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RESEARCH ARTICLE
G PROTEINS

The Crystal Structure of a Self-Activating
G Protein a Subunit Reveals Its Distinct
Mechanism of Signal Initiation
Janice C. Jones,1 Jeffrey W. Duffy,1 Mischa Machius,2,3 Brenda R. S. Temple,1,4
Henrik G. Dohlman,1,2* Alan M. Jones2,5

INTRODUCTION

Heterotrimeric guanine nucleotide–binding protein (G protein)–coupled
receptors (GPCRs) convert extracellular signals to intracellular responses
by activating the a subunit of the Gabg heterotrimer. GPCRs activate G
proteins by promoting the release of guanosine diphosphate (GDP) from
the G protein a subunit in favor of guanosine triphosphate (GTP). When
bound to GTP, the a subunit undergoes conformational changes that result
in the dissociation of the heterotrimer into a free a subunit and bg dimer.
Both can then stimulate or inhibit downstream effector enzymes. Signal
propagation is halted after the a subunit hydrolyzes GTP and returns to the
inactive, GDP-bound heterotrimeric state.
High-resolution, three-dimensional (3D) structures of animal G protein
a subunits show that the guanine nucleotide is buried at the interface of
two domains: (i) an all-a helical domain and (ii) a domain that resembles
the small guanosine triphosphatase (GTPase) Ras (1). The Ras domain and
domain linkers contain the residues that make contact with the magnesium
ion (Mg2+), the GPCR, the regulator of G protein signaling (RGS) protein,
the Gb subunit, as well as residues that form the guanine nucleotide–
binding pocket and catalyze the hydrolysis of GTP. Thus far, the only functions that have been ascribed to the helical domain are to interact with the
guanine nucleotide exchange factor (GEF) p115RhoGEF and the GoLoco
motif of RGS14 (2, 3), as well as to serve as a target of ubiquitination (4).
Some organisms, including Arabidopsis thaliana, lack canonical
GPCRs and therefore rely on a distinct, unknown mechanism for G protein activation. Unlike animal G protein a subunits, the plant a subunit
AtGPA1 has a rapid spontaneous rate of nucleotide exchange that is 50fold faster than that of the next fastest a subunit (5). Thus, AtGPA1 does
not require a GPCR or GEF to become activated, because the rate of nu1
Department of Biochemistry and Biophysics, University of North Carolina,
Chapel Hill, NC 27599, USA. 2Department of Pharmacology, University of North
Carolina, Chapel Hill, NC 27599, USA. 3Center for Structural Biology, University
of North Carolina, Chapel Hill, NC 27599, USA. 4R. L. Juliano Structural Bioinformatics Core Facility, University of North Carolina, Chapel Hill, NC 27599,
USA. 5Department of Biology, University of North Carolina, Chapel Hill, NC
27599, USA.
*To whom correspondence should be addressed. E-mail: hdohlman@med.
unc.edu

cleotide exchange is faster than that of GTP hydrolysis. Here, we used
x-ray crystallography, molecular dynamics (MD) simulations, and biophysical and biochemical analyses to investigate the mechanism of activation of the AtGPA1. Our findings reveal a role for the a helical
domain in regulating nucleotide exchange and provide a possible
mechanism for GPCR-mediated nucleotide exchange.

RESULTS

AtGPA1 is activated in the absence of a GEF
AtGPA1 has a fast rate of basal nucleotide exchange and therefore does
not require a receptor for its activation. This property can be observed in a
fluorescence assay in which GTP-bound a subunits have higher intrinsic
fluorescence than do GDP-bound a subunits (6, 7). Here, we found that
active AtGPA1 accumulated in the presence of GTP (until hydrolysis exhausted the GTP), because the rate of binding of GTP was faster than its
hydrolysis (Fig. 1A). In contrast, Gai1 remained inactive in the presence of
GTP because its rate of GTP hydrolysis was faster than the rate of GTP
binding (Fig. 1A). Both AtGPA1 and Gai1 were activated by a nonhydrolyzable GTP analog [guanosine 5′-O-(3′-thiotriphosphate) (GTP-g-S)], although Gai1 was activated at a slower rate than AtGPA1. To shed light on
this mechanism of G protein activation, we determined the crystal structure of the active form of AtGPA1, using data to a resolution of 2.3 Å
(table S1). On the basis of past successes in crystallizing G protein a subunits, we deleted the N-terminal 36–amino acid residues of AtGPA1. The
truncated protein (DN36) that was used for crystallization retained the
same property of self-activation as the full-length protein (Fig. 1B).

