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Heptahelical G-protein (heterotrimeric guanine nucleotide-binding pro-
tein)-coupled receptors couple to heterotrimeric G proteins to relay
extracellular signals to intracellular signaling networks, but the molecular
mechanism underlying guanosine 5′-diphosphate (GDP) release by the G
protein α-subunit is not well understood. Amino acid substitutions in the
conserved α5 helix of Gi, which extends from the C-terminal region to the
nucleotide-binding pocket, cause dramatic increases in basal (receptor-
independent) GDP release rates. For example, mutant Gαi1-T329A shows
an 18-fold increase in basal GDP release rate and, when expressed in
culture, it causes a significant decrease in forskolin-stimulated cAMP
accumulation. The crystal structure of Gαi1-T329A·GDP shows substantial
conformational rearrangement of the switch I region and additional
striking alterations of side chains lining the catalytic pocket that disrupt
the Mg+2 coordination sphere and dislodge bound Mg+2. We propose a
“sequential release” mechanism whereby a transient conformational
change in the α5 helix alters switch I to induce GDP release. Interestingly,
this mechanistic model for heterotrimeric G protein activation is similar to
that suggested for the activation of the plant small G protein Rop4 by
RopGEF8.
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Introduction

Heterotrimeric guanine nucleotide-binding regula-
tory proteins,Gproteins (Gαβγ),1,2 relay signals from
heptahelical transmembrane G-protein-coupled
receptors (GPCRs) to downstream effector mole-

cules.3,4 GPCRs activate G proteins by inducing the
release of guanosine 5′-diphosphate (GDP) from the
Gα subunit in the active receptor (R⁎)–G protein
complex.5–7 Guanosine 5′-triphosphate (GTP) uptake
by Gα leads to the dissociation of the heterotrimer
into the Gα and Gβγ subunits, making them
available to interact with various downstream
effectors. The interface between the cytoplasmic
structure of an active GPCR and its bound G protein
might be as far as 30 Å away from the bound GDP.8,9

The agonist ligand-binding site on the receptor, as
judged by the crystal structures of inverse-agonist-
bound rhodopsin10 and adrenergic receptors,11,12 are
approximately an additional 40 Å away from the
inner surface of the bilayer. Howdoes ligand binding
to a GPCR induce GDP release from Gα at a distance
of ∼70 Å?
Although the crystal structures of several G pro-

tein subunit isoforms,13–18 complexes19–22 and
mutants with altered exchange rates23,24 have
been solved, we still lack a mechanistic under-
standing of how active GPCRs stimulate nucleotide
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exchange by the Gα subunit. Nevertheless, these
structural studies have identified state-dependent
conformational differences within the Gα subunit
and suggest allosteric coupling ofwell-defined switch
regions to the activation process.15 The exchange of
GDP for GTP induces ordering in the switch regions,
making the GTP-bound state conformationally more
rigid.
During activation, R⁎ engages the C-terminus

(CT) of G protein α-subunit. Earlier mutagenesis
work with transducin (Gt) showed that activation
signal is transferred to the catalytic pocket via the α5
helix that connects the CT to the nucleotide-binding
β6–α5 loop.25 Additionally, site-directed muta-
genesis of α5 helix residues of Gt showed drastic
alterations in the basal rates of nucleotide ex-
change.26,27 Previous electron paramagnetic reso-
nance (EPR) studies with site-directed spin-labeled
G protein α-subunits proposed a rigid-body move-
ment of the α5 helix upon binding of receptor during
activation.28–30 Furthermore, the crystal structure of
Q333C–I56C Gαi1, a mimic of EPR-measured
receptor-associated conformation, suggests a shift
of α5 helix toward the bound nucleotide.31 The
recent structure of ligand-free opsin in complex
with a peptide analogue of the CT tail of the α-
subunit of Gt shows, as shown earlier by NMR,32

that the Gt peptide binds at an angle of ∼40° to the
hypothetical plane of the bilayer and makes
contacts with several conserved amino acid resi-
dues on the receptor transmembrane border
regions, notably R135. The structure also suggests
how the G protein heterotrimer might dock to R⁎.33

However, the lack of a crystal structure of an active
GPCR in complex with the full-length G protein α-
subunit or heterotrimer limits our understanding of
the exact molecular determinants of receptor-
mediated G protein activation.
We present here themolecular details of a probable

intermediate state along the G protein activation
pathway. We carried out Ala-scanning mutagenesis
to make a panel of site-specific mutants of the α5
helix of Gαi1 and identified a number of mutants
with orders-of-magnitude increases in basal ex-
change rates of guanine nucleotides in the absence
of receptor. The mutant Gαi1-T329A, for example,
showed a nearly 20-fold increase in receptor-inde-
pendent basal nucleotide-exchange rate. In cell-
based assays, Gαi1-T329A significantly attenuated
forskolin (FK)-induced cAMP accumulation and
lowered basal cellular cAMP levels. We then solved
high-resolution crystal structures of Gαi1-T329A in
both GDP- and guanosine GTPγS-bound states and
compared the structures with other available G
protein structures. The T329A mutation caused
significant alterations in the structure of the switch
I region and affected the complexMg2+ coordination
sphere in the nucleotide-binding site. Based on the
new structures, we propose a “sequential release”
mechanism for receptor-induced nucleotide ex-
change where specific structural changes mediated
by the α5 helix destabilize bound Mg2+, which exits
the active site to facilitate GDP release.

Results

Fluorescence measurement of nucleotide
binding

We first constructed a set of single point mutants
of Gαi1 in which residues T329, V332 and F336 on
the α5 helix and residue Q52 on the α1 helix were
replaced with Ala (Fig. 1). A double-mutant
construct with both Q52 and T329 residues replaced
with alanine was also engineered. All single and
double mutants were expressed as recombinant
proteins in Escherichia coli and purified to homo-
geneity. The intrinsic fluorescence of W211, which is
present in the switch II region of Gαi1, increases
upon GTP binding due to its movement from a
solvent-exposed environment to a hydrophobic
pocket in the nucleotide-binding pocket14 and has
been used to measure the kinetics of GTP uptake
reaction.34 The rate of basal nucleotide exchange for
each mutant was measured by monitoring its
fluorescence in the presence of GTPγS (a nonhy-
drolyzable analogue of GTP) (Fig. 2a). Pseudo-first-
order rate constants for GTPγS uptake by wild-type
(WT) Gαi1 and the single and double Gαi1 mutants
were calculated.
The nucleotide-exchange reaction was also moni-

tored using the fluorescence nucleotide analogue,
mant [2′,3′-O-(N-methyl-anthraniloyl)]-GTPγS
(Fig. S1). As Gα takes up mant-GTPγS, W211
moves into its characteristic hydrophobic pocket in
the nucleotide-binding site. Since the excitation
spectrum of mant-GTPγS overlaps with the emis-
sion spectrum of Trp, fluorescence resonance energy
transfer (FRET) is observed upon mant-GTPγS
binding to Gαi1. Higher rates of FRET increase
were observed for the Gαi1 mutants compared with
that of the WT Gαi1, thereby corroborating the
results of the GTPγS uptake assay. In general, we
observed multifold increases in basal nucleotide-
exchange rates in the mutants compared with that in
WT Gαi1. In particular, Gαi1-T329A displayed an 18-
fold increase in its rate of GTPγS uptake compared
with that of WT Gαi1 and appeared to be stable in
solution over extended time periods (data not
shown). Therefore, we chose the Gαi1-T329Amutant
for additional detailed studies.

