLelutionvolume,Gai1:Ric-8A)were pooled and an additional bind-

ing partner (either 100mMGDP, 1mMRic-8A, or 10mmGTPgSwith 10mM

Mg2þ) was added. These partner concentrations ensured saturation binding
and were used for data acquisition. Rates of Ric-8A-catalyzed GTPgS bind-

ing toGai1were determined using an intrinsic tryptophanfluorescence assay

as described previously (19).
Fluorescence lifetime and time-resolved
anisotropy decay

For intensity and anisotropy decay measurements, we employed time-

correlated single-photon counting using the FLASC 1000 sample chamber

(Quantum Northwest, Liberty Lake, WA) as described previously (22). We

analyzed the intensity and anisotropy decay data using the software pack-

age FluoFit Pro v4.6.6.0 (PicoQuant, Berlin, Germany). Representative

data are provided in Figs. S4–S6 in the Supporting Material.
TABLE 1 Translational Diffusion Coefficients of Gai1 HEXA I

Bound to Nucleotide (GDP, GTPgS) or GEF (Ric-8A)

Residue

Dtranslation (mm
2 s�1)

GDP Ric�8A GTPgS

63 92 (�6, 7) 72 (�7, 8) 95 (�4, 5)

106 93 (�4, 4) 56 (�5, 7) 85 (�6, 7)

180 92 (�6, 7) 69 (�4, 5) 97 (�7, 8)

209 100 (�16, 19) 58 (�6, 7) 86 (�7, 8)

238 108 (�7, 8) 77 (�7, 8) 93 (�4, 5)

305 105 (�9, 10) 50 (�4, 5) 93 (�10, 12)
Fluorescence correlation spectroscopy

Translational diffusion coefficients were obtained from fluorescence corre-

lation spectroscopy (FCS) measurements carried out with an inverted-

confocal Olympus FluoView IX71 microscope fitted with a 60� 1.2-NA

water objective (Olympus, Center Valley, PA). A 468-nm pulsed-diode laser

(20–60 mW at 20 MHz; model LDH-P-C-485; PicoQuant) was used for

excitation. The emission was selected using a 535/50-nm bandpass filter

(Chroma, Bellows Falls, VT), and avalanche photodiodes (optoelectronic

photon-counting module model SPCM-AQR-14-FC; Perkin-Elmer, Wal-

tham, MA) were used for detection. A b-ME adduct of Alexa 488 (C5)

was used to optimize the confocal optical train, and the confocal volume

properties were determined using a translational diffusion coefficient of

420 5 5 mm2 s�1 at 21.5�C (value and range calculated from literature

values) (23–25). SymPhoTime v5.3.2.2 (PicoQuant) was used for both

data acquisition and analysis.
330 93 (�5, 6) 71 (�3, 3) 99 (�5, 6)

Average 97 (�7, 9) 65 (�5, 6) 92 (�6, 7)

Diffusion coefficients were measured at 21.5�C. Values in parentheses

represent uncertainty at the 95% confidence limits as determined by the

support-plane method (56).
Theoretical considerations and analysis model

The fluorescence anisotropy decay kinetics of an immobile probe attached

to a rigid ellipsoid can be described by a sum of five exponential terms (26).
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However, three correlation times at most might be resolved for ellipsoids of

varying ratios, because two pairs of correlation times are essentially degen-

erate (27). As discussed by Lakowicz (28), however, the overall hydrody-

namic behavior of many soluble, globular proteins may be adequately

described by a single rotational correlation time. If there were also local

motion in a region of the protein containing the probe, there would be addi-

tional depolarization of the fluorescence, and fitting the anisotropy decay,

r(t), as a sum of exponentials would yield two correlation times, fshort

and flong. Accordingly,

rðtÞ ¼ r0

h
p e

�t
fshort þ ð1� pÞe

�t
flong

i
; (1)

where p is a weighting factor between 0 and 1, and r0 is the frozen, or

limiting, anisotropy at time zero; r0 (1 – p) ¼ b long and r0 p ¼ bshort.

