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Mechanistic insights into GPCR-G protein interactions

Jacob P. Mahoney?! and Roger K. Sunahara®”
1Department of Pharmacology, University of Michigan Medical School, Ann Arbor, M1 48109

2Department of Pharmacology, University of California at San Diego, La Jolla CA 92093

Abstract

G protein-coupled receptors (GPCRs) respond to extracellular stimuli and interact with several
intracellular binding partners to elicit cellular responses, including heterotrimeric G proteins.
Recent structural and biophysical studies have highlighted the dynamic nature of GPCRs and G
proteins and have identified specific conformational changes important for receptor-mediated
nucleotide exchange on Ga. While domain separation within Ga is necessary for GDP release,
opening the inter-domain interface is insufficient to stimulate nucleotide exchange. Rather, an
activated receptor promotes GDP release by allosterically disrupting the nucleotide-binding site
via interactions with the Ga. N- and C-termini. Highlighting the allosteric nature of GPCRs, recent
studies suggest that agonist binding alone poorly stabilizes an active conformation of several
receptors. Rather, full stabilization of the receptor in an active state requires formation of the
agonist-receptor-G protein ternary complex. In turn, nucleotide-free Ga is able to stabilize
conformational changes around the receptor’s agonist-binding site to enhance agonist affinity.

G protein-coupled receptors (GPCRs) are an important family of cell surface receptors that
respond to an array of chemically diverse ligands and transduce extracellular signals into
intracellular responses [1]. Due to the heavy involvement of GPCRs in regulating
physiological processes, these receptors are of great therapeutic importance and therefore
are targeted by ~30% of currently-marketed pharmaceutical drugs [2]. Our understanding of
GPCRs has progressed from the early view of receptors as binary on-off switches to the
current appreciation that GPCRs are dynamic proteins able to sample multiple
conformational states. This conformational plasticity allows GPCRs to interact with multiple
signaling partners to produce spatially and temporally textured signals [3]. Recent structural
studies coupled with biophysical measurements have enhanced our knowledge of the
interactions between receptors and G proteins, GPCR kinases (GRKS), and arrestins. In this
review, we will focus on the “classical” signaling output of GPCRs: activation of
heterotrimeric G proteins.
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Although the nature of the GPCR-activating stimulus can vary greatly (e.g. photons, ions,
small-molecule hormones/neurotransmitters, lipids, peptides, etc.), canonical signaling by
GPCRs proceeds by a similar mechanism. Activation of a GPCR promotes its association
with a heterotrimeric G protein, which is composed of a Ga subunit and an obligate GRy
subunit dimer. In its inactive state, Ga is bound to a molecule of GDP. Interaction with an
activated GPCR promotes nucleotide exchange on Ga by accelerating the release of bound
GDP, the rate-limiting step in G protein activation. The nucleotide-binding site is quickly
occupied by a molecule of GTP, a reaction driven by the high intracellular concentration of
GTP (~200-300 pM) [4]. GTP binding leads to conformational changes in Ga., promoting
functional dissociation of the Ga and GBy subunits, allowing each to modulate the activity
of specific effector proteins. Ga proteins are able to interact with partners such as adenylyl
cyclase, phospholipase C, or RhoGEFs, in turn altering the activity of multiple downstream
target proteins. Similarly, GB-y subunits can serve to recruit proteins to the plasma
membrane, such as G protein-coupled receptor kinases (GRKSs), and also can directly
modulate the activity of ion channels, kinases, or phospholipases to produce cellular
responses. Multiple tissue- and cell-specific factors are able to influence GPCR-G protein
interactions, and cell context plays a crucial role in determining the biological output of the
GPCR-G protein interaction. However, here we will focus on the initial engagement of G
proteins by GPCRs. Receptor-catalyzed nucleotide exchange depends heavily on transition
of the receptor between different conformational states, a process that can be influenced by
the cellular environment (e.g. local membrane composition, binding of sodium ions) as well
as by the binding of extracellular ligands.

