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ABSTRACT: The activation of Ga subunits of heterotrimeric G proteins by G protein-coupled
receptors (GPCRs) is a critical event underlying a variety of biological responses. Understanding how
G proteins are activated will require structural and biochemical analyses of GPCRs complexed to their
G protein partners, together with structure—function studies of Ga mutants that shed light on the
different steps in the activation pathway. Previously, we reported that the substitution of a glycine for a
proline at position 56 within the linker region connecting the helical and GTP-binding domains of a
Ga chimera, designated aT*, yields a more readily exchangeable state for guanine nucleotides. Here
we show that GDP—GTP exchange on aT*(GS6P), in the presence of the light-activated GPCR,
rhodopsin (R*), is less sensitive to the $1y1 subunit complex than to wild-type aT*. We determined

the X-ray crystal structure for the aT*(GS6P) mutant and found that the GS6P substitution leads to

concerted changes that are transmitted to the conformationally sensitive switch regions, the a4—/f6 loop, and the $6 strand. The
a4—/36 loop has been proposed to be a GPCR contact site that signals to the TCAT motif and weakens the binding of the
guanine ring of GDP, whereas the switch regions are the contact sites for the f1y1 complex. Collectively, these biochemical and
structural data lead us to suggest that aT*(GS6P) may be adopting a conformation that is normally induced within Ga subunits
by the combined actions of a GPCR and a Gffy subunit complex during the G protein activation event.

T ransducin is a heterotrimeric guanine nucleotide-binding
protein (G protein) that is located in the outer segments
of retinal rod cells (reviewed in refs 1 and 2). In the visual
phototransduction cascade, light-activated rhodopsin (R*)
catalyzes GDP—GTP exchange on the Ga subunit of trans-
ducin (aT). The activated GTP-bound aT subunit converts the
signal (i.e., a photon of light) into the final sensory output (the
hyperpolarization of rod outer segment membranes and the
visual response) by coupling the light-dependent activation of
rhodopsin to the stimulation of the effector enzyme, the cGMP
phosphodiesterase (PDE). This reduces the concentrations of
c¢GMP in retinal rod cells and results in the closure of cGMP-
gated ion channels and membrane hyperpolarization. The GTP
hydrolytic activity of aT returns it to the basal GDP-bound
state, allowing the rebinding of the Gfy subunit complex (ie.,
Plyl). The rate of GTP hydrolysis can be modulated by the
PDE and markedly increased by RGS (regulators of G protein-
signaling) proteins.’

The oT subunit, like other Ga subunits of the heterotrimeric G
protein superfamily, has a conserved nucleotide-binding (GTPase)
domain similar to that of Ras and other “small G proteins”, and a
helical domain connected by flexible linkers that bury the bound
guanine nucleotide.*> High-resolution structural information has
been obtained from X-ray crystallographic structures of various Gar
subunits alone,*” in complex with their Gfy partners,'>'" as well
as with their effector proteins.">"® These structures have
highlighted the presence of three flexible regions, termed switch
regions, in the GTPase domain that undergo conformational
changes in response to the binding of GTP.

The X-ray crystal structure of the Gs heterotrimer complexed to
the /R2-adrenergic receptor has been recently determined.'*'®
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In this structure, the C-terminal end of helix a5 of the Ga subunit
(termed Gas) makes extensive contacts with the GPCR,
confirming biochemical studies using synthetic peptides and
mutants of Ga subunits that suggested the binding site for GPCRs
on their Ga subunits is located at the C-terminal a-helix of
Ga.'”7*° The X-ray structure for the f2-adrenergic receptor—Gs
complex also confirmed predictions from molecular modeling
studies that the binding site on the Gar subunit for the GPCR is
separated from the guanine nucleotide-binding (GTPase) domain
by ~30 A*!

Given this distance, a question of great interest has been how
GPCRs are able to transmit changes to the guanine nucleotide-
binding sites of their Ga-signaling partners that weaken the
binding of GDP and thereby stimulate the rate-limiting step for
G protein activation, namely GDP—GTP exchange. In this
regard, the X-ray crystal structure of the f2-adrenergic receptor
complexed to the heterotrimeric G protein Gs provides an atomic-
resolution model of the end point of G protein activation, sub-
sequent to nucleotide release, and suggests that a significant
displacement of the helical domain from the GTPase domain may
make important contributions to GDP—GTP exchange."* How-
ever, the development of constitutively active Gor mutants that are
able to exchange GDP for GTP at a relatively rapid rate in the
absence of a GPCR*™% together with EPR studies of R¥*—aT
interactions,”®”’ has also added to the picture by defining the
distinct steps that underlie GPCR-dependent G protein activation.
The results obtained thus far point to the involvement of helix a5