The longer rotational correlation time reflects the overall rotation motion

of the protein (referred to as the global rotation), whereas the shorter rota-

tional correlation time contains contributions from both local and global

motions:

f�1
short ¼ f�1

local þ f�1
global; f

�1
long ¼ f�1

global: (2)

NMR (29) and molecular-dynamics studies (30) suggest that collective

librational motions of the cysteine side chain and within the Alexa 488

(C5) side chain could produce an anisotropy decay component with a cor-

relation time on the order of%100 ps. These motions would not be resolved

by our experiments, which would result in smaller r0 values than would be

expected for Alexa 488 (31). Other local motions, such as reorientation of

the Alexa fluorophore, are expected to have correlation times in the nano-

second range (32,33), which is the time range of the intensity decay of

Alexa 488 (C5) (~4 ns). The global motion of the Ric-8A complex, howev-

er, is an order of magnitude slower, and thus is too slow for accurate reso-

lution by Alexa 488 (C5). Therefore, we calculated the correlation time for

global rotational motion (fglobal) from the average translational diffusion

coefficient of the Gai1-Alexa adducts and their complexes with Ric-8A,

respectively, by using the Stokes-Einstein-Debye relations (28,34). FCS

was used to determine the translational diffusion coefficients (Table 1;

Fig. S6, A and B). In the analysis of anisotropy decay data, the calculated

fglobal values derived from FCS were used as fixed parameters. The local

correlation times and fractions bshort recovered from this fitting procedure

are relative to each other and provide a direct comparison of the local struc-

tural dynamics, on the low nanosecond timescale, that occurs within Gai1

in the various binding states.

To model Gai1 local motions, we employed both the wobble-in-a-cone

model (square-well potential) and the order parameter S2 (28,35). The

wobble-in-a-cone model assumes that the anisotropy component with



Nanosecond Dynamics of Gai1
amplitude bshort reflects motions of the probe within a cone-shaped volume

defined by an angle q with respect to the symmetry axis of the cone. The

order parameter S2 ranges from 0 for unrestricted motion (q ¼ 90�) to

1.0 at complete immobilization (q¼ 0�). Smaller cone angles imply greater

local restriction and, conversely, larger cone angles imply greater range of

motion. The order parameter and cone angles are obtained using the

relationship

S2 ¼ blong

r0
¼ ½0:5 cos qð1þ cos qÞ�2; (3)

where r0 is the sum of bshort þ blong, the amplitudes of the short and long

correlation times, respectively. Table 2 reports the order parameters and

cone angles for the various Gai1-Alexa 488 (C5) dye conjugates in each

binding state.
RESULTS

Time-resolved fluorescence anisotropy measurements were
employed to detect perturbations of the Gai1 secondary-
structure dynamics due to binding of Ric-8A, relative to
the dynamics of the GDP and GTPgS-bound states. To
this end, Alexa 488 (C5) maleimide dyes were installed at
cysteine residues introduced by site-directed mutagenesis
at solvent-accessible sites within seven functionally impor-
tant regions of the protein. The cysteine mutations were
introduced into a surface-cysteine-free Gai1 construct,
TABLE 2 Time-Resolved Anisotropy Parameters Describing the Dyn

Residues of Gai1 Bound to Nucleotides or Ric-8A

Residue S2 ¼ blong/Sbi q �

Gai1�GDP
63 0.56 (�0.05, 0.05) 35 (�2, 2)

106 0.47 (�0.03, 0.03) 39 (�2, 2)

180 0.88 (�0.22, 0.27) 16 (�2, 3)

209 0.84 (�0.16, 0.17) 19 (�2, 2)

238 0.78 (�0.12, 0.14) 23 (�2, 2)

305 0.57 (�0.05, 0.06) 34 (�2, 2)

330 0.48 (�0.04, 0.04) 39 (�2, 3)

Gai1:Ric-8A

63 0.73 (�0.06, 0.06) 26 (�1, 1)

106 0.43 (�0.02, 0.02) 41 (�1, 2)

180 0.77 (�0.07, 0.06) 24 (�2, 1)

209 0.67 (�0.05, 0.05) 29 (�1, 1)

238 0.56 (�0.04, 0.04) 35 (�2, 1)

305 0.47 (�0.03, 0.03) 40 (�2, 1)

330 0.73 (� 0.06, 0.06) 26 (�1, 1)