Physiological role of Gαi1-T329A

To investigate the potential physiological relevance
of the T329A mutation, we expressed the human
Gαi1-T329A mutant in mammalian HEK 293 cells. In
control experiments, HEK cells were transfectedwith
WT Gαi1 or a constitutively active, guanosine tripho-
sphatase (GTPase)-deficient mutant, Gαi1-Q204L.35
We nextmeasured FK-stimulated intracellular cAMP
levels in the transfected cells. FK directly activates
adenylyl cyclase (AC) and is commonly used as an
adjunct in assays designed to evaluate the ability of
Gs and Gi to activate or inhibit, respectively, cellular
AC activity. GTP-bound, active WT Gαi1 acts to
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inhibit AC, resulting in a decreased concentration of
intracellular cAMP.36,37 We tested the ability of the
Gαi1-T329A mutant to affect FK-stimulated cellular
cAMP levels, using a highly sensitive gene reporter
assay that relies on secreted alkaline phosphatase
(SEAP) to report intracellular cAMP concentra-
tion.38,39 Compared with WT, expression of the

constitutively active Gαi1-Q204L mutant caused a
dramatic decrease in FK-stimulated cAMP levels
(Fig. 2b and c). This effect is presumed to be a direct
result of increased inhibition of AC by the Gαi1-
Q204Lmutant. Interestingly, the Gαi1-T329Amutant
mimics the effect of the Q204Lmutant in its ability to
inhibit FK-stimulated cAMPproduction. Also, unlike

Fig. 1. The structure of Gαi1 showing sites of amino acid substitution on the α5 helix. (a) The structure of the GDP-
bound form of WT Gαi1 consists of the GTPase domain (green) and the helical domain (salmon) with the nucleotide
shown as a ball-and-stick model (yellow) sandwiched between them. The α5 helix (blue) connects the receptor interacting
C-terminal tail with the GDP-interacting β6–α5 loop (orange). (b) The structure in (a) has been rotated clockwise by 70°
along the vertical axis. The α5 helix, lying in a trough formed by the α1 helix and β1–β6 strands, is∼50% solvent-exposed
and oriented in an N- to C-terminal order coming out of the plane of paper. (c) A zoom into the α5 helix region shows the
sites of mutations on the α5 helix (F336, V332, T329) and the neighboring α1 helix (Q52A). As shown, T329 and Q52
residues could be involved in a possible H-bonding interaction via their side-chain groups that are placed 3.3 Å apart.
Each of the residues was mutated to alanine for generation of single- and double-point mutants. The bound nucleotide
close to the CT of the α1 helix is shown as a ball-and-stick model (yellow).
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residue Q204, T329 is not in close proximity to the
bound nucleotide and hence cannot directly influ-
ence the stability of the bound nucleotide even
though the T329A-Gαi1 mutant mimics a constitu-
tively active state. This suggests that the mutation
somehow allosterically modulates the fast rates of
nucleotide exchange on the Gαi1 subunit.

Crystal structure of Gαi1-T329A in the
GDP- or GTPγS-bound form

To probe the molecular determinants and structur-
al basis for the increased rates of nucleotide exchange
observed in themutant Gαi1 proteins, we determined
the crystal structures of Gαi1-T329A in both the GDP-

and the GTPγS-bound forms (Table 1). The intended
mutation of Thr to Ala in the protein was confirmed
by the crystal structure, where electron density at
position 329 corresponded to Ala (Fig. S2A). The
structure of the GDP-bound form of Gαi1-T329A was
refined to 2.5-Å resolution using the structure of
Gαi1·GDP·Mg2+ [Protein Data Bank (PDB) code
1BOF] as a template for molecular replacement. In
the final model, the region corresponding to amino
acids M1–L5, Q204–C217 and V233–E239 is missing
due to lack of electron density for these residues.
Similarly, the structure of the GTPγS·Mg2+-bound
form of Gαi1-T329A was refined to a resolution of
2.3 Å, using the structure of Gαi1-G42V·GTPγS·Mg2+

(PDB code 1AS0) as a template. In the final model, the
region corresponding to amino acids M1–R32 and
K349–F354 is missing due to lack of electron density
for these residues. The GDP- and GTPγS-bound
structures for T329A-Gαi1 were solved in space
groups identical to those of the WT Gαi1 structures.
We systematically compared and contrasted the
structures of the WT and mutant Gαi1 proteins.
Although the switch II (residues 199–219) and

switch III (residues 231–242) regions of Gαi1-
T329A·GDP are essentially disordered as in the
WT Gαi1·GDP, both of these switch regions are
nicely ordered and resolved in the active GTPγS-
bound states of both proteins.15 Interestingly, a
well-defined electron density for switch I (residues
177–187) shows that it has moved away from the
nucleotide in Gαi1-T329A·GDP compared with
switch I in WT Gαi1 (Fig. 3). Overall the root-mean-
square deviation (r.m.s.d.) between WT Gαi1·GDP
and Gαi1-T329A·GDP was 0.79 Å, whereas it was
only 0.29 Å for their GTPγS-bound structures.
Hence, overall the GTPγS-bound-state structures
WT Gαi1 and Gαi1-T329A are essentially identical

Fig. 2. Fluorescence assay of nucleotide uptake rates
and forskolin (FK)-induced SEAP assay. (a) Nucleotide
exchange was monitored by measuring the enhancement
in intrinsic Trp fluorescence as a function of time after
addition of GTPγS. Traces show the activation of the WT
Gαi1 (black) and T329A mutant (red) and rates of ex-
change for all proteins studied are given in the table (inset).
Uncatalyzed t1/2 values are presented as the mean±SEM
of at least three independent experiments. As observed,
substitutions of residues on the α5 helix (T329, V332, F336)
or residues in close proximity to the α5 helix (Q52) increase
the basal rate of exchange, indicating a possible involve-
ment of the α5 helix during the receptor-catalyzed
nucleotide-exchange process. (b) Gαi1 mutants, T329A
and Q204L, show increased inhibition of FK-induced
cAMP-dependent SEAP activity. Mock (black), WT (red),
T329A (green), Q204L (blue) and pCRE-SEAP cotrans-
fected cells were incubated for 6 h in the presence of FK
ranging from 0 to 12.5 μM prior to SEAP activity
measurement. Inset: expression levels were similar based
on immunoblot analysis. (c) Increased inhibition of basal as
well as FK-stimulated SEAP activity is observed in cells
transfected with Q204L and T329A Gαi1 mutants. SEAP
activity is expressed as a percentage of the activity
obtained with 12.5 μMFK stimulation in mock-transfected
cells. Data are mean+SEM from three independent experi-
ments done in triplicate.
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(Fig. S3),whereas significant differences are observed
in the GDP-bound-state structures (Fig. S4).

Changes in conformation of switch I region

Superimposition of the Gαi1·GDP·Mg2+, Gαi1·
GTPγS·Mg2+, Gαi1-T329A·GDP and Gαi1-T329A·
GTPγS·Mg2+ structures shows striking differences
in the conformations of the switch I region (Fig. 3a).
The T329A replacement on the α5 helix allosterical-
ly induces an extensive outward movement of the
switch I region away from the nucleotide in the
GDP-bound state of the mutant Gαi1-T329A com-
pared with the GDP-bound state of WT Gαi1. This
conformational change leads to an overall increase
in the catalytic pocket size, thereby destabilizing the
bound nucleotide to facilitate faster GDP release.
Interestingly, the switch I regions in the activated
forms of the mutant Gαi1-T329A·GTPγS·Mg2+ and
WT Gαi1·GTPγS·Mg2+ exhibit identical conforma-

tional states. Switch I is tightly positioned in close
proximity to the nucleotide, probably due to the
bound Mg2+ divalent cation in the catalytic pocket.
Hence, the T329A substitution affects the confor-
mational state of the switch I region only in the
GDP-bound form. An electrostatic potential surface
rendering of Gαi1-T329A·GDP and WT Gαi1·GDP·
Mg2+ structures also highlights extensive outward
movement of the switch I region, allowing access
for a possible exit route of the bound GDP (Fig. 3b).