Received: February 13, 2012
Revised: ~ March 26, 2012
Published: March 26, 2012

dx.doi.org/10.1021/bi3001984 | Biochemistry 2012, 51, 3232—3240


pubs.acs.org/biochemistry

Biochemistry

and the p6—asS loop within Ga subunits in helping GPCRs to
stimulate GDP dissociation. In particular, movements in the f6
loop and the f2—f3 turn of Ga subunits have been suggested to
be important for GPCR-stimulated GDP—GTP exchange by EPR
studies in which mutations that caused the f2—f3 strands to move
away from helix a5 led to increases in the basal guanine nucleotide
exchange activity of the Gail subunit, whereas mutations within the
6 strand resulted in a decrease in the nucleotide exchange rates.®
Mutational and computational studies have further suggested that a
GPCR-induced movement of helix @5 of Ga subunits can be
relayed to the GDP-binding site through the N-terminal a-helix and
the 2—f3 strands.****** Moreover, recent EPR studies suggest
that engagement of the f6—aS loop by GPCRs can be translated
into significant changes in the juxtaposition of the helical domain
relative to the guanine nucleotide-binding (GTPase) domain that
help to provide an “escape route” for GDP.”’

Still, there are a number of additional questions surrounding the
steps that make up the complete reaction pathway for a G protein
activation event that will likely require the combined efforts of
solution and crystallographic analyses, as well as biochemical studies
of GPCR~—G protein complexes and different Ga mutants that will
mirror different steps of the pathway. For example, what role does
the Gffy subunit complex play in different stages of G protein
activation? It was known for several years that Gfy increased the
affinity of GPCRs for their Ga subunit targets, and this was
traditionally believed to be the primary role for Gfy in GPCR-
stimulated nucleotide exchange. However, there have been
suggestions that the Gy subunit complex has direct involvement
in the G protein activation event.**~>> Indeed, mutagenesis studies
have pointed to a potentially more direct role for Gfy in stimulat-
ing nucleotide exchange, leading to a model in which the Gfy
complex works together with GPCRs to catalyze GDP—GTP ex-
change by helping to create an “exit” for GDP release by influenc-
ing the interactions between the helical and GTPase domains of
the Ga subunit.**

Previous work from our laboratory showed that point mutations
made within the linker regions that connect the helical and GTP-
ase domains of a chimeric Ga subunit, comprised primarily of the
aT subunit and a short segment of Gail (designated oT*),
resulted in an accelerated exchange of GDP for GTP.*® To
improve our understanding of how one such mutant, aT*(GS6P),
was capable of undergoing constitutive GDP—GTP exchange
(ie, independent of light-activated rhodopsin), and what this might
tell us about the G protein activation event, we set out to further
characterize its nucleotide exchange activity under various condi-
tions and determine its X-ray crystal structure. Here we show that
the aT*(GS6P) mutant can be strongly activated in the absence of
Gpy (Plyl) when assayed together with sufficiently high levels
of rhodopsin, thus differing from the case of wild-type aT*
[designated oT*(WT)], which exhibits a much stronger depend-
ence on flyl for full activation. This suggested that the oT*-
(GS6P) mutant might exist in a conformational state that bears
some similarity to that normally induced within the aT*(WT)
subunit by Gy during the activation event. We were able to deter-
mine a 2.9 A resolution X-ray crystal structure for GDP-bound
aT*(GS6P) and found that it showed more similarity (particularly
in switch 1) to the activated, GTPyS-bound state of oT*(WT)
rather than to the GDP-bound form of aT*(WT). Overall, these
findings raise some intriguing possibilities regarding how Gfy might
work together with a GPCR during the G protein activation event
and corroborate some earlier suggestions from NMR studies that
Gpy complexes may help to impart “activating conformational
changes” within Ga subunits.*’
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B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The linker
mutation (GS6P) described in this study was introduced into
the @T* background as previously reported.”® The recombinant
aT*(WT) and aT*(GS6P) mutant were expressed in
BL21(DE3) supercompetent cells and purified in the presence of
50 M GDP as described previously.> The recombinant proteins
were further purified by gel filtration chromatography on a HilLoad
Superdex 75 HR26/60 column equilibrated with a bufter containing
20 mM Na-HEPES (pH 7.5) and 10% glycerol. The samples were
aliquoted, snap-frozen, and stored at —80 °C. The final yield of
recombinant oT* proteins ranged from 3 to 5 mg of pure protein/
L of bacterial culture. Retinal @T and the flyl complex were
purified from bovine retina as described previously.> Urea-washed
rod outer segment membranes were prepared as described pre-
viously.*®