Gai1�GTPgS
63 0.55 (�0.05, 0.05) 35 (�2, 2)

106 0.48 (�0.03, 0.03) 39 (�2, 2)

180 0.70 (�0.07, 0.07) 28 (�2, 1)

209 0.67 (�0.08, 0.09) 29 (�2, 2)

238 0.75 (�0.10, 0.11) 25 (�2, 2)

305 0.28 (�0.02, 0.03) 50 (�3, 4)

330 0.47 (�0.04, 0.04) 39 (�2, 3)

The local correlation time, flocal, and bi values were used to model the secondary

GTPgS-bound) at 25�C. The flocal values were extracted from the short correlatio

complexes and 53 (�4, 4) ns for the Ric-8A complexes, calculated from FCS data

coefficients corrected to 25�C, were fixed parameters in the analyses of the anisoP
bi values. The c

2 statistic reports on the goodness of the fits for a double expo

confidence limits using the support-plane method (56), and the propagated unc
Hexa I (21). The seven cysteine substitutions, each intro-
duced individually, were E63C, located within the N-termi-
nal of the two segments that link the HD of Gai1 to the RD;
Q106C, in the aB helix of the HD; K180C in Switch I;
K209C in Switch II; E238C in Switch III; S305C, located
in the a4 helix of the RD; and K330C, located at the junc-
tion of the b6-a5 purine-binding loop and the a5 helix of
the RD (Fig. 1).

After conjugation with Alexa 488 (C5), mass spectrom-
etry analysis indicated derivatization only at the introduced
cysteine thiols (Fig. S1). GDP-bound Gai1 Alexa adducts
were incubated with Ric-8A in the presence or absence of
the nonhydrolyzable GTP analog GTPgS, and subjected to
size-exclusion chromatography. The latter condition affords
a homogeneous nucleotide-free Gai1:Ric-8A complex. In
the presence of GTPgS, Gai1:Ric-8A rapidly dissociated,
yielding homogeneous Ric-8A and Gai1�GTPgS, which
were well resolved by gel filtration with a Superdex S-200
column. Each of the Alexa-conjugated Gai1 variants (which
we refer to by the residue number of the derivatized site pre-
ceded by Ax) formed homogeneous complexes with Ric-
8A, which in the presence of GTPgS were resolved as
free Ric-8A and Gai1�GTPgS. GTPgS binding assays,
which followed the increase of intrinsic tryptophan fluores-
cence upon addition of GTPgS, demonstrated that all of the
amics of Alexa 488 (C5) Fluorophores Installed at the Indicated