The structure of AtGPA1 is similar to that of other G
protein a subunits
We found that the overall structure of AtGPA1 was highly similar to the
previously reported structures of activated forms of Gai1 and transducin.
Specifically, the root mean square deviation (RMSD) between the backbones of the superimposed structures was 1.8 Å for 307 equivalent residues in Gai1 and 1.8 Å for 315 equivalent residues in transducin (8, 9).
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In animals, heterotrimeric guanine nucleotide–binding protein (G protein) signaling is initiated by G
protein–coupled receptors (GPCRs), which activate G protein a subunits; however, the plant Arabidopsis
thaliana lacks canonical GPCRs, and its G protein a subunit (AtGPA1) is self-activating. To investigate
how AtGPA1 becomes activated, we determined its crystal structure. AtGPA1 is structurally similar to
animal G protein a subunits, but our crystallographic and biophysical studies revealed that it had distinct
properties. Notably, the helical domain of AtGPA1 displayed pronounced intrinsic disorder and a tendency to disengage from the Ras domain of the protein. Domain substitution experiments showed that
the helical domain of AtGPA1 was necessary for self-activation and sufficient to confer self-activation to
an animal G protein a subunit. These findings reveal the structural basis for a mechanism for G protein
activation in Arabidopsis that is distinct from the well-established mechanism found in animals.
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Fig. 1. The crystal structure of a self-activating G protein a subunit and its comparison to that of Gai1.
(A) Fluorescence-based measurement of the binding and hydrolysis of GTP. Purified AtGPA1 (GPA1)
or Gai1 (400 nM) was equilibrated at 23°C before GTP (1 mM) or nonhydrolyzable GTP-g-S (1 mM) was
added to the cuvette, and the change in intrinsic fluorescence (arbitrary units) of the G protein a subunit was monitored. Data are representative of three experiments. (B) Fluorescence-based measurement of the GTP-binding and hydrolysis properties of wild-type AtGPA1 and a truncated form of
AtGPA1 that lacks the N-terminal 36–amino acid residues (DN36), as described for (A), but with 400
nM GTP or GTP-g-S. (C) Superposition of the crystal structures of AtGPA1–GTP-g-S (green) and Gai1–
GTP-g-S (blue; PDB ID: 1GIA). (D) Structure-based sequence alignment of AtGPA1–GTP-g-S and Rattus norvegicus Gai1–GTP-g-S. Vertical lines between sequences denote residues at equivalent locations in the two structures. Residues not modeled in any of the three molecules in the asymmetric unit
of AtGPA1 are marked with “o.” Residues not modeled in at least two of the three molecules are
marked with an “x.” Red residues constitute a helices, whereas blue residues constitute b strands.
Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.
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Crystallographic data indicate
disorder in the helical domain
of AtGPA1
In light of the mutagenesis data, we considered other regions of AtGPA1 that were
not previously thought to be involved in
nucleotide exchange. The electron density
map of AtGPA1 showed substantial disorder in the helical domain. Of the three
AtGPA1 monomers in the asymmetric unit,
monomer A had the most complete electron density for the helical domain, which
was likely due to the limitation of its motion by crystal packing contacts within the
crystal lattice. Monomers B and C were
missing substantial electron density, particularly in helices aA, aB, and aD (Fig. 1D,
marked with x). Likewise, the average atomic
displacement parameters for the helical
domains of each AtGPA1 monomer were
1.7- to 2.1-fold higher than those of the respective Ras domains (table S3 and fig. S2).
By contrast, the helical domains of animal
G protein a subunits generally have average atomic displacement parameters that
are similar to those of their Ras domains
(table S3). Together, these data suggest that
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Like other Ga proteins, AtGPA1 is organized into two domains (the helical and
Ras domains) that surround the guanine
nucleotide (Fig. 1, C and D). A detailed
comparison of the structures of AtGPA1
and Gai1 revealed a number of small differences between the proteins, including the
existence of short, plant-specific loop inserts and variations in the lengths of secondary structure elements (Fig. 1, C and
D). Moreover, when bound to AtGPA1,
GTP-g-S had 25.4 Å2 of solvent-accessible
surface area, whereas only 5.0 Å2 was available when GTP-g-S was bound to Gai1
(fig. S1). This increase in the solvent accessibility of the AtGPA1-bound nucleotide
can mostly be attributed to the absence of
an interdomain interaction between Lys288
and Asp162 in AtGPA1, as is discussed later.
Guided by the crystal structure, we used
site-directed mutagenesis to identify the residues responsible for the self-activation of
AtGPA1. Initially, we focused on four areas
of the Ras domain that affect nucleotide
exchange in animal G protein a subunits:
the guanine nucleotide–binding pocket (10),
the switch regions (1), the domain linkers
(11), and the a5 helix (12, 13). Mutagenesis
of 16 sites that differ between AtGPA1
and Gai1 revealed only modest changes
(less than threefold) in the activation rate
of AtGPA1 (table S2).
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the helical domain of AtGPA1 is more mobile than the Ras domain,
whereas in animal G protein a subunits, both domains generally have similar mobility.