[33SIGTPyS Binding Assays. Rhodopsin, together with the
aT* subunits and S1y1, was incubated in HMDN buffer [20 mM
Hepes (pH 7.5), S mM MgCl,, 1 mM dithiothreitol, and 100 mM
NaCl] for 20 min at room temperature under room light. [**S]-
GTPyS (final concentration, 5 uM; specific activity, 1 Ci/mmol)
was added to initiate the reaction, and the samples were incubated
for different periods of time. The reaction was quenched by
direct application to prewetted nitrocellulose filters (Schleicher &
Schuell; pore size, 045 ym) on a suction manifold. The filters
were washed twice with HMN buffer [20 mM Hepes (pH 7.5),
S mM MgCl,, and 100 mM NaCl], added to scintillation liquid
(30% LSC Scintisafe Mixture), and counted in a scintillation
counter (LS6500 multipurpose scintillation counter).

Crystallization, Data Collection, and Structure Anal-
ysis. The oT*(GS6P) mutant complexed with GDP, at 10 mg/
mL in 50 mM sodium cacodylate buffer (pH 6.5), was crystallized
by the hanging-drop vapor-diftusion method in 1.8—21 M
ammonium sulfate [(NH,),SO,]. Crystals (0.2 mm X 0.5 mm X
0.5 mm) grew in 5—7 days at 20 °C and belonged to space group
P422 (a=b=972 A, c=3806 A and a = f = y = 90°). For
data collection at 100 K, crystals were transferred to a well solution
supplemented with 2.5—3.0 M (NH,),SO, for 30—60 s, followed
by flash-freezing in a liquid nitrogen stream immediately before
data collection. Freezing the crystals by any other method or in
any other cryoprotectant led to their disintegration. The data sets
were collected on beamline Al at MacCHESS, Cornell University,
with an ADSC Quantum-210 CCD detector (four 2048 X 2048
pixel modules). The data sets were indexed and processed using
HKL2000.*” The structure was determined by molecular replace-
ment using the coordinates from PDB entry 1TAG (aT—GDP—
Mg*") as a search model in Molrep from the CCP4 suite (http://
www.ccp4.ac.uk). CNS was utilized to obtain simulated annealing-
generated models for oT*(GS6P)—GDP. Model building was per-
formed in Coot.>® Different parts of the protein and bound
nucleotide were fit into the observed densities followed by refine-
ment using Refmac5 in CCP4 as well as a combination of rigid-
body, simulated annealing, energy minimization, and B factor
protocols in CNS.** The structural superposition was conducted
using LSQMAN™ for superimposing the Ca backbone in Coot.
The contact and other coordinate analyses were done using
the CCP4 suite. All structural images were made with PyMOL
(http://www.pymol.org). Structure factors and coordinates are
deposited in the Research Collaboratory for Structural Bioinfor-
matics (RCSB) database as PDB entry 3V00.
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Figure 1. Comparison of the rhodopsin dependence of nucleotide exchange on aT* and aT*(GS6P). [*S]GTPyS (5 uM, specific activity of
1 Ci/mmol) was added to 700 nM a*T(GS6P) or aT*(WT), preincubated with Gfy (350 nM) and different concentrations of R* (20 nM for
panels A and B and 200 nM for panels C and D) in 200 uL of HMDM buffer. R* (solubilized in 0.01% dodecyl maltoside) was activated in ambient
light on ice for S min. Aliquots (20 L) of the reaction mixture were removed at the indicated times and added directly to prewetted nitrocellulose
filters on a suction manifold to quench the reaction. The filters were subsequently washed twice with HM buffer and added to 3 mL of scintillation
fluid and counted on a scintillation counter. The extent of binding is plotted as a percentage of maximal binding for each of the aT* subunits.