flocal (ns) r0 ¼ Sb i c2

1.2 (�0.2, 0.3) 0.25 (�0.02, 0.02) 1.17

1.7 (�0.3, 0.3) 0.26 (�0.02, 0.02) 1.14

1.3 (�0.5, 0.9) 0.26 (�0.06, 0.08) 1.03

1.6 (�0.5, 0.8) 0.28 (�0.05, 0.06) 1.11

1.3 (�0.2, 0.5) 0.29 (�0.04, 0.05) 1.07

1.0 (�0.2, 0.2) 0.28 (�0.03, 0.03) 1.16

1.1 (�0.2, 0.2) 0.24 (�0.02, 0.02) 1.13

2.3 (�0.5, 0.7) 0.32 (�0.03, 0.03) 1.20

2.2 (�0.4, 0.4) 0.28 (�0.02, 0.02) 1.17

2.7 (�0.7, 0.9) 0.32 (�0.03, 0.02) 1.13

2.8 (�0.6, 0.6) 0.32 (�0.02, 0.02) 1.22

1.5 (�0.3, 0.3) 0.28 (�0.02, 0.02) 1.15

1.5 (�0.3, 0.3) 0.27 (�0.02, 0.02) 1.21

2.3 (�0.5, 0.6) 0.30 (�0.02, 0.02) 1.07

1.3 (�0.3, 0.3) 0.25 (�0.02, 0.03) 1.15

1.7 (�0.3, 0.3) 0.27 (�0.02, 0.02) 1.08

1.8 (�0.4, 0.5) 0.28 (�0.03, 0.03) 1.10

1.0 (�0.2, 0.2) 0.29 (�0.03, 0.04) 1.30

1.2 (�0.3, 0.3) 0.33 (�0.04, 0.04) 1.13

1.2 (�0.2, 0.2) 0.22 (�0.02, 0.02) 1.19

1.2 (�0.2, 0.2) 0.23 (�0.02, 0.02) 1.14

-structure dynamics for Gai1 in its various binding states (GDP, Ric-8A, and

n time (Eq. 2), with average fglobal values of 15 (�1, 2) ns for the nucleotide

(Table 1). The fglobal values, calculated from the FCS-determined diffusion

tropy decay data. The time-zero anisotropy (r0) values were calculated from

nential decay law. The individual parameter errors were determined at 95%

ertainties are reported within parentheses.
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Alexa-conjugated Gai1 variants exhibited intrinsic and Ric-
8A-catalyzed GTPgS binding kinetics comparable to that
observed for Hexa-I Gai1 (Fig. S2).
FCS and fluorescence anisotropy

Example anisotropy decay data and analyses are reported in
Figs. S3 and S4. FCS was used to obtain accurate values for
the translational diffusion coefficients of dye-conjugated
Gai1 variants and their Ric-8A complexes (Table 1;
Fig. S6, A and B).

The Gai1�GDP and Gai1�GTPgS variants had similar
translational diffusion coefficients of 97 (�7, 9) mm2 s�1

and 92 (�6, 7) mm2 s�1, respectively, and the Gai1:Ric-
8A complex had a slower diffusion coefficient of 65 (�5,
6) mm2 s�1 (95% confidence limits shown in parentheses).
Using the Stokes-Einstein-Debye relations (28,34), these
values (Table 1) translate to global-rotational correlation
times of 15 (�1, 2) ns and 53 (�4, 4) ns for nucleotide-
and Ric-8A-bound states, respectively, at 25�C. The fglobal

values, calculated from FCS data, were used as fixed param-
eters in the anisotropy decay analysis. Fixing this parameter
reduces cross correlation in the values recovered for the
amplitudes (bi) associated with local and global rotation
and the short rotational correlation time (fshort). The blong
values reflect the contribution of global motion to the overall
fluorescence anisotropy for each Gai1 conjugate in nucleo-
tide- or Ric-8A-bound states, and were used to calculate the
values for the order parameter S2 and cone angle q. The
values for flocal (Table 2) were computed from fshort and
fglobal by using Eq. 2.
FIGURE 2 Local correlation times reported in Table 2 for each binding

state: GDP (dark gray), Ric-8A (light gray), and GTPgS (medium gray).

The error bars indicate error propagation of the uncertainty in the fitted cor-

relation times calculated at the 95% confidence limits (56).
DISCUSSION

Two parameters that quantify the extent and rate of depolar-
ization, respectively, are the preexponential term (bi), from
which the order parameter S2 is derived, and the rotational
correlation time (fi). In the absence of a complete spatial
description of probe dynamics, the barriers that affect depo-
larization can be described either by the wobble-in-a-cone
model or by the order parameter S2, as described above
(28,35,36). The different magnitudes of the short correlation
times, however, do suggest the kinds of motions that
might contribute to the depolarization rate. Subnanosecond
correlation times are dominated by amino acid side-chain dy-
namics; shorter local correlation times of a few nanoseconds
may be associated, for example, with loop dynamics; and
longer local correlation times may be attributed to increased
involvement of additional elements of secondary structure,
such as whole domain motions (37–40). The results of the
cone-angle and order-parameter analyses and a comparison
of the timescales of the local motions show how nucleotide
binding and the action of the GEF/chaperone Ric-8A influ-
ence the dynamic structure of Gai1. In the following discus-
sion, we refer to values offlocal (citedwith confidence limits)
726 Biophysical Journal 111, 722–731, August 23, 2016
that differ significantly among the conjugated Alexa 488
(C5) probes, and the order parameter S2, which is derived
from preexponential values for which confidence limits are
fairly uniform across Alexa-derivatization sites and Gai1-
binding states. These quantities are presented in Table 2
and in graphical form in Figs. 2 and 3, respectively. The
heat maps shown in Figs. 4 and 5 illustrate changes in
dynamics and local order, respectively, in the progression
of Gai1 from GDP-bound to GTPgS-bound states via the
Ric-8A-stabilized nucleotide-free state.
Alexadyesprobe functionally importantGai1 sites