MD simulations reveal dynamic motion in the helical
domain of AtGPA1
These analyses of AtGPA1 crystallographic data prompted us to assess the
dynamic behavior of the helical domain of AtGPA1 with MD simulations.
Our MD analysis indicated that AtGPA1 exhibited greater overall motion
than did Gai1 (Fig. 2A), with the largest fluctuations localized to its helical
domain (Fig. 2, B and C, and Table 1). Within the helical domain, aA and
aB exhibited the greatest fluctuations in the simulation (Fig. 2C and Table 1),
consistent with the fragmented appearance of the electron density and the
high average atomic displacement parameters for these two a helices in
our AtGPA1 crystals (Fig. 1D, Table 1, and table S3). Moreover, covariance matrix plots showed strong anticorrelated movements between
A
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Fig. 2. All-atom MD simulations with AtGPA1 and Gai1. All of the MD simulations were conducted with apoGai1 (PDB# 1CIP, without GTP-g-S) and apo-AtGPA1 (this report). (A) RMSDs from the starting crystal
structures as a function of simulation time were calculated from the MD simulation. (B) RMSFs as a function
of residue number. (C) RMSF for the G protein a-helical domains of AtGPA1 and Gai1. Red lines mark
residues that were not included in the crystallographic model for monomers B and C of AtGPA1 because
of their poor electron density. (D) Covariance matrices for pairs of residues in apo-AtGPA1 and apo-Gai1.
The boxes in the main plot outline correlated movements between the Ras and helical domains as indicated in the schematic. Positively correlated movements are indicated in red, whereas negatively
correlated movements are indicated in blue. (E) Structure and dynamics of AtGPA1 based on the most
frequent modes of motion from movie S1. The crystal structure of AtGPA1 is depicted in red, and the ending structure for the third most frequent mode of motion is depicted in blue. (F) Distance between the side
chains of Asp150 (D150) and Lys270 (K270) of Gai1 and the comparable residues Asp162 (D162) and Lys288
(K288) of AtGPA1 during the 50-ns simulation.
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The helical domain of the G
protein a subunit influences
protein stability
The crystal structure and MD simulations suggested that the Arabidopsis G protein a subunit was distinct from other G
protein a subunits in that its helical domain
was dynamic and frequently dissociated
from the Ras domain. To test the hypothesis that structural features in the helical
domain of AtGPA1 were responsible for
self-activation, we replaced the helical domain of the plant a subunit with that of
Gai1. We refer to the resulting chimera as
AtGPA1i1Hel (Fig. 3A). We also generated
the reciprocal chimera by replacing the helical domain of Gai1 with that of AtGPA1,
a chimera that we refer to as Gai1AtHel
(Fig. 3A). First, we investigated protein
stability with circular dichroism (CD) spectroscopy by monitoring changes in secondary structure as a function of temperature.
Consistent with the comparatively weak
electron density and dynamic motion in
the helical domain of AtGPA1 (Fig. 2, B
to F, and table S3), this domain conferred
reduced stability to the chimeric a subunit
(Fig. 3B). In contrast, the helical domain
of Gai1 conferred increased stability to
AtGPA1i1Hel. These experiments showed that
the nature of the helical domain strongly
influenced the unfolding properties of the
G protein a subunit.
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the helical domain and the Ras domain of AtGPA1 (Fig. 2D), indicating
that these two domains frequently moved away from each other. We rendered one of the most frequent modes of motion from the AtGPA1 covariance matrix as a movie (movie S1), which illustrates the occurrence
of a separation between the Ras domain and the helical domain in a manner that would enable nucleotide release. Within the Ras domain, only
helix a5 moved relative to other secondary structural elements (movie
S1 and Fig. 2E). In contrast, the helical domain displayed substantial intradomain movement, particularly with helices aA and aB (movie S1 and
Fig. 2, D and E). Compared with AtGPA1, Gai1 exhibited less anticorrelated movement between the helical domain and the Ras domain,
consistent with it having a slower rate of nucleotide exchange (Fig. 2D).
Disruption of interdomain interactions affects the nucleotide exchange
rates of animal G protein a subunits (14–17). Likewise, distance plots obtained through our MD simulations showed that residues that form interdomain interactions in the crystal structures of animal G protein a
subunits were consistently within the distance required to form hydrogen bonds in
200 240 280 320 360
Gai1, but were rarely in hydrogen bond distance
in AtGPA1 (Fig. 2F). Together, these
320
analyses suggest that the helical domain of
AtGPA1 is more dynamic than that of Gai1
280
and that the motion in AtGPA1 is domi240
nated by movements consistent with the
presumed structural requirements of nucle200
otide exchange (18).
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Table 1. Quantification of helical domain dynamics. The Ras domain of
AtGPA1 comprises amino acid residues 37 to 63 and 197 to 372, whereas that of Gai1 comprises residues 34 to 58 and 185 to 343. The helical
domain of AtGPA1 contains residues 68 to 188, whereas that of Gai1
contains residues 62 to 176. The aA-aB helices contain residues 68 to
125 of AtGPA1 and residues 62 to 117 of Gai1. The RMSF calculations
are from the data shown in Fig. 2B. The B values were calculated from
crystallographic data collected for monomer A of AtGPA1 and Gai1.