B RESULTS

The R*-Dependent Activation of aT*(G56P) Is Less
Sensitive to f1y1. aT*(WT) is capable of only a very slow
rate of spontaneous GDP—GTP exchange [Figure 1A (V)]
whereas the aT*(GS6P) mutant exhibits a much more rapid
rate of intrinsic nucleotide exchange [Figure 1B (V)]
consistent with previous results from our laboratory.”> As
expected, the addition of catalytic amounts of R* together with
the 1yl complex allowed aT*(WT) to achieve high rates of
GDP—GTP exchange [Figure 1A (O)]. The presence of relatively
high concentrations of R* has been shown to circumvent the
requirement for f1y1 to increase the affinity of R* for o/T.*' Thus,
increasing the level of R* from 20 to 200 nM,, in the absence of the
Ply1 subunit complex, caused a significant enhancement in the rate
of GDP—GTP exchange on aT*(WT) [compare panels A and C
of Figure 1 (@)]. Still, the addition of f1y1 to the assay incubations
described above stimulated even faster rates of GDP—GTP
exchange [Figure 1A,C (Q)], consistent with the idea that the
Plyl complex plays a direct role in the R*-dependent activation
event.*** The aT*(GS56P) subunit showed only a slight increase
in the rate of GDP—GTP exchange when the concentration of R*
was increased from 20 to 200 nM in the absence of Sly1 [Figure
1B,D (@)]. In the presence of catalytic amounts of R* (20 nM),
the addition of #1y1 to dT*(GS6P) triggered an increase in the rate
of GDP—GTP exchange [Figure 1B (O)]. However, surprisingly,
when the assay was performed in the presence of 200 nM R*, the
Plyl complex conferred only a minor enhancement in the rate of
nucleotide exchange on the aT*(GS6P) mutant [Figure 1D (O)].

These results seemed to suggest that although the f1y1 complex
might help to enhance the binding of aT*(GS6P) to R* at
relatively low levels of R*, consistent with the known role of Gy
complexes in increasing the affinity of GPCRs for their cognate Gor
partners, it does not appear to significantly influence the actual
GDP—GTP exchange event on oT*(GS6P), unlike the case for
aT*(WT). This suggested that the aT*(GS6P) mutant might
resemble a conformation normally induced within oT*(WT) by
Plyl during the course of R*-stimulated GDP—GTP exchange.
Therefore, we set out to determine the three-dimensional X-ray
crystal structure of o T*(GS6P) as a means of potentially obtaining
some insights into the structural changes induced by the Alyl
complex upon the o/T subunit, during the R*-dependent activation
process.

General Features of the X-ray Structure of the aT*(G56P)
Mutant. The X-ray crystal structure of the aT*(GS6P) mutant
was determined to a resolution of 2.9 A. The data collection
and refinement statistics are listed in Table 1. The aT*(GS6P)
structure exhibits the two major domains characteristic of Ga
subunits (Figure 2A): one that is comprised of a-helices,
termed the helical domain (yellow), and a second domain that
exhibits an a/f fold similar to those of GTPases belonging to
the Ras superfamily, thus termed the GTPase domain (blue).
While it has not been possible to generate suitable diffracting
crystals for aT*(WT) alone [i.e, in the absence of 1yl (see
below)], we can make comparisons between the X-ray structure
for aT*(GS6P) and the structure of retinal oT bound to GDP
(PDB entry 1TAG), hereafter termed aT(WT), which behaves
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Biochemistry

Table 1. Data Collection and Refinement Statistics

space group P4;2,2
unit cell a, b, ¢ (A) 93.2, 93.2, 380.6
unit cell @, §, y (deg) 90.0, 90.0, 90.0
resolution range (A) 50.0-2.9
redundancy 8.6
completeness (%) 97.4
no. of unique reflections 37430
Roe (%) 80
average I/o 22.0
Reya 022
R 027
no. of protein atoms 8381
no. of water molecules 296
Wilson B value (A%) 89.2
average B factor (A?) 94.3
Ramachandran plot (%)
most favored regions 86.7
additionally allowed 13.3
rmsd for bond lengths (A) 0.007
rmsd for bond angles (deg) 1.2

like aT*(WT) with regard to its low intrinsic GDP—GTP
exchange activity and its sensitivity to R* and #1y1.** Indeed,
most of the secondary structural elements exhibited by
aT#(GS6P) are similar to those of aT(WT). The helical
domain of aT(WT) consists of six helices designated aA—aF.
In the crystal structure of aT*(GS6P), the B helix is longer by

nearly one full turn at the N-terminus beginning at residue 98,
instead of residue 95 in the structure of aT(WT). In addition,
the amino acid residues comprising the aB helix have poorly
defined electron density for the side chains in the structure of
aT*(GS6P), although the backbone has well-defined electron
density. The GTPase domain of aT(WT) is comprised of six a-
helices, designated al—a$ and aG, and a six-stranded f-sheet,
with the strands designated f 1-$6.%° In the X-ray structure of
aT*(GS6P), helix a2 is completely disrupted, with the 2
strand being longer (ie., because of residues Ile180—Phel87)
compared to that for aT(WT) (residues Thr183—Phe187).