We installedAlexa fluorophores at positions that harbor polar
or charged side chains in native Gai1, and are observed to
project into solvent in crystal structures of Gai1. We used
the Alexa fluorophores to probe local Gai1 dynamics at the
three Switch regions (Ax180 in Switch I, Ax209 in Switch
II, and Ax238 in Switch III) that undergo conformational
changes upon hydrolysis of GTP to GDP, converting Gai1
from the canonically active to inactive states for most
signaling events (11). These elements form main-chain or
side-chain interactions with the g phosphate of GTPgS and
the Mg2þ cofactor, and thus are sensors of the GTP-bound
state (12). Switch III, a mobile polypeptide loop, is N-termi-
nal to the canonical effector-binding site in the a3 helix and
contributes residues to the interface between the RD and HD.
All three regions are potential Ric-8A interaction sites. To
assess dynamic changes that occur upon nucleotide unbind-
ing and release fromGai1 as catalyzed byRic-8A,we probed
a residue near the purine-binding site at position 330 and
at the hinge between RD and HD at position 63. Residue
330 is located at the junction between the b6-a5 loop,
which contributes part of the purine-binding site, and the
a5 helix, which interacts with both GPCRs and Ric-8A
(16,19,41,42). As such, an Alexa probe at this position could
potentially report on the communication between the gua-
nine nucleotide- and GEF-binding sites. Domain separation



FIGURE 3 Order parameter, S2, values reported in Table 2 for each bind-

ing state: GDP (dark gray), Ric-8A (light gray), and GTPgS (medium

gray). The error bars indicate error propagation of the uncertainty in anisot-

ropy parameters bi calculated at the 95% confidence limits (56).

Nanosecond Dynamics of Gai1
induced by Ric-8A binding could potentially perturb local
dynamics near the interdomain hinge at position 63. Two res-
idues that are not expected to undergo nucleotide-dependent
changes have been labeled: 106 in the HD and 305 in the a4
helix. Neither has been shown to exhibit structural changes
upon nucleotide binding or hydrolysis, and nitroxide spin la-
bels at these sites are not perturbed upon Ric-8A binding.We
do not expect nucleotide- or Ric-8A-dependent changes in
dynamics to occur at these sites.
Local dynamics of nucleotide-bound Gai1

The local correlation times of Alexa-conjugated residues in
Gai1�GDP and Gai1�GTPg range between 1 and 1.7 ns
FIGURE 4 Heat maps constructed from flocal values listed in Table 2
(Table 2). In most cases, the difference in flocal among the
sites does not exceed the confidence limits. Alexa probes
in the three switch segments report the longest local
correlation times. Residues 180 and 209 in Switch I
and II, respectively, respond the most markedly to
GDP / GTPgS exchange: Ax209 transitions to faster mo-
tion (flocal, 1.6 / 1.0 ns) and Ax180 transitions to slower
motion (flocal, 1.3 / 1.8 ns). The uncertainty in these cor-
relation times is high for Alexa fluorophores at both sites,
particularly in the GDP-bound state. Because instrumental
and experimental sources of variation are comparable
across experiments, the relatively high uncertainty might
be explained by the presence of an ensemble of slowly
exchanging states, each with a unique correlation time
that, if it were sufficiently different, would appear as a
broader than usual time distribution (i.e., error function) in
a global-local anisotropy decay analysis. This is supported
by crystal structures of Gai1�GDP, which show Switch I
to be partially disordered and Switch II to be fully disor-
dered, consistent with conformational heterogeneity (43–
45). The electron spin resonance (EPR) spectrum for a
nitroxide spin label at position 209 is indicative of intercon-
version between a state exhibiting fast anisotropic motion
(possibly the dominant mode reported by fluorescence
anisotropy) and one undergoing slower isotropic dynamics
in the GDP-bound state (46). Recent relaxation-dispersion
experiments demonstrated that residues in all three switch
segments in GDP-bound and nucleotide-free Gai1 show
dynamics in the microsecond-to-millisecond timescale
(47). Taken together, the data show that nucleotide-sensitive
structural elements in Gai1 undergo a range of dynamic
. Red, f < 1.5 ns; yellow, f R 1.5 ns and < 2 ns; blue, f R 2 ns.
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FIGURE 5 Heat maps constructed from S2 values listed in Table 2. Red, S2 < 0.50; yellow, S2 > 0.50 and % 0.70; blue, S2 > 0.70.
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motions in timescales ranging from milliseconds to
nanoseconds.