The helical domain of AtGPA1 is necessary and
sufficient for self-activation
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To determine the role of the helical domain in nucleotide exchange, we
measured the activation rates of the wild-type and chimeric G protein a
subunits. In a fluorescence-based experiment with GTP-g-S, we found
that the nucleotide exchange rate of AtGPA1 was about 400-fold faster
than that of Gai1 (Fig. 3, C and D). In contrast, the rate of basal nucleotide exchange of AtGPA1i1Hel was 35-fold slower than that of wildtype AtGPA1 (Fig. 3C and Table 2), indicating that the helical domain
of AtGPA1 was necessary for its rapid nucleotide exchange. The rate of
basal nucleotide exchange of Gai1AtHel was 168-fold faster than that
RMSF (Å)
B value (Å2)
Domain
of wild-type Gai1 (Fig. 3D and Table 2) and nearly equivalent to that of
GPA1
Gai1 AtGPA1. Because the intrinsic fluorescence-based assay is an indirect meaGPA1
Gai1
Ras
1.34
1.08
27.9
20.4
sure of nucleotide exchange, we corroborated these data by directly meaHelical
1.83
1.10
48.4
19.0
suring the binding of the GTP-g-35S radionucleotide to the G protein a
aA-aB
2.02
1.13
52.5
21.4
subunit and the release of a nonhydrolyzable GTP analog (MANT-GMPPNP)
(fig. S3). Together, these data showed that
the helical domain of AtGPA1 was necessary
AtHel
i1Hel
Gαi1
Gαi1
A
GPA1
GPA1
and sufficient for rapid nucleotide exchange.
AtGPA1 activates itself because the
rate of nucleotide exchange (GTP binding)
is faster than that of GTP hydrolysis (5).
To determine whether the rate of binding
of GTP to the chimeric G protein a subunits was faster than their rate of GTP hydrolysis, we measured GTP hydrolysis
in a single-turnover experiment. The rate
of binding of GTP to AtGPA1i1Hel (0.059
C 125
B 120
D 125
min−1) was slower than that of GTP hyAtHel
drolysis (0.15 min−1) (Fig. 3E). These
100
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and other data (Table 2) suggested that reAtHel
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(Fig. 3F). The fast exchange property of
AtGPA1 and Gai1AtHel was further maniFig. 3. Kinetics and unfolding properties of G protein a subunit chimeras. (A) Cartoon representations of fested as rapid steady-state cycling between
the chimeras used in this study. (B) Temperature-induced unfolding of the indicated G protein a subunits
the GDP- and the GTP-bound forms (Fig.
as monitored by CD spectroscopy at 208 nm. (C and D) GTP-g-S binding rates were measured from in3G and Table 2). In contrast, the cycling
trinsic fluorescence changes as described in Fig. 1 with GTP-g-S (2 mM). (E) Single-turnover GTP hydrol- of Gai1 and AtGPA1i1Hel was limited by
ysis. Purified His-tagged G protein a subunits (900 nM) were loaded with [g-32P]GTP before the reaction slow nucleotide exchange (Fig. 3G and Tawas started by addition of Mg2+. Hydrolyzed 32PO4 was extracted with charcoal and quantified. (F) ble 2). Together, our biochemical and bioFluorescence-based GTP binding and hydrolysis were measured as described in Fig. 1 with GTP (400 nM). physical data indicate that the nature of
(G) Steady-state GTP hydrolysis. Purified G protein a subunits (400 nM) were incubated with [g-32P]GTP the helical domain dictates protein stabili(10 mM) for the indicated times before hydrolyzed 32PO4 was extracted with charcoal and quantified. For all ty and the rate-limiting step for G protein
of the panels, data are representative of at least two experiments. Error bars indicate SEM.
activation.
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Table 2. Summary of GTP binding and hydrolysis measurements.
GTP binding was measured by fluorescence as described in Fig.
3, C and D. Single-turnover GTP hydrolysis was measured as described in Fig. 3E. For Gai1AtHel, the rate of GTP hydrolysis was
inferred from the steady-state hydrolysis experiment shown in Fig.
3G. Steady-state turnover was determined from the experiment in
Fig. 3G. The rate-limiting step was determined by comparing the