Changes in GDP interactome within the catalytic
pocket

The T329A substitution also induced structural
changes in several key amino acid side chains in the
catalytic pocket (Fig. 3c and d). Foremost is an
inversion (∼180°) of the guanidinium side chain of
R178, thereby preventing H-bonding interactions
with the oxygen of the α- and β-phosphate on GDP
demonstrated in the WT Gαi1·GDP·Mg2+ crystal
structure. This conformational flip of R178 causes a
loss of stabilization of the bound GDP. The dramatic
movement of switch I in the Gαi1-T329Amutant also
orients the side chain of K180 away from the
catalytic pocket (Fig. 4a). The other residues parti-
cipating in electrostatic interactions with the gua-
nine ring of GDP (N269, D272, K270 and A326) have
similar orientations in the Gαi1-T329A mutant and
the WT Gαi1, although shorter H-bonding distances
in the mutant promote stronger interactions with the
bound GDP. Also, unlike the case in WT Gαi1, the
side chains of R178 and L273 in the Gαi1-T329A
mutant seem to be involved in hydrophobic inter-
actions with the guanine ring along with K270 and
T327. InWT Gαi1, the GDP ribose engages its 2′- and
3′-hydroxyl groups in an H-bond network with the
backbone carbonyl groups of L175 and R176. These
stabilizing interactions are substituted by the single
side-chain hydroxyl group of S151 in the Gαi1-T329A
mutant, resulting in weaker H-bonding potential
(Fig. 3c and d). Thus, despite apparent gains in
hydrophobic interactions, the loss of favorable
electrostatic and H-bonding interactions in Gαi1-
T329A destabilizes the bound GDP, resulting in a
faster rate of release from the catalytic pocket.

Loss of Mg2+ from the catalytic pocket in the
Gαi1-T329A·GDP structure

Mg2+ was absent from the catalytic pocket in the
crystal structure of Gαi1-T329A·GDP (Fig. S2b
and c). Two key residues of the Mg2+ coordination
sphere in WT Gαi1·GDP·Mg2+, T181 (on the switch I
region) and S47 (on the α1 helix), display consider-
able structural alterations upon substitution of T329
(Fig. 4a). T181 moves away from the Mg2+-binding
site due to the extensive outward movement of the
switch I region. The S47 side chain also orients away
from the Mg2+-binding site, disrupting the favorable
interaction present in WT Gαi1. The displacement of
nucleotide in the catalytic pocket also compromises
the favorable interactions between the β-phosphate

Table 1. Crystallographic data and refinement statistics

T329A Gαi1
(GDP)

T329A Gαi1
(GTPγS)

Data processinga

Space group I4 P3221
Unit cell dimensions
a, b, c (Å) 121.76, 121.76,

68.71
79.29, 79.29,

105.6
α, β, γ (degrees) 90, 90, 90 90, 90, 120
Crystal dimensions (mm) 0.2×0.5×0.7 0.1×0.2×0.3
Total no. of reflections 118,368 92,656
Unique reflections 16,157 17,460
No. of molecules

per asymmetric unit
1 1

Rmerge on Ib 6.0 (27.5) 8.3 (22.6)
Mean I/σIc 8.4 (2.6) 6.7 (3.3)
Completeness (%) 100 (100) 100(100)
Multiplicity 7.3 (7.5) 5.3 (5.5)
Model for MR (PDB) 1BOF 1AS0

Refinement statistics
Resolution (Å) 59.8–2.5 68.4–2.3
Reflections in file 16,157 17,447
Reflections used 15,346 16,564
Rwork (%)d 18.1 18.5
Rfree (5% of data) 22.6 25.2
No. of atoms
Protein 2690 2627
Ions
Mg2+ 0 1
SO4

2− 1 1
Ligand (GDP/GTPγS) 1 1
Water 46 49
B-factor
Average 40.0 30.0
Ligand 27.0 12.0
r.m.s.d.'s
Bond lengths (Å) 0.02 0.02
Bond angles (°) 1.79 1.82
Chiral angles (°) 0.11 0.11
a Numbers in parentheses indicate statistics for the highest-

resolution shell.
b Rmerge=∑hkl∑i│I(hkl)i− 〈I(hkl)〉│/∑hkl∑i〈I(hkl)i〉.
c I/∑I, signal-to-noise ratio, where I is the integrated intensity of

ameasured reflection andσI is the estimated error inmeasurement.
d ∑│FP−FP(calc)│/∑FP, where FP and FP(calc) are the observed

and calculated structure factor amplitudes. Rfree is calculated
similarly using test set reflections never used during refinement.
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and bound Mg2+ (Fig. 4a). The integration of these
changes essentially dismantles the Mg2+ coordina-
tion sphere in the Gαi1-T329A mutant, and the loss
of bound Mg2+ further decreases the stability of the
bound GDP. In the WT Gαi1·GDP·Mg2+structure
(PDB code 1BOF), several water molecules populate
the catalytic pocket, with water molecules W801,
W802 and W803 forming part of the octahedral
coordination sphere of Mg2+. These water molecules
are completely absent from the catalytic pocket of
the Gαi1-T329A·GDP structure (Fig. 4b), further
corroborating the loss of Mg2+ from the catalytic
pocket. Other proximal residues, including the
highly conserved D200, which is part of the
conserved DXXG sequence motif found in all the
regulatory G proteins of the Ras superfamily, adopt
similar side-chain conformations in the Gαi1-T329A
mutant and WT proteins.

1n 1998, Coleman and Sprang solved structures of
WT Gαi1 in the presence of different concentrations
of Mg2+.40 They showed that the Mg2+-binding site
in the catalytic pocket of WT Gαi1 has 70% occu-
pancy at 10 mM Mg2+ concentration and 100%
occupancy at 100 mM Mg2+ or above in the
crystallization buffer.40 To address the issue of
Mg2+ binding, we solved the structure of the GDP-
bound form of the Gαi1-T329A mutant with 10 mM
Mg2+ in the crystallization buffer. The structure still
revealed a complete absence of Mg2+ from the
catalytic pocket, which was consistent with our
primary crystallographic data set at 2 mMMg2+. We
also saw similar secondary-structural and side-chain
orientations in the crystals grown at 10 mM MgCl2,
as in the structure from the crystal with 2 mM Mg2+

(data not shown). This confirms the observation that
the T329A mutation indeed disrupts the Mg2+