The rmsd values of the Ca atoms of aT*(GS6P), when
superimposed onto those from the structure of aT(WT) or
aT*(WT) bound to the 1yl complex, were 1.9 and 1.5 A,
respectively. Structural differences were observed in various
regions of the aT*(GS6P) mutant when it was compared to
aT(WT). These are depicted in a plot of the rmsd of Ca atoms
of aT*(GS6P) superimposed against aT(WT) (Figure 2B) or
aT*(WT) bound to the f1y1 complex (Figure 2C). Therefore,
while the overall structure of aT*(GS6P) is similar to that of
other Ga subunits, there are some noteworthy differences,
which as discussed below might shed light on the nature of the
conformational changes induced in the aT(WT) subunit by the
combined actions of R* and the 1yl subunit complex during
the G protein activation event.

Arg174 and Lys266 Exhibit Weaker Interactions with
GDP in aT*(G56P). The X-ray structure of the aT*(GS6P)
mutant contains a bound GDP molecule. The fact that this
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Figure 2. Structural changes in aT*(GS6P). (A) Overall structure of aT*(GS6P) showing the GTPase (purple), helical domains (yellow), and GDP
(spheres). The switch regions are colored green, and linker 1 is colored pink. (B) Plot of the root-mean-square deviation (rmsd) between the
superimposed Ca atoms of aT*(GS6P) and the corresponding Car atoms of aT(WT) (PDB entry 1TAG). (C) Plot of the rmsd between the
superimposed Car atoms of aT*(GS6P) and the corresponding Car atoms of aT(WT) in complex with f1y1 (PDB entry 1GOT).
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Figure 3. GDP-interacting residues within aT*(GS6P). (A) Schematic view of the amino acid residues that interact with GDP in aT*(GS6P) (left)
and aT(WT) (right) made using ligplot.** Hydrogen-bonded interactions are shown as dotted lines, and hydrophobic interactions are shown using
spoked arcs. Residues whose interactions are different between aT(WT) and aT*(GS6P) are circled. (B) The Ca atoms of aT*(GS6P) were
superimposed on those of aT(WT). The changes in the interactions involving Argl74 and Lys266 in GDP-bound aT(WT) (yellow) and

aT*(GS6P) (red), with the bound GDP (sticks), are presented.

mutant exhibits a significantly faster rate of spontaneous GDP—
GTP exchange compared to that of aT(WT) [or oT*(WT)]
implies that its interactions with GDP are in some way weakened,
particularly given that GDP dissociation is the rate-limiting step for
G protein activation. In general, the amino acid residues that inter-
act with GDP in the X-ray structure for oT*(GS6P) are similar to
those responsible for binding guanine nucleotides in oT(WT)
(Figure 3A). However, two interactions appear to be different.
One involves Argl74, which in the X-ray structure of «T(WT) is
hydrogen-bonded through its side chain guanidinium groups
to the a- and f-oxygens of the phosphate groups of GDP
(Figure 3B). What is especially interesting about this difference is
that a similar change was observed for the corresponding residue
(Argl78) in the X-ray crystal structure of a mutant form of Gail,
in which the threonine residue at position 329 was mutated to an
alanine [ie, Gail(T329A)].** This Gail mutant exhibited an
~20-fold increase in its rate of spontaneous GDP—GTP exchange
compared to that of wild-type Gail, similar to the increased rate of
nucleotide exchange that we see with aT*(GS6P). The second
interaction with GDP that appears to be altered in the X-ray
structure for T*(GS6P), compared to T(WT), involves Lys266.
In oT(WT), this residue helps to stabilize the guanine ring of GDP
via both hydrogen bonds and hydrophobic interactions, whereas in
the structure of the GS6P mutant, its position would suggest that it
undergoes weaker interactions with GDP (Figure 3B). These
differences among Argl74, Lys266, and GDP likely contribute to
the ability of @T*(GS6P) to undergo much more rapid GDP—GTP
exchange than the o T(WT) subunit.