GTP-g-S binding
GTP hydrolysis
Steady-state turnover
Rate-limiting step
% GTP bound

rates of GTP binding and hydrolysis. The percentage of bound
GTP was approximated by the following equation: GTP binding
rate/(GTP binding rate + GTP hydrolysis rate). Note that GTP/GDP
ratio, GDIs (guanine nucleotide dissociation inhibitors), and GAPs
(GTPase-activating proteins) will affect the percentage of GTP
bound to a G protein a subunit in vivo. Rates were measured at
24°C and are reported as min−1.

GPA1

Gai1

GPA1iHel

Gai1AtHel

1.7 (0.02)
0.032 (0.02)
0.041 (0.002)
Hydrolysis
98

0.0038 (0.0003)
0.32 (0.07)
0.0045 (0.0005)
Binding
1

0.059 (0.001)
0.15 (0.03)
0.044 (0.003)
Binding
28

0.64 (0.03)
0.13* (0.01)
0.13 (0.01)
Hydrolysis
83

*Rate could not be measured in a single-turnover assay and is inferred from steady-state turnover.

The distinct function of the helical domain of AtGPA1 suggests that the
plant and animal kingdoms use distinct mechanisms of signal activation.
Whereas animal G protein a subunits must be activated by an exchange
factor, the Arabidopsis a subunit is self-activated as a result of the properties of its helical domain. Our data suggest that the stability of the helical
domain and the interdomain interactions observed in animal G protein a
subunits provide a means of regulating G protein activity that is not found
in Arabidopsis. In contrast to AtGPA1, animal G protein a subunits have
more stable interdomain and intradomain interactions, which likely stabilize the helical domain and limit basal nucleotide exchange.
Current models of receptor-catalyzed exchange suggest that the receptor uses the a5 helix of the G protein a subunit (and possibly the Gbg
dimer) to expel the guanine nucleotide from between the two domains
(18). Our simulation data indicate that animal G protein a subunits retain
some ability to exchange nucleotides by a method similar to that of AtGPA1.
Whether receptors catalyze nucleotide exchange by increasing this type of
motion or by a distinct mechanism remains to be determined. Perhaps
receptor-induced movement of the a5 helix propagates to the helical domain.
Nonetheless, our findings reveal a mechanism for receptor-independent G
protein activation and may yield distinct mechanisms of G protein activation by receptors.
MATERIALS AND METHODS