Fig. 3 (legend on next page)
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coordination sphere in the catalytic pocket. The
absence of Mg2+, in conjunction with other destabi-
lizing structural changes, facilitates the release of
bound GDP from the catalytic pocket, explaining the
increase in release rates of GDP from the mutant
Gαi1 proteins.
To investigate the influence of Mg2+ on the

kinetics of the nucleotide-exchange process, we
performed the GTPγS-binding assay on the WT
and mutant Gαi1 proteins as a function of Mg2+

concentration. Interestingly, the results showed that
the rates of exchange depended significantly on the
concentration of Mg2+ present in the reaction buffer.
In general, increasing Mg2+ concentration decreased
the rate of GDP release (Fig. 4c). The greatest
decrease in the rate of exchange as a function of
increasing concentrations of Mg2+ was observed for
the WT Gαi1. The effect of increasing Mg2+

concentration can be rationalized by our earlier
structural observations. The high concentration of
Mg2+ might induce order in the structure and
stabilize the GDP-bound state. This would make
the rate of nucleotide exchange slower at higher
concentrations of Mg2+. The induction of similar
structural changes due to increasing Mg2+ concen-
tration was also shown earlier by Coleman and
Sprang.40 Interestingly, the rate of nucleotide ex-
change for the slower-exchange mutants (Q52A,
V332A, Q52A/T329A) was also influenced by the
concentration of Mg2+ present in the reaction
mixture. This may be due to a partially intact Mg2+

coordination sphere where binding of Mg2+, albeit
with lower affinity, might stabilize the bound
nucleotide. The rates of nucleotide exchange for the
rapid-exchange mutants Gαi1-T329A and Gαi1-
F336A are, by and large, unaffected by increasing
Mg2+ concentrations. This substantiates the struc-
tural findings related to the disruption of the Mg2+

coordination sphere in the Gαi1-T329A·GDP struc-
ture as noted above. We thus propose that the
accelerated rate of the activation process in the
mutants is coherently coupled in part to the loss of
Mg2+ from the catalytic pocket. In receptor-induced
nucleotide exchange, the receptor might possibly be
inducing similar structural rearrangements to facil-
itate a faster nucleotide exchange.
As stated earlier, the superimposition of the static

secondary-structural elements in the crystal struc-
ture of the Gαi1-T329A·GTPγS·Mg2+ and WT Gαi1·
GTPγS·Mg2+ complexes revealed an r.m.s.d. of only
0.29 Å. There were no observable significant
secondary-structural differences between these two
structures (Fig. S3). This highlights the fact that the
activated state is well ordered and almost identical
for WT Gαi1 and the Gαi1-T329A mutant. The
mutation affects only the less ordered GDP-bound
form of the protein, inducing an increased rate of
nucleotide exchange. The presence of an intact Mg2+

coordination sphere in the activated form leads to
tight ordering of the switch I region, which is
conformationally more dynamic in the GDP-bound
form. The residues that constitute the GTPγS-
binding domain have identical orientation with
minimal conformational differences. The nucleotide
positioning in the catalytic pocket is more definitive
and static, with complete overlap between the
respective nucleotides in the mutant and WT Gαi1
structures (Fig. 4d).

Thermodynamics and kinetics of the activation
process

The mutations of the α5 helix residues cause
disruption of certain key electrostatic interactions
within the Gα subunit. The influence of the mutation
on the rate of activation suggests that the mutation

Fig. 3. Switch I movement and changes in GDP interactome within the catalytic pocket. (a) The T329Amutation on the
α5 helix allosterically induces an extensive outward movement of the switch I region of Gαi1-T329A·GDP (green) in
comparison to the switch I regions of WT Gαi1·GDP·Mg2+ (salmon) (PDB code 1BOF), Gαi1-T329A·GTPγS·Mg2+ (orange)
or WT Gαi1·GTPγS·Mg2+ (blue) (PDB code 1ASO). This movement of a key structural determinant in Gαi1-T329A·GDP
leads to changes in the orientation of side chains of the residues lying along the switch I region in the Gαi1-T329A·GDP in
comparison to other forms of Gαi1. (b) A zoom into switch I consisting of electrostatic potential surface of Gαi1-
T329A·GDP and WT Gαi1·GDP·Mg2+ shows extensive movement of the switch I corresponding region on the proteins.
The outward movement of switch I in the mutant exposes an exit route readily available for the bound nucleotide, which
could facilitate faster rates of nucleotide exchange. However, inWTGαi1, switch I is rigidly positioned to act as a lid on the
exit channel, thereby limiting the kinetics of the nucleotide-exchange process. The residues interacting with the guanine
ring (N269, D272, K270 and A326) are the same in both (c) the mutant and (d) the WT Gαi1, although the H-bond
stabilizing interactions are slightly stronger (due to closer proximity of interacting ends) in the mutant. In the T329A
mutant, additional residues, namely, R178, L273, T327 and K270, are involved in hydrophobic interactions with the
guanine ring through their side chains than in WT Gαi1. In WT Gαi1, the ribose ring of GDP engages the 2′- and 3′-
hydroxyl groups in a H-bonding network with the backbone carbonyls of L175 and R176, whereas this bicentric
stabilizing interaction is replaced by a single side-chain hydroxyl group of S151 in T329A, contributing to the decreased
stability of the nucleotide in the pocket. The α- and β-phosphates interact with multiple amino acid side chains and
backbones. A crucial H-bonding interaction between the oxygen atoms of the α- and β-phosphates on GDP and the
protonated side chain of R178 is lost in the mutant, contributing further to the decrease in the stability of the bound
nucleotide. The flipping of the R178 side chain outside the pocket also contributes to a larger pocket size in comparison to
WT Gαi1, where this interaction is tightly regulated. These effects of the mutation at a distance are tremendous, and
overall cause the loss of Mg2+ from the binding pocket. The lack of Mg2+ in turn disrupts multiple electrostatic interactions
with amino acid residues, such as S47 and T181, along with the oxygen atoms present on the β-phosphate of GDP. The
T329A mutation overall lowers the activation barrier of nucleotide exchange by allosterically modulating the orientation
and general conformation of the residues constituting the GDP interactome.
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might be affecting the activation energy for the
nucleotide-exchange process. In order to analyze
quantitatively the effect of mutation on the activa-
tion energy, we performed GTPγS-binding assays
over a linear temperature gradient. The fluorescence
enhancement of W211 due to activation was
monitored and rates were calculated. Experiments

were performed for the WT Gαi1 and Gαi1-T329A
mutant and kapp values were calculated for each
data set at different temperatures. A plot of ln k
versus 1/T was fit to the Arrhenius equation to give
activation energies for both WT and mutant. The
analysis revealed that the barrier for activation of the
mutant is lower by 5.1 kcal/mol than that of the WT

Fig. 4 (legend on next page)
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(Fig. S5a). This implies that the T329A mutation
causes allosteric modulation of residues defining the
catalytic pocket, which leads to destabilization of
interactions involved in GDP binding. The net effect
is a lowering of the activation threshold, thereby
resulting in faster rates of nucleotide exchange.
We performed isothermal titration calorimetry

(ITC) to analyze the effect of amino acid replacement
on the apparent binding affinity of the nucleotide
ligand and its influence on the nucleotide-exchange
process. ITC experiments, in principle, give the net
change in the enthalpy for this exchange reaction
(Fig. S5b). The binding of GTPγS to the Gαi1-T329A
mutant was more exothermic than GTPγS binding
to WT Gαi1 (data not shown). The crystal structures
of Gαi1-T329A·GTPγS·Mg2+ and WT Gαi1·GTPγS·
Mg2+ are almost identical, with an r.m.s.d. of 0.29 Å.
Thus, the final GTPγS-bound states of the two
complexes can be assumed to have the same energy
level on a reaction profile diagram. However, the
crystal structure of the GDP-bound form of the Gαi1-
T329A mutant displays significant conformational
changes that destabilize its GDP-bound state.
Hence, transition from the energetically higher
GDP-bound state should give larger reaction en-
thalpy. Our ITC data are in excellent agreement with
this rationale. The high activation barrier for the WT
protein makes the process of spontaneous basal
nucleotide exchange slow and unfavorable, al-
though we observe strong binding constants for α5
helix mutants Gαi1-T329A, Gαi1-Q52A/T329A and
Gαi1-V332A (Fig. S4b). The loss of favorable inter-
actions caused by each α5 helix amino acid
replacement promotes faster release of the bound
GDP, which creates a nucleotide-free pocket readily
available for GTPγS binding. This observation is in
excellent agreement with the kinetic analysis of the

exchange process for different mutants as shown
earlier. Hence, the ITC experiments along with the
Arrhenius analysis show that thermodynamic gain
also contributes to faster rates of nucleotide ex-
change for the mutants in comparison to the WT
protein.