The Switch Regions of GDP-Bound aT*(G56P) Adopt
Conformations That Are Distinct from Those for GDP-
Bound aT(WT). It is well documented from structural analyses
that three regions on the Ga subunits (designated switches
1-3) undergo conformational changes upon the binding of
GTP, when compared to their conformations in the GDP-
bound state.”® The X-ray crystal structure of the GDP-bound
aT*(GS6P) subunit shows that each of the three switch
regions exhibits differences when compared to their con-
formations in the X-ray structure of GDP-bound oT(WT)
(Figure 2B,C). These differences in the switch regions do not
match the changes that accompany GDP—GTP exchange and

3236

can be distinguished from the conformations of switches 1—-3
seen in the X-ray structure of GTPyS-bound aT(WT).> The
differences in the switch domain conformations exhibited by
GDP-bound aT*(GS6P) (Figure 4, left panel) appear to be
triggered by the loss of the hydrogen bond that is normally
formed between the main chain amide of GlyS6 in aT(WT)
and the main chain carbonyl of LysS0 (Figure 4, right panel).
This in turn causes a change in the conformation of linker 1 in
the GS6P mutant, resulting in the loss of a hydrogen bond
between the main chain amide of Tyr57 and the side chain
carboxyl oxygen of Glul67. The loss of this hydrogen bond
then causes a conformational change in the adjacent linker
2—switch 1 region, which is transmitted to other regions of the
protein. These include the following residues: amino acids
196—210 (switch 2), amino acids 226—238 (switch 3), amino
acids 249—264, and amino acids 305—319.

The linker 2—switch 1 region, along with linker 1, has been
proposed to serve as a hinge around which the helical domain
would need to be rotated relative to the GTPase domain to
achieve the accelerated release of GDP during a G protein
activation event.”” Indeed, the conserved glycine residue in
the linker 2—switch 1 region, Gly179, shows the highest rmsd
of all Car atoms in this region of aT*(GS6P) as compared to
aT(WT) (Figure 2B). In addition, we have shown that the
mutation of Glyl79 to proline [aT*(G179P)] results in
constitutive GDP—GTP exchange, similar to that of the
aT*(G56P) mutant.>® The differences in switch 1 exhibited
by the GDP-bound aT*(GS6P) mutant, as compared to GDP-
bound aT(WT), appear to have an influence on switch 2. One
likely reason is the loss of a hydrogen bonding interaction in
the GS6P mutant that normally occurs between the main chain
oxygen of Thr178 and the side chain amino group of Lys205 in
aT(WT). Several other interactions are also lost when
comparing the X-ray structure of GDP-bound aT*(GS6P)
with that of GDP-bound aT(WT) (Figure S). These include
(1) a hydrophobic cluster that forms among Val197, Trp207,
and Phe211 in aT(WT) but is not evident in the aT*(GS6P)
structure, (2) a hydrogen bond between the main chain
carbonyl oxygen of Asp196 and the side chain amino group of
Lys206 in the structure of aT(WT) that is missing in the

dx.doi.org/10.1021/bi3001984 | Biochemistry 2012, 51, 3232—3240
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Figure 4. Transmission of conformational changes from linker 1 in @T*(GS6P). The Ca atoms of aT*(GS6P) were superimposed on the
corresponding Car atoms of aT(WT) using LSQMAN. The GS6P mutation results in the loss of a hydrogen bond between the main chain amide of
GlyS6 in linker 1 and the main chain carbonyl of LysS0 in the N-terminal helix (green). This in turn results in the loss of a hydrogen bond between
the main chain amide of TyrS7 in linker 1 and the side chain carbonyl oxygen of Glul67 in helix aF. These interactions are shown in the
aT*(GS6P) structure (left) and in the aT(WT) structure (right). The hydrogen bonding interactions are shown as dashed lines. Also shown is the

switch 1 region as well as strands 2 and f3.

«T*(G56P)

Figure 5. Interactions that are lost in aT*(GS6P) compared to
aT(WT). The Ca atoms of aT*(GS6P) were superimposed on the
corresponding Car atoms of aT(WT) using LSQMAN. A hydrophobic
cluster (dots) that forms among Trp207, Vall97, and F211 in
aT(WT) (right) is weakened in aT*(GS6P) (left). Also shown is the
hydrogen bond (dashed line) between the nitrogen atom of the indole
ring of Trp207 and the main chain carbonyl oxygen of Glyl98 in
aT(WT) (right), which is absent in aT*(GS6P) (left).

aT*(GS6P) mutant, and (3) a hydrogen bond between the
nitrogen atom of the indole ring of Trp207 and the main chain
carbonyl oxygen of Gly198 in aT(WT) that is absent in the
GS56P mutant.