As a consequence of interactions with Mg2þ and the
nucleotide g-phosphate, Switch I and II both become well
ordered in Gai1 complexes with GTP analogs (12,48).
The transition to a longer local correlation time at Ax180
is consistent with the emergence of an immobilized compo-
nent in the EPR spectrum of a spin label at position 180 of
Gai1�GTPgS, which may be in slow exchange with more
highly mobile species (20,49). The transition of Ax209 to
faster dynamics in Gai1�GTPgS is reflected in the EPR
spectrum, which reveals a single state in fast anisotropic
motion, consistent with rapid local motion of a solvent-
exposed residue (46). In contrast, the relaxation-dispersion
studies referenced above show that these and other regions
of Gai1 show dynamics at millisecond-to-microsecond
timescales (47).

In both the GDP and GTPgS-bound states, the order
parameters for Alexa fluorophores in the three switch
segments are the highest of the labeled sites. The
order parameters for Ax180 and Ax209 are lower in
Gai1�GTPgS, which is a paradoxical finding considering
the rigidification of Switch I and II observed in crystal struc-
tures. Decreases in order parameters, particularly at Ax180
(S2, 0.88 / 0.70) could result from a transition to longer-
range backbone motion, or reflect increased anisotropic
motion.

The local correlation times of Alexa fluorophores at
sites beyond the switch regions are relatively unaffected
by nucleotide exchange. This is expected from the
728 Biophysical Journal 111, 722–731, August 23, 2016
absence of structural changes, or relative changes, in crys-
tallographic B factors at the interdomain hinge (Ax63),
the HD (Ax106), the purine-binding site (Ax330), and
a4 (Ax305) in the corresponding crystal structures of
Gai1. The order parameters are likewise insensitive to
substitution of GDP with GTPgS, with the exception of
Ax305, for which motion appears to be significantly less
restricted in the GTPgS state (S2, 0.57 / 0.28), which
exhibits the highest sampling volume for local dynamics
of any of the sites or Gai1 species. This result is surpris-
ing because crystal structures of Gai1 do not show the
neighborhood of residue Ax305, a well-ordered a helix,
to be conformationally labile in any of several nucleotide-
or effector/regulator-bound states. Other solution studies,
however, have revealed dynamic processes in a4. A nitro-
xide spin label at position 300, a buried residue 1.5 turn of
helix upstream of Ax305, is shown to be highly mobile in
the Gai1:GTPgS complex (46). However, an immobilized
population of conformational states appears in the
GDP-bound species and is dominant in the GPCR
(rhodopsin-bound) complex with Gai1-containing G
protein heterotrimers, indicative of allosteric coupling
between a4 and the nucleotide-, Gbg-, and GPCR-binding
sites.
Ric-8A induced changes in local dynamics

Alexa fluorophores at four sites in Gai1 report two-fold
increases in local correlation time in the complex with
Ric-8A, relative to Gai1�GDP. Two are in Switch segments
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I and II respectively, Ax180 (f local, 1.3 / 2.7 ns) and
Ax209 (f local, 1.6/ 2.8 ns), another near the purine bind-
ing site, Ax330 (f local, 1.1 / 2.3 ns), and the fourth at the
inter-domain hinge, Ax63 (f local, 1.2/ 2.3 ns). The slower
dynamics at these sites may be indicative of an interconver-
sion between conformational states or long-range coupling
with neighboring structural elements, either of which could
result from the involvement of nearby residues in direct con-
tact with Ric-8A. EPR experiments demonstrated that nitro-
xide spin labels at residues 180 and 209 become partially
immobilized upon Ric-8A binding (20). At the Switch II
site, the immobilized component is dominant. The high un-
certainty in flocal is suggestive of conformational heteroge-
neity or long-range coupling, as discussed above. Although
Ax180 and Ax209 exhibit slower motion in the Ric-8A-
bound state, they show only a slight reduction in order
parameter relative to Ga�GDP, which does not exceed the
confidence limits. Ax238 in Switch III experiences a modest
reduction in order parameter in the Ric-8A bound state,
although there is no evidence for direct perturbation of
this residue from EPR studies (20).