Discussion

Over the years, several hypothetical models have
been proposed to explain receptor-induced G
protein activation. One model elucidates the role
of the Gβγ subunit as a “lever” to reorient a cognate
exit route in Gα during receptor-promoted GDP–
GTP exchange. The β3–α2 loop or the “lip” of this
contact surface (between Gα and Gβγ subunits) and
switch I occlude the exit route for GDP. The
receptor-mediated exchange promotes alterations
in this region to facilitate the activation of G
proteins.8,41 Alternatively, a “gear-shift” model has
also been proposed where R⁎ binds to Gα and
induces a hinge motion at the Gα N-terminal tail.
This leads to tight packing of the Gα–Gβ subunits,
and the N-terminal tail of the Gγ subunit is engaged
to displace the Gα helical domain. The opening of
the cleft between the GTPase domain and the helical
domain allows for GDP release.42

Mutations of the α5 helix residues of Gt facing into
the protein cause a multifold increase in the basal
rate of nucleotide exchange.26,27 This suggests that
the α5 helix comprises a functional microdomain in
G proteins that affects basal nucleotide release rates
and mediates receptor-catalyzed nucleotide ex-
change at a distance from the nucleotide-binding
pocket. Interestingly binding to Gβγ or the receptor
is largely unaffected by these mutations. In 2006,

Fig. 4. Changes in catalytic pocket residues inGαi1-T329A andWTGαi1 and loss ofMg2+. (a) A superposition of the side
chains of residues in close proximity with GDP and those forming the coordination spheres of Mg2+ in the WT
Gαi1·GDP·Mg2+ andGαi1-T329A·GDP structures reveals some key differences. The protonated side chain of R178 involved
in forming H-bonding interactions with the oxygen of the α- and β-phosphate on GDP in the WT Gαi1·GDP·Mg2+ rotates
by almost 180° in T329A, thus nullifying this stabilizing interaction. Extensivemovement of switch I leads to flipping of the
K180 side chain away from the catalytic pocket into a more solvent-exposed environment. A key residue of the Mg2+

coordination sphere, T181, orients away from the Mg2+ binding site as well. The side chain of S47, a direct Mg2+-binding
ligand, undergoes a conformational switch orienting it away from theMg2+ binding site. All other proximal residues adopt
a side-chain conformation in themutant similar to that observed in theWT protein. Concomitantly, the T329A substitution
also leads to the displacement of the nucleotide in the catalytic pocket, indicative of the disruptions in the cooperative H-
bond network within the catalytic pocket in the mutant. (b) A superposition of the WT Gαi1·GDP·Mg2+ (green) structure
with the Gαi1-T329A·GDP structure (salmon) shows distinct organization of the water molecules within the catalytic
pocket. The mutant structure shows absence of Mg2+ coordinating water molecules, namely, W801, W802 and W803,
further substantiating the observation of loss of Mg2+ from the catalytic pocket. (c) Coleman and Sprang showed that with
increasing concentrations ofMg2+,WTGαi1 undergoes conformational changes inducing order in the structure reminiscent
of the activated WT Gαi1·GTPγS·Mg2+ state.40 The rate of nucleotide exchange for the WT Gαi1 protein and the slow-
exchange mutants (Q52A, V332A and Q52A T329A) is very much dependent on the concentration of Mg2+ present in the
reaction buffer, possibly due to the influence of a completely or partially intact Mg2+ coordination sphere stabilizing the
bound nucleotide. The rates of exchange for the rapid-exchange mutants, T329A and F336A, remain by and large
unaffected by increasingMg2+ concentrations, substantiating the structural determinants, consistentwith the disruption of
the Mg2+ coordination sphere in the Gαi1-T329A·GDP structure as shown above. (d) Unlike the GDP-bound state, the
residues aligned along the catalytic pocket involved in both electrostatic and hydrophobic interactions with the bound
nucleotide in the GTPγS-bound state are much more static. The side-chain orientations are similar or identical, with no
displacement of the bound nucleotide in either the Gαi1-T329A·GTPγS·Mg2+ orWTGαi1·GTPγS·Mg2+. These results show
that even if the rates of nucleotide exchange are different, post-exchange a higher degree of order is restored in the
structure, which is independent of amino acid substitution on the α5 helix.
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Hubbell and coworkers conducted a site-directed
spin-label EPR study of α5 helix residues and
suggested that R⁎-stimulated activation causes a
rigid-body movement of the α5 helix, which
perturbed the β6–α5 loop and thereby decreased
GDP stability in the catalytic pocket.28 In addition,
allosteric changes at the Gα–Gβγ interface triggered
by interactions with R⁎ were observed, along with
significant changes even in the dynamics of residues
(A300 on the α4 helix) distant to the receptor or the
Gα–Gβγ interface.29,30 An alternative hypothesis
suggested that the receptor first engages Gβγ and
then triggers the GDP release by interacting with
the CT of Gα in a “sequential” manner.43,44 All of
these studies suggest a potential important role for
the α5 helix of Gα in the activation pathway. The
receptor would engage the CT of Gα (connecting
to the α5 helix) to induce conformational changes
facilitating the release of bound GDP from the
catalytic pocket.
In the absence of R⁎, the CT is unstructured and

becomesmainly helical upon binding to the activated
receptor.45,46 This binding also induces conforma-
tional rearrangement within the receptor.33 How-
ever, intriguingly, the CT interacts with the receptor
primarily through its backbone atoms, which sug-
gests that the CT alone cannot provide specificity and
selectivity to the binding event coupled to G protein
activation. In contrast to this observation, Conklin et
al. earlier demonstrated through a series of experi-
ments that only a minimum of three amino acid
substitutions in the C-terminal region switches the
receptor specificity of Gαq to that of Gαi, highlighting
the contribution of CT.47 However, in Gαi2 and Gt,
the last eight residues are identical, but the α2-
adrenergic receptor only activated Gαi2 selectively.48
All these observations suggest that the CT alone
cannot be the sole determinant of R⁎–G protein
specificity, and other regions of the α-subunit along
with contributions from the Gβγ subunit49 must
provide elements that contribute to the overall
selectivity of this interaction.
The α5 helix of Gα is directly proximal to the CT

and is highly structured, pointing directly from the
N-terminal portion of CT into the nucleotide-binding
pocket. Therefore, we hypothesized earlier that α5
might be a key structural element in transmitting the
signal of Gα binding to R⁎ to the nucleotide-binding
pocket. This hypothesis was supported by the results
ofmutagenesis experiments showing that amino acid
substitutions in the α5 helix resulted in dramatically
enhanced rates of nucleotide exchange even in the
absence of receptor. Mutagenesis of Gt

26,27 and
follow-up computational molecular dynamics
studies50 suggested that a receptor-induced move-
ment of theα5 helix of theGα subunitmight affect the
local structure of the GDP-binding pocket via the α1
helix and β2 and β3 strands. Although biophysical
studies of the A326S Gαi1 mutant suggested that it
might be a mimic of the receptor-bound activated
state, a follow-up crystal structure of Gαi1-
A326S·GDP showed that its GDP-binding pocket
was no different from that of WT Gαi1.