Purification of Ga proteins
AtGPA1 or human Gai1 with an N-terminal 6×His (histidine) tag cleavable with tobacco etch virus (TEV) protease was expressed from the
pPROEx-Htb plasmid (Invitrogen) in Escherichia coli Codon Plus (RIPL)
BL21 cells (Stratagene). Proteins were purified essentially as described
previously (19). Briefly, cells were lysed by sonication in N20 buffer
[25 mM tris-HCl (pH 7.4), 100 mM NaCl, 5% (v/v) glycerol, 20 mM
NaF, 30 mM AlCl3, 20 mM imidazole, 50 mM GDP, 1 mM dithiothreitol
(DTT), protease inhibitor cocktail (Roche), and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. After clarification by ultracentrifugation, the supernatant was applied to Ni Sepharose Fast Flow resin (GE Healthcare) and
gently rocked for 90 min at 4°C. The nickel resin was washed in N20
buffer before elution in N250 buffer (N20 buffer containing 230 mM imidazole). Elution fractions with G protein a subunits were pooled, concentrated, subjected to size exclusion chromatography with an S200 column
(GE Healthcare), and resolved in SB [25 mM tris-HCl (pH 7.4), 100 mM
NaCl, 5% (v/v) glycerol, 1 mM DTT, and 50 mM GDP]. Peak fractions

were pooled and concentrated, and protein concentrations were determined
by measuring absorbance at 280 nm. Complementary DNAs (cDNAs) encoding chimeric proteins were generated by polymerase chain reaction
(PCR) with the domain-swapping protocol from Stratagene. For crystallization, the region encoding the N-terminal 36–amino acid residues of
AtGPA1 was deleted by PCR mutagenesis. The purification of AtGPA1DN36
included two additional steps after the first round of nickel affinity chromatography: cleavage of the 6×His tag with TEV followed by a second round
of nickel affinity chromatography. The flow-through from the second round
of nickel affinity chromatography was then subjected to size exclusion chromatography as described earlier. AtGPA1-bound GDP was replaced with
GTP-g-S by buffer exchange during the protein concentration step.

Crystallization and x-ray diffraction data collection
Crystals of AtGPA1 were grown at 4°C by the hanging-drop vapor-diffusion
method. Drops contained 1.5 ml of protein solution [AtGPA1 (20 mg/ml)
in 25 mM tris-HCl (pH 7.4), 5% (v/v) glycerol, 150 mM NaCl, 1 mM
DTT, and 500 mM GTP-g-S] and were equilibrated against 1.5 ml of 0.3
M magnesium sulfate, 0.1 M sodium cacodylate (pH 6.0), and 21% (w/v)
PEG 8000 (polyethylene glycol, molecular weight 8000). Initially obtained
crystals were used for macroseeding. Crystals reached their final rodshaped form within 14 days after macroseeding and were cryoprotected
in the mother liquor with 8% (v/v) glycerol. Our AtGPA1 crystals exhibited the symmetry of space group P212121 (with cell dimensions of a = 67 Å,
b = 119 Å, and c = 162 Å), contained three molecules in the asymmetric
unit (solvent content, 53%), and diffracted x-rays to a maximum resolution
of about 2.2 Å. Diffraction data were collected at 100 K at a wavelength of
1.000 Å with the Advanced Photon Source 23ID beamline. Data were
processed with HKL2000 (20). Diffraction spots from our crystals generally had a streaky appearance at higher resolution, and the data were characterized by mild anisotropy. Data collection statistics are presented in
table S1.

Structure determination and refinement
The structure of AtGPA1 was determined by molecular replacement with
the program Phaser (21) using the structure of rat Gai1 [Protein Data Bank
(PDB) ID: 1GIA] as the search model. Refinement was performed with
the program Refmac5 (22) from the CCP4 suite (CCP4, 1994), consisting
of conjugate-gradient minimization and refinement of individual atomic
displacement and TLS (translation, libration, screw rotation) parameters,
interspersed with manual revisions of the model with the program Coot
(23). The current model contained three AtGPA1 monomers (labeled A,
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Measurement of GTP binding by intrinsic fluorescence

Purified G protein a subunit (400 nM) was equilibrated in a cuvette with
1 ml of TEMNG buffer [25 mM tris-HCl (pH 8), 1 mM EDTA, 5 mM
MgCl2, 100 mM NaCl, and 5% (v/v) glycerol]. GTP (400 nM or 2 mM) or
nonhydrolyzable GTP-g-S (400 nM or 2 mM) was added to the cuvette,
and the activation and inactivation rates of AtGPA1 were monitored by
measuring the change in the intrinsic fluorescence of AtGPA1 (excitation
at 284 nm, emission at 340 nm) that resulted from structural rearrangement
of the Switch II tryptophan residue (7). Measurements were made with a
Perkin Elmer Luminescence Spectrometer and analyzed with FL WinLab
software. The rate of binding of GTP-g-S was determined by fitting a onephase exponential association curve with GraphPad Prism software.