The increase in local correlation time at Ax330, near
the purine-binding site b6-a5, is likely a consequence of
GDP release. Double electron-electron resonance spectra
of Gai1:Ric-8A show evidence of global plasticity in the
spatial disposition at residue 330 with respect to residue
43 in the phosphate-binding loop and residue 305 in the
a4 helix. Ax330 is more highly ordered (S2, 0.48 / 0.73)
in the Ric-8A-bound complex than in either nucleotide-
bound state, which may reflect restricted anisotropic motion
(32). Nitroxide spin-labeled 330 also exhibits spectra char-
acteristic of strong immobilization in the complex of heter-
otrimeric Gi with Rhodopsin (41).

At the interdomain hinge in the Gai1:Ric-8A complex,
Ax63 reports increases in both local correlation time and,
like Ax330, order (S2, 0.56 / 0.73) relative to Gai1�GDP,
indicating an increase in local rigidity when Ric-8A is
bound. In view of the observation that the HD and RD
move apart more than 20 Å during GPCR and Ric-8A-cata-
lyzed nucleotide exchange (15,20), it is likely that the sec-
ondary-structure dynamics involving the HD-RD interface
are significantly altered. The time-resolved anisotropy data
indicate that Ric-8A binding results in a significant reduc-
tion in the local dynamics at the domain hinge, and possibly
long-range correlated motions. Ric-8A may contact Gai1
directly in this region.

At the remaining sites in the Gai1:Ric-8A complex
(Ax106, Ax238, and Ax305), we observe a 10–20% in-
crease in flocal relative to either nucleotide-bound state,
suggesting significant immobilization at these sites. The dif-
ferences, however, are within the confidence limits of flocal.
We do observe a significant increase in S2 for the interdo-
main hinge residue Ax63, which tracks with the larger incre-
ment in flocal described above. The order parameter for
Ax305 in a4 is similar to that observed for Gai1�GDP.
Notably, neither flocal nor S
2 of the helical-domain reporter

Ax106 is significantly different in the Gai1�GDP,
Gai1�GTPgS, or nucleotide-free Gai1:Ric-8A complexes.
CONCLUSIONS

Here, we resolved the timescales of the dynamics of second-
ary-structure elements within Gai1 when bound to nucleo-
tides or to the GEF/chaperone Ric-8A. The data indicate
that the local dynamics of Gai1 is, for the most part, rela-
tively insensitive to the exchange of GTPgS and Mg2þ for
GDP. The Alexa reporter at Switch II, which shows a signif-
icant increase in the rate of local dynamics, is an exception.
This finding is consistent with recent NMR results (47),
EPR experiments (15,20,41,46,49), and crystal structures
(12,43,48), which together show that Switch II becomes
more ordered and conformationally homogeneous in the
GTP-bound state, which binds more tightly to Ga effectors
but also undergoes faster nanosecond-scale dynamics.

The timescales of local dynamics at many sites in Gai1
are significantly perturbed upon binding of Ric-8A to
Gai1�GDP, with subsequent release of GDP. The changes
are consistent with evidence that Ric-8A binding induces
a molten-globule-like state (19), in which regions within
the RD become more flexible and adopt an ensemble of
states that exchange slowly, as reflected in longer local cor-
relation times (see, for example, reference (50)). When
bound to Ric-8A, Gai1 exhibits large domain-domain dis-
placements and intra-RD structural heterogeneity (20).
The slow dynamics observed in Gai1 structural elements
that are involved in nucleotide binding may be reflective
of Ric-8A-induced perturbations that disrupt favorable van
der Waals, hydrogen bond, and electrostatic interactions
with GDP. The onset of such effects would provide a mech-
anism for release of the GDP nucleotide residing in the bind-
ing site between the two domains.
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