23

Structural studies on the Gαi1-T329A mutant
presented here show extensive movement of the
switch I region and disruption of the Mg2+

coordination sphere within the catalytic pocket.
There are also drastic changes in the conformations
of side chains of residues lining the catalytic pocket,
also resulting in decreased stability of the bound
GDP nucleotide. Interestingly, the residue R178
even in the structure of the heterotrimer (PDB code
1GG2) adopts a conformation where it is oriented
away from the catalytic pocket, as shown in Fig. S6.
As shown by Abdulaev et al., Gα adopts a
“preactivated” conformation when associated with
Gβγ.51 An altered conformation of R178 might
contribute to acquiring this state. These changes
concomitantly cause the destabilization and dis-
placement of the bound nucleotide.
Also, the results from the cell-based in vitro SEAP

assay (Fig. 2b and c) show that ligand-stimulated
inhibition is much stronger for the mutants in
comparison to theWT protein. This must be possible
only because the mutant, similar to WT protein, can
interact with the receptor and the Gβγ subunit. As
shown in Fig. S7, both WT and Gαi1-T329A subunits
can interact with Gβγ subunit in vitro, leading to
substantial inhibition of activation. The observation
and rationalization of these changes in the Gαi1-
T329A mutant suggest that the T329A replacement
has stabilized a structural intermediate along the
activation pathway. The structure of the mutant
subunit provides a plausible insight into the
mechanism of nucleotide exchange and allows us
to explain convincingly the allosteric effect of the α5
helix on the basal rate of exchange.
We did not observe any substantial movement of

the α5 helix itself or of the nucleotide-interacting
β6–α5 loop within the structures, probably because
the structure of the Gαi1-T329A mutant represents
an intermediate along the activation pathway and
not a true transition state in the exchange process.
We presume that a transient movement of α5 along
with other contributing conformational changes
must occur earlier in the process, which could not
be trapped in the crystal structure of the T329A-Gαi1
mutant. In support of this explanation, a recent
molecular dynamics simulation reported by
Scheerer et al. shows that the α5 helix might act as
a transmission rod that undergoes both translation
and rotation upon engagement of G protein by the
activated receptor.52

Recently, Johnston and Siderovski solved the
crystal structure of the WT Gαi1·GDP subunit
bound to two peptides corresponding to the N-
terminal region of the third intracellular loop of the
D2-dopamine receptor and a Gβγ surrogate peptide
(KB-752).22 Each of these peptides can act as a Gα
guanine nucleotide exchange factor (GEF). Their
work showed that binding of the peptides to the
GDP-bound form displaces the β6 strand away from
the α4 helix and toward the α5 helix from its
position in the unbound protein. The Gαi1-T329A
replacement described here promotes a similar
movement of the β6 strand in the GDP-bound
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structure (Fig. S8), which further supports the
hypothesis that the mutation most likely traps an
intermediate along the activation pathway.
Based on our analysis, we propose a sequential

release model for G protein activation (Fig. 5).
Initially, the activated receptor interacts with the

heterotrimer (Gαβγ) and induces a helical confor-
mation into the unstructured CT of the α-subunit.
This binding event translates to an activation signal,
which we propose is transmitted to the catalytic
pocket via the α5 helix. During activation, the switch
I region of the α-subunit undergoes extensive

Fig. 5. A proposed sequential release model of G protein activation by GPCRs. The prototypical GPCR opsin (salmon)
complexedwith the C-terminal (CT) peptide (residues 340–350) from transducin (Gt) (green) (PDB code 3DQB) is depicted
as a ribbon diagram in a cartoon. The heterotrimeric G protein subunits Gα (gray), Gβ (light pink) and Gγ (blue) are
shown as a complex (PDB code 1GG2) with Gαi1·GDP replaced with the mutant Gαi1-T329A·GDP structure. The α5 helix
of Gαi1 is highlighted in red. Since the CT is not resolved in the structure of the heterotrimer, the G protein is docked to the
active receptor (R⁎) as suggested by Scheerer et al.33 Upon G protein activation, switch I (S1, dark pink) and switch II (S2,
light green) of the α subunit undergo conformational changes. The switch I region is highlighted to show the extent of
movement. In our proposed model of the G protein activation cycle: (1) The receptor first engages the CT of the α subunit,
which brings the α5 helix directly to the surface of R⁎. (2) Receptor binding along with docking of the Gββγ subunit
facilitates allosteric structural modulation of the α subunit to cause an outward movement of its switch I region. (3) These
accumulating conformational changes disrupt the Mg2+ binding site in the catalytic pocket leading to its dissociation. (4)
The loss of Mg2+ and structural rearrangements of key residues (S47, T181, R178) overall destabilizes the bound GDP and
facilitates its faster release from the catalytic pocket. (5) The transient intermediate of empty pocket Gαβγ bound to R⁎ is
formed. GTP andMg2+ rebind to Gα leading to the dissociation of the heterotrimer into the Gα and Gβγ subunits. Finally,
the bound GTP is hydrolyzed to GDP+Pi and the inactive Gα·GDP subunit can reassociate with Gβγ to initiate another G
protein activation cycle. The structure of the T329A mutant, which shows an increased rate of receptor-independent GDP
release, may represent an intermediate that mimics the Mg2+ free state of the G protein during the activation cycle.
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outward movement away from the catalytic pocket,
as seen on comparison of Gαi1-T329A·GDP and
Gαi1·GDP·Mg2+estructures. This spatial rearrange-
ment of switch I coupled to conformational changes
in the side chains of key residues (S47, T181, R178)
lining the catalytic pocket together disrupt the
coordination sphere of Mg2+. The loss of Mg2+

along with the accumulating conformational
changes destabilizes the bound GDP, which can
now be exchanged for GTP at a much more rapid
rate to accelerate G protein activation. This activa-
tion triggers the dissociation of the heterotrimer into
the Gα and Gβγ subunits, rendering them available
for interacting with their respective downstream
effectors.
As expected, the kinetics of the overall process of

nucleotide exchange is modulated by the presence of
Mg2+. However, the rapid-exchange mutants (Gαi1-
T329A and Gαi1-F336A) show an increased rate of
activation independent of the concentration of Mg2+.
This can be rationalized by the absence of a
coordination sphere for Mg2+ in the crystal structure
of Gαi1-T329A. However, as seen inWTGαi1, GTPγS
binding assays with the slow-exchange mutants
(Gαi1-Q52A, Gαi1-V332A, Gαi1-Q52A/T329A)
show a decrease in the rate of activation with
increasing concentration of Mg2+, probably due to
a partially intact Mg2+ coordination sphere in the
catalytic pocket. This model suggests the existence of
an “allosteric switch,” meaning that a transient
ternary complex with a finite lifetime should exist
between GDP-bound G protein and R⁎ complex, as
suggested earlier by Heck and Hofmann using a
kinetic analysis.53 The alternate model would be a
so-called hit-and-run model, where R⁎ and GDP
binding to Gα would be mutually exclusive. Our
structural studies suggest, in fact, a transient state
between R⁎·G[GDP-Mg2+] and R⁎·G[empty], name-
ly, R⁎·G[GDP- ], where Mg2+ has exited and GDP
remains, causing destabilization of the GDP-binding
pocket.
G proteins comprise a superfamily consisting of