The loss of these interactions in the GDP-bound oT*(GS6P)
subunit leads to several new interactions between switch 1 and
switch 2, as well as within the switch 2 domain (Figure 6A). These
are (1) a hydrogen bond between the main chain amide of Gly199
and the main chain carbonyl oxygen of Thr178, (2) a hydrogen
bond between the main chain amide of Ile181 and the main chain
carbonyl oxygen of Aspl96, (3) a hydrogen bond between the
main chain carbonyl oxygen of Ile181 and the main chain amide
nitrogen of Aspl96, and (4) a hydrogen bond between the side
chain nitrogen (NH1) of Arg201 and the side chain oxygen (OE2)
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of Glu241. Thus, the X-ray structure of the GDP-bound oT*-
(GS6P) subunit shows the establishment of a new network of
interactions between switch 1 and switch 2 (Figure 6A, left panel).
Interestingly, Thr178 and Arg201 from switch 1 and switch 2 are
involved in contacting the Gf subunit in the structure of
aT*(WT) complexed with f1y1 (Figure 6B)."" This, along with
our findings that the oT*(GS6P) subunit exhibits a reduced
requirement for 1yl during R*-mediated GDP—GTP exchange,
suggests that the structural differences observed in the switch 1 and
switch 2 regions of the GS6P mutant compared to oT(WT) might
resemble changes induced by the 1y1 complex in the presence of
R*. In addition, a sequence alignment of aT against Ga subunits
belonging to both the Gi family and other G protein families shows
that all of the residues that either lose or gain interacting partners in
the X-ray structure of aT*(GS6P), compared to oT(WT), are
conserved. This suggests that structural changes similar to those
observed in aT*(GS6P) might also be occurring in other Ga
subunits.

B DISCUSSION

Understanding the steps that comprise the conversion of GDP-
bound heterotrimeric G proteins to their GTP-bound Gar subunits
and free Gfy complex ranks among the most fundamentally
important issues in signal transduction, as these activation events are
prerequisite to a host of G protein-dependent changes in second-
messenger levels and cellular responses. To develop a complete
picture of how G protein activation occurs, it will be necessary to
combine the information obtained from structural and biophysical
analyses of GPCRs complexed to their G protein-signaling partners
with the studies of various Ga mutants that might mimic individual
species that form along the activation reaction pathway. A major
breakthrough in this regard has been provided by the X-ray crystal
structure of the f-adrenergic receptor in complex with Gs, its cognate
G protein, in its nucleotide-free state.'*™'® Here we describe efforts
to obtain a Ga subunit that contains a single mutation in a linker
region connecting the helical and GTPase domains, with the goal
being to better understand how perturbing this linker might impact
the activation event.
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Figure 6. Interactions that are gained in aT*(GS6P) compared to aT(WT). The Ca atoms of aT*(GS6P) were superimposed onto those of
aT(WT) or those of aT(WT) complexed to 1y using LSQMAN. (A) Hydrogen bonds are present between the following pairs of residues in
aT*(GS6P) (left, dashed lines): Gly199 and Thr178, Ile181 and Asp196, and Arg201 and Glu241. The same region in «T(WT) (right) shows the
absence of these hydrogen bonds. (B) Hydrogen bonding between Arg201 and Thr178 in aT(WT) (green) and residues in the 1 subunit (purple)

of the f1y1 complex.

Our initial assumption was that by making substitutions
within linker 1 and/or linker 2 of the aT* subunit, and in
particular by changing conserved glycine residues to proline
within these regions (ie, GS6P or G179P substitutions),
we would alter the flexibility of the linkers that connect the
GTPase and helical domains and cause a change in their relative
juxtaposition. The idea was that such substitutions would help
to open the “clam shell” that is formed by these two domains
and, in doing so, facilitate the release of bound GDP and
potentially create novel constitutively active Ga subunits. In
fact, both the aT*(GS6P) and aT*(G179P) mutants showed
an enhanced ability to undergo GDP—GTP exchange in the
absence of R*, when compared to the aT(WT) and aT*(WT)
subunits.”® However, the X-ray crystal structure that we present
here for the aT*(GS6P) mutant does not show a significant
alteration in the relative juxtaposition of the GTPase domain
relative to the helical domain, presumably because the GS6P
mutant has retained bound GDP, which helps to maintain a
“closed” conformation rather than an “open” state. This sug-
gests that the X-ray structure of the GDP-bound form of
aT*(GS6P) might mimic an intermediate state along the
receptor-mediated nucleotide exchange pathway that would
form prior to the actual release of GDP and therefore might
offer some potentially useful insights into different aspects of
the G protein activation event.