Measurement of steady-state and single-turnover
GTP hydrolysis
For steady-state measurements, we mixed purified Ga protein (800 nM)
in HEL buffer [50 mM Hepes (pH 7.0), 1 mM EDTA, 0.1% Lubrol, and
1 mM DTT] with an equal volume of [g-32P]GTP buffer (HEL buffer
containing 10 mM MgCl2, 2 mM GTP, and [g-32P]GTP at about 5000 to
10,000 cpm/pmol) to start the hydrolysis reaction. At a given time point,
the reaction was stopped by quenching duplicate 100-ml aliquots in icecold HPO4 buffer (pH 2.0) containing 5% (w/v) charcoal. After quenching
and charcoal extraction, which denatures proteins and removes organic
compounds, the amount of 32PO4 hydrolyzed was quantified by Cherenkov
radiation counting of supernatants. For single-turnover reactions, purified a
subunit (900 nM) was preloaded with a mixture of GTP (3 mM) and [g-32P]
GTP for 10 to 30 min at room temperature before the reaction was moved to
ice for 5 min. The hydrolysis reaction was then started by the addition of
MgCl2 (10 mM) and GTP-g-S (100 mM). Reactions were quenched,
extracted, and processed as described earlier. Single-turnover GTP hydrolysis was not successfully measured for Gai1AtHel, likely because of the instability of this protein (see Fig. 3B) and the inefficiency of GTP binding in
the absence of Mg2+.

Measurement of protein stability by CD spectroscopy

Purified a subunit [0.2 mg/ml in 10 mM PO4 buffer (pH 7.5), with 10 mM
GDP and 2 mM MgCl2] was melted over a temperature range of 15°C to

80°C at a ramp speed of 1°C/min, whereas CD was monitored at 208 nm.
Values reported are the percentage maximum change in the CD signal for
one experiment and are representative of three experiments. Measurements were collected with a Chirascan plus CD spectrometer and processed with Chirascan software. The unfolding processes for all of the
proteins tested were irreversible in that they lead to protein precipitation.
Thus, it was not possible to perform a detailed thermodynamic analysis of
the unfolding processes.

MD simulations and analysis
MD simulations with the Amber 10.0 software suite were run on apoAtGPA1 and apo-Gai1 from rat (PDB ID: 1CIP) essentially as described
previously (27, 28). Apoenzymes were generated by removing nucleotide
ligands and modeled water molecules from the crystal structures. Modeller
software (CCP4 Suite) was used to rebuild residues missing from the
crystal structure of AtGPA1 (Fig. 1D, marked with “o”). Hydrogen atoms
were added, the electrostatic charge of the system was neutralized with
counterions, and proteins were solvated with 15,000 to 21,000 TIP3P water molecules with the XLEAP module of Amber 10.0. All MD simulations were conducted for 50 ns with a 2-fs time step with the force field
described by Duan et al. (29). Analysis was performed with the PTRAJ
module from Amber 10.0. All-atom, mass-weighted RMSDs were calculated for each trajectory with the crystal structure as a reference. We
used an averaged structure as a reference to determine root mean square
fluctuations (RMSFs). Normalized pairwise correlation coefficients between pairs of Ca atoms from two residues were computed as described
previously (30). These values range from −1 to +1 and reflect anticorrelated movements (a negative value corresponds to movement in opposing
directions) or correlated movements (a positive value indicates movement
in the same direction). We rendered one of the most frequent modes of
motion from a quasiharmonic analysis completed with PTRAJ as a movie
(movie S1). This mode represents the third most frequent mode of motion
for AtGPA1 and is similar to the most frequent mode of motion for Gai1.
Although the guanine nucleotide was not included in the MD simulation,
it is pictured in the movie for reference.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/159/ra8/DC1
Methods
Fig. S1. Solvent accessibility of guanine nucleotides in plant and animal G protein a
subunits.
Fig. S2. B value analysis of AtGPA1.
Fig. S3. Nucleotide exchange by G protein a subunits.
Fig. S4. CD spectra of GDP-bound G protein a subunits.
Table S1. Data collection and refinement statistics for AtGPA1.
Table S2. GTP-binding rates for wild-type and mutant G protein a subunits.
Table S3. B value analysis of crystal structures of G protein a subunits.
Movie S1. Movie depicting domain motion in AtGPA1 generated from MD simulations.
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