both the heterotrimeric and small monomeric G
proteins.54,55 Similar to heterotrimeric G proteins,
small G proteins also undergo conformational
changes in switch regions upon activation. Binding
to GTPγS induces order in both switch I and switch
II regions.56,57 Recently, Thomas et al. solved the co-
crystal structure of a plant small G protein Rop4
(Rho of plants) in complex with the catalytic PRONE
domain of RopGEF8.58 The structure of this never
previously observed ternary complex of Rop4,
PRONE domain and GDP suggested a general
mechanism of small G protein activation. Namely,
Rop4 binding to RopGEF8 causes displacement of
Mg2+ through steric hindrance of its binding site,
moves switch I away from the nucleotide and
pushes switch II toward the conserved phosphate-
binding P-loop. The extended movement of the
switch I region further facilitates the sequential exit
of Mg2+ followed by GDP from the catalytic pocket,
leading to accelerated exchange of nucleotide. Our
structural studies of a heterotrimeric G protein α-

subunit mutant also highlight the disruption of the
Mg2+ coordination sphere and movement of the
switch I region with concomitant destabilization of
the bound nucleotide. These independent, yet
obviously related, observations hint at a similar
shared mechanism of activation for the two sub-
classes of G proteins, heterotrimeric G proteins and
small, single-subunit G proteins.
In summary, our results provide novel structural

insights toward understanding the mechanism of
nucleotide exchange by heterotrimeric G proteins.
The structural studies reported here, supplemented
with biophysical data, demonstrate a critical depen-
dence of basal nucleotide exchange rate on Mg2+. As
observed in the high-resolution crystal structure of
the Gαi1-T329A mutant, with an amino acid
replacement in the α5 helix, movement in the switch
I region disrupts the coordination sphere of Mg2+

and increases the effective size of the nucleotide-
binding pocket. These changes, in association with
the conformational changes of other binding pocket
residues, result in overall destabilization of the
bound GDP, leading to rapid exchange of GDP for
GTPγS. The complete conservation of residues T329
and F336 across different classes of G protein α-
subunits suggests a critical role of these residues
(Fig. S9). Furthermore, our mutational analysis
suggests that similar mechanisms of activation
might be utilized for the different α-subunits. We
believe that the novel mechanistic aspects highlight-
ed here, along with the observations from other
relevant studies on related systems, allow a greater
understanding of the allosteric mechanism of
nucleotide exchange by G proteins.

Materials and Methods

Reagents

GDP sodium salt and GTPγS tetralithium salt were
purchased from Sigma-Aldrich (St. Louis, MO). The
fluorescent GTPγS analogue, mant-GTPγS was purchased
from Jena Biosciences (Jena, Germany). The His6-tagged
mutants of WT Gαi1 were generated by site-directed
mutagenesis using the high-fidelity thermostable DNA
polymerase Pfu (Stratagene, CA). All crystallographic
reagents were purchased from Hampton Research (Aliso
Viejo, CA). All reagents and chemicals used were of
highest available purity.

Construction, expression and purification of
Gαi1 proteins

The DNA fragment containing the WT rat Gαi1 subunit
(residues 1–354) was amplified by PCR and cloned into the
pET28a(+) expression vector (Amersham Biosciences,
Piscataway, NJ) with the BamHI and NotI restriction
sites. The vector was used to transform BL21 (DE3) cells to
express anN-terminal His6-tagWTGαi1 protein containing
a PreScission protease site directly after the His6-tag. The
same construct served as a template for introducing site-
specific mutations in the protein with the QuickChange
system (Stratagene, La Jolla, CA) according to the
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manufacturer's protocol. Themutationswere confirmed by
DNAsequencing (DNASequencing Facility, Genelink,NJ).
The WT and the mutants were expressed in BL21 (DE3)
cells grown in the presence of kanamycin (50 μg/ml). Cells
were grown at 37 °C to A600 nm of ∼0.7 and then induced
with 400 μM isopropyl-β-D-thiogalactoside (IPTG) (US
Biological). The culture was then grown overnight at 17 °C
at an agitation speed of 180 rpm. Cells were harvested by
centrifugation, and the resulting pellets were resuspended
on ice in a buffer containing 50 mM Tris–HCl (pH 8.0),
150 mM NaCl, 2 mM MgCl2, 10 μM GDP, 50 mM β-
mercaptoethanol, bovine lung aprotinin (20mg/ml), 2 mM
PMSF and complete EDTA (ethylenediaminetetraacetic
acid)-free protease inhibitor cocktail tablets (Roche). The
cells were snap-frozen in liquid nitrogen and stored at
−80 °C. For purification, the cells were thawed on ice and
lysedwith a Frenchpress (Avestin). The lysatewas spun for
90 min at 16,500 rpm. The resulting supernatant fraction
was filtered through a 0.45-μm filter (Nalgene) and loaded
onto a nickel–nitrilotriacetic acid (Ni–NTA) Superflow
resin column (GE Healthcare) that was equilibrated with
buffer A [50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 2 mM
MgCl2, 10 μM GDP, 50 mM β-mercaptoethanol]. The
protein-loaded resin was washed with buffer A and the
bound protein was eluted, using a gradient of buffer B
(buffer A supplemented with 500 mM imidazole). The
eluted protein fractions were pooled, extensively dialyzed
against buffer A and cleaved with 1:1000 A280 unit of
glutathione S-transferase PreScission protease for 48 h in
order to remove the N-terminal his-tag. The sample was
then loaded onto aNi–NTA column to separate the cleaved
protein from the cleaved His-tag and any uncleaved
fraction. Next, the protein solution was loaded onto a
glutathione Sepharose 4B column (GE Healthcare) to
separate the glutathione S-transferase fusion PreScission
protease protein from the cleaved protein. The resin was
equilibrated with buffer A. The resin was first washed in
buffer A and the bound PreScission protease was eluted
using a gradient of buffer B (buffer A supplemented with
20 mM reduced glutathione). SDS-PAGE was used to test
the purity of the chromatography fractions. Thereafter, the
appropriate fractions were pooled and concentrated to a
volume of less than 5 ml and loaded onto a Superdex 200
26/60 column (GE Healthcare) that was equilibrated in
buffer C [50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 2 mM
MgCl2, 10 μM GDP, 2 mM DTT]. After elution, the
protein-containing fractions were pooled, concentrated to
N50 mg/ml, snap-frozen in liquid nitrogen and stored at
−80 °C. The average yield for WT Gαi1 and each mutant
was N10 mg/l of culture.