One in particular concerns the role that the Gfy complex may
play in working together with an activated GPCR to help drive the
activation process. There have been various suggestions that Gfy
plays multiple roles in G protein activation, first by significantly
enhancing the affinity of Gar subunits for their GPCRs but second
and more directly by working together with GPCRs to stimulate
GDP-GTP exchzmge.m_33 In one such model, the Gy complex
is proposed to function as a lever to help separate the f3—a2 loop
from switch 1 and thereby provides an “exit route” for GDP.*> A
second potential mechanism for Gfy involvement, termed the
“gear-shift” model, suggests that the amino-terminal tail of the Gy
subunit helps to displace the helical domain from the GTPase
domain and, in this manner, provides an exit for GDP.** Our
characterization of the aT*(GS6P) mutant shows that when
assays are conducted at relatively high levels of R¥*, so that the
oT* subunit is no longer dependent upon the f1y1l complex for
binding to R*¥, there is little additional advantage provided by S1y1
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in terms of stimulating GDP—GTP exchange. This is not the case
when assaying aT*(WT), as flyl provides a significant
stimulation of the GDP—GTP exchange activity of aT*, even at
relatively high levels of R*. Thus, it is tempting to consider that
the GS6P mutant might adopt a conformation that is normally
induced within aT(WT) by plyl during the R*-stimulated
activation reaction. In particular, the structural differences observed
in the switch 1 and switch 2 regions of @T*(GS6P), as compared
to the switch regions of oT(WT), might reflect the types of
changes mediated by S1y1 if it were acting as proposed in the lever
model to help stimulate GDP—GTP exchange and G protein
activation. These changes in switch 1 and switch 2 would also be
consistent with the idea that Ga subunits adopt a “pre-activated”
conformation when bound to Gffy, presumably to help stabilize
the GTP-bound state following nucleotide exchange.*

Another potentially interesting possibility that arises from an
analysis of the X-ray crystal structure of the oT*(GS6P) mutant
concerns how the helical domains of Ga subunits might
communicate with their carboxyl terminal regjons that contain
the putative contact sites for GPCRs and represent the starting
point for the signal that triggers GDP release and its exchange for
GTP. Specifically, it has been suggested that an activated GPCR, by
contacting the a4—f36 loop of a Ga subunit, induces a rotation and
translation of helix a5 and concomitant conformational changes in
the f6 strand. These conformational changes would then be
transmitted to the J6—aS loop, which makes contact with the
guanine ring of GDP via the conserved TCAT motif, thereby
influencing the hold on GDP. However, starting with the initial
descriptions of the X-ray crystal structures for Ga subunits, and the
realization that the helical domain folds over the nucleotide bound
to the GTPase domain (i.e,, to form a clam shell), we have assumed
that the GPCR-mediated activation event would necessitate an
opening of the clam shell such that GDP was free to exit from Ga.
Indeed, a recent study using site-directed spin labeling and
electron—electron resonance spectroscopy suggested that GPCR-
catalyzed nucleotide exchange in G proteins requires large-scale
changes in the relative orientation of the helical and GTPase
domains.”” Also, in the aforementioned structure of the nucleotide-
free form of the Gs heterotrimer complexed to the f2-adrenergic
receptor, the helical domain is rotated by ~120° relative to the Ras-
like GTPase domain, compared to the X-ray crystal structure of Gas
complexed to GTPyS.'*™"¢
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The lack of the availability of an X-ray structure of Gas
complexed to GDP makes it difficult to map out the conformational
changes that occur in the switch regions in the case of the
P-adrenergic receptor-induced release of GDP. This also prevented
a direct mapping of the conformational changes that occur in
aT*(GS6P), compared to those of T(WT), onto the structure of
the complex of the ff2-adrenergic receptor and the Gs heterotrimer.
The X-ray structure of the #T#(GS6P) mutant demonstrates how a
series of conformational transitions occur in response to a single
substitution within the linker region that connects the helical
domain to the GTPase domain. These changes proceed through
the switch 1 and switch 2 regions and continue through switch 3 to
residues 305—319 comprising the a4—f6 loop and the 6 strand.
It is possible that the engagement of GPCRs with the carboxyl-
terminal region of Gor subunits could initiate a similar set of
changes, but in reverse order relative to what we see with the
aT*(GS6P) mutant, thereby providing a conformational connec-
tion between the GPCR-binding site and the helical domain on Ga
subunits. As we learn more about the distinct species that form
along the G protein activation pathway, we can expect that the roles
played by GPCRs and Gfy complexes in the actual GDP—
GTP exchange event, as well as the potential involvement of Gfy
in helping Gar subunits assume a GTP-bound activated state, will
become much better defined. The insights gained from these
studies, together with future structure—function analyses of addi-
tional Gor mutants that reflect intermediate states in the G protein
activation process, should ultimately provide us with a more com-
prehensive picture of this critically important event in signal tran-
sduction.
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