Fluorescence-based kinetic assays

Time-based fluorescence measurements were per-
formed in a SPEX Fluorolog-2 spectrofluorometer (SPEX
Industries, Edison, NJ) at 25 °C. WT Gαi1 was incubated in
the reaction buffer [50 mM Tris–HCl (pH 8.0), 150 mM
NaCl, 2 mM MgCl2 and 1 mM DTT] for 5 min with
constant stirring. GTPγS (178 μM) was added to the
reaction mixture with WT Gαi1 (178 nM) and the relative
increase in intrinsic fluorescence (λex=295 nm, λem=
340 nm) was measured as a function of time. The same
procedure was carried out for all Gαi1 mutants. Mg2+-
dependent nucleotide exchange rates were determined by
varying the concentration of Mg2+ in the reaction buffer.
Pseudo-first-order exchange rates were determined by
fitting the data to an exponential association curve,Y=Y0+
a[1−exp(−kappt)], using Sigma Plot 10.0, where kapp is the

apparent rate constant and t is the time in seconds. The t1/2
values were calculated using t1/2=(ln 2)/kapp. The pseudo-
first-order kinetic analysis was valid due to the presence of
excess GTPγS in the reaction mixture. The data are
reported as the average value obtained from three to five
experiments. The GTPγS-binding assay was also done
with a linear temperature gradient from 5 to 35 °Cwith the
same method. A kapp was calculated for each temperature
step at intervals of 5 °C by pseudo-first-order kinetic
analysis. The activation energy for reaction Ea was
calculated using kapp=A exp[-Ea/(RT)] for the Arrhenius
analysis, where A is the preexponential factor, Ea is the
activation energy of the exchange reaction, R is the
universal gas constant (8.314 J mol− 1 K−1) and T is the
temperature in kelvins. For mant-GTPγS binding assays,
Gαi1 protein samples (178 nM) were incubated for 5 min
(same buffer as the GTPγS binding assay) at 25 °C,
followed by the addition of mant-GTPγS (300 nM). FRET
was monitored by exciting the intrinsic Trp fluorescence at
295 nm andmeasuring the mant-GTPγS fluorescence from
310 to 540 nm. In all cases, blank spectra containing buffer
alone were subtracted from the final spectra.

Cell-based assay of Gαi1-T329A

The EE-tagged WT and constitutively active (GTPase
deficient) human Q204L expression constructs were
obtained from the Missouri S&T cDNA Resource Center†.
The T329A point mutation was generated with site-
directed mutagenesis and confirmed by sequencing.
HEK293 cells (ATCC) were maintained in Dulbecco's
modified Eagle's medium (Invitrogen) with 10% (v/v)
fetal calf serum (FCS) at 37 °C and 5% CO2. For the SEAP
assay described below, cells were plated in 10-cm dishes
and transiently transfected with pCRE-SEAP (BD Bio-
sciences) and pcDNA3.1(+) control, WT Gαi1 or mutant-
Gαi1 expression constructs using Lipofectamine Plus
(Invitrogen). Briefly, 3.5 μg of total DNA (0.5 μg of
pCRE-SEAP+3 μg of G protein expression vector) was
complexed with 10 μl of PLUS reagent and 17 μl of
Lipofectamine reagent and incubated for 15 min at room
temperature before addition of the DNA–lipid mixture to
cells. Cells were plated 24 h after transfection at a density
of 20,000 cells per well in poly-D-lysine-coated 384-well
plates. Cells were serum-starved in 0.1% FCS overnight
and subjected to the SEAP assay, which was performed as
described previously with somemodifications to employ a
384-well format. About 48 h after transfection, cells were
left untreated (basal) or stimulated with FK for 6 h in 0.1%
FCS. Briefly, 2 μl of culture medium supernatant fractions
were transferred to white 384-well low-volume ProxiPlate
(PerkinElmer) containing 5 μl of dilution buffer [150 mM
NaCl and 40 mM Tris–HCl (pH 7.2)] and heat inactivated
at 65°C for 20 min (to heat inactivate the endogenous
alkaline phosphatase). Equal volumes (7 μl) of assay buffer
(2 M diethanolamine, 10 mM MgCl2, 20 mM L-homo-Arg,
adjusted to pH 9.8), reaction solution containing enhancer
solution (Tropics, Bedford, MA) and 0.4 mM SEAP
chemiluminescent substrate (Tropics) were added to
each well. Luminescence was quantified 15 min after
substrate addition with an EnVision Multimode Plate
Reader (Perkin Elmer). To allow comparison between
different experiments and to assess the effect of different
mutant G proteins, data were normalized relative to signal
obtained in mock-transfected cells in the presence of
12.5 μM FK, defined as 100%. Dose response experiments

†www.cdna.org
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were performed with FK ranging from 0.2 to 25 μM.
Assays were performed in triplicate and data were
analyzed using Origin 7.0 software.

Crystallization and structural determination

The protein stock solution of Gαi1-T329A·GDP at
120 mg/ml in storage buffer (50 mM Tris–HCl, 150 mM
NaCl, 2 mM MgCl2, 10 μM GDP, 2 mM DTT) was diluted
to 10 mg/ml using the dilution buffer [50 mM EPPS
(pH 8.0), 1 mM EDTA, 2 mM MgCl2, 5 mM GDP, 5 mM
DTT]. Crystals of Gαi1-T329A bound to GDP were
obtained by the hanging-drop vapor-diffusion method in
1.8–2.1M (NH4)2SO3 and 100mM sodium acetate (pH 5.9–
6.3), as described earlier by Sprang and coworkers.59

Crystals of size 0.2 mm×0.5 mm×0.5 mm formed in 5–7
days at 20 °C in the space group I4 (a=b=120.4 Å,
c=69.8 Å, α=β=γ=90°) with one Gαi1-T329A·GDP
molecule in the asymmetric unit. Crystals for Gαi1-
T329A·GDP at 10 mM MgCl2·6H2O in the dilution buffer
were grown under similar conditions and showed the
same space group. A similar strategy was used to grow
crystals of Gαi1-T329A·GTPγS·Mg2+ by preparing a
solution of 10 mg/ml by incubating the protein stock
for 60 min with 5 mM GTPγS in storage buffer instead of
GDP. The Gαi1-T329·GTPγS·Mg2+ complex crystallized in
the space group P3221 (a=b=78.93 Å, c=105.62 Å) with
one Gαi1-T329A·GTPγS·Mg2+ molecule in the asymmetric
unit. For data collection at 100 K, crystals were
transferred to well solution supplemented with 20%
glycerol and 2.5 M (NH4)2SO3 for ∼30 s followed by
immersion in liquid nitrogen. The native data sets were
collected at beam line NE-CAT (24ID) of the Advanced
Photon Source (APS) at Argonne National Laboratory.
The data sets were indexed and processed using
HKL200060 and Mosflm.61 The structures of Gαi1-
T329A·GDP and Gαi1-T329A· GTPγS·Mg2+ complexes
were determined by molecular replacement using only
the Cα backbone from 1BOF (WT Gαi1·GDP·Mg2+) and
1AS0 (Gαi1-G42V·GTPγS·Mg2+) structures as search
models for Phaser in the CCP4 suite‡. Thereafter, CNS
was utilized to obtain simulated annealing generated
models for both GDP- and GTPγS-bound states of Gαi1-
T329A. Finally, model building was performed in Coot,62
wherein nucleotide and Mg2+ were fitted into the
observed densities with refinement conducted by
Refmac5 in CCP4 as well as a combination of rigid-
body, simulated annealing, energy minimization, and B-
factor protocols in CNS.63 The structural superpositions
were done using SSM superposition for Cα carbon
backbone in Coot. All structural images were made
with PyMOL§ unless otherwise indicated. The ligand
coordination images for GDP and GTPγS were made
using Ligplot.64

PDB accession numbers

Structure factors and coordinates are deposited in the
Research Collaboratory for Structural Bioinformatics
protein database with PDB codes 3FFA (Gαi1-T329A·
GTPγS·Mg2+) and 3FFB (Gαi1-T329A·GDP) for the respec-
tive structures.
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