Agonist activation of GPCRs

The discovery that GPCRs could activate downstream signaling in the absence of agonists
helped to reveal that some receptor antagonists were capable of lowering basal signaling
activity [5]. The revelation that these ligands, termed inverse agonists, could suppress the
activity not only of mutant receptors, but also of wild-type receptors that intrinsically display
high basal activity, suggests that GPCRs natively adopt multiple conformational states. This
recognition spurred the development of the extended ternary complex model of GPCR
function where receptors exist basally in an equilibrium between inactive (R) and active
(R*) states [6]. Depending on its intrinsic efficacy (/.. agonist versus inverse agonist),
ligand occupancy can change the distribution of receptor states to increase the proportion of
receptors in an R* state for agonists, or to stabilize proportionally more receptors in the
inactive conformational state in the case of inverse agonists.

The efficiency with which agonist binding is translated to intracellular conformational
changes in the receptor appears to be receptor-specific and is likely tuned to the needs of the
physiological system in question. For example, the sensing of photons by the prototypic
photoreceptor, rhodopsin, represents a more “rigid” system with efficient allosteric coupling
across the bilayer. Dark-state rhodopsin shows little basal G protein activation due to the
covalently-linked inverse agonist 11-cis-retinal, which undergoes photon-induced
isomerization to the agonist all-trans retinal [7]. Electron paramagnetic resonance (EPR)
spectroscopy experiments showed that light activation of rhodopsin triggers conformational
changes at the receptor’s intracellular face [8], most notably a ~6A movement of the
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intracellular end of TM6 away from the center of the 7TM helical bundle (as determined by
subsequent double electron-electron resonance (DEER) spectroscopy studies [9]). This
movement of TM6 was also observed in nuclear magnetic resonance (NMR) spectroscopy
experiments [10] and in the X-ray crystal structures of constitutively active opsin, either free
or bound to a C-terminal peptide of Gay, as well as the active metall state of rhodopsin with
and without Ga; peptide [11-13]. Thus it appears that activation of rhodopsin in detergent
produces a relatively stable conformational change at the receptor’s cytoplasmic face, even
in the absence of G protein.

In contrast, the relationship between agonist- and G protein-binding sites in GPCRs for
diffusible agonists seem to be more loosely coupled, /.e. agonist binding is not necessarily
translated into full outward TM6 movement. Site-directed fluorescence labeling (SDFL)
and 19F-NMR studies have illustrated conformational changes in TM6 of the B,-adrenergic
receptor (B2AR) in response to agonists, reminiscent of rhodopsin’s activation mechanism
[14-17]. More recent SDFL and NMR experiments have also suggested that agonists alone
do not fully stabilize an active B,AR conformation, as further conformational changes were
observed upon addition of heterotrimeric Gs or the Gs-mimetic nanobody Nb80 [18-22].
While these experiments provide a qualitative description of the foAR conformational
ensemble, complementary DEER spectroscopy results demonstrate that the distribution of
TMG6 positions is different with agonist or agonist + Nb80, with Nb80 stabilizing a greater
outward movement of TM6 [22]. Similar results were obtained in NMR studies of the B1-
adrenergic receptor and the mu opioid receptor, where the fully active receptor conformation
was stabilized only in the presence of intracellular-binding nanobodies [23,24]. Thus,
agonists may serve to broaden the conformational distribution of GPCRs, increasing the
probability of adopting intermediate active states able to interact with G protein. Single-
molecule fluorescence studies have suggested that agonists may promote the GPCR-G
protein interaction by both increasing the frequency of excursions into active intermediate
conformations and by prolonging the residence time within these conformations [25].

Receptor-catalyzed nucleotide exchange

After achieving a G protein-interacting conformation and engaging GDP-bound G protein,
the receptor is able to accelerate GDP dissociation from Ga by allosterically disrupting the
nucleotide-binding site. Crystal structures of multiple Ga subunits demonstrated that the
nucleotide is buried at the interface between the two domains of Ga,, the ras-homology
domain (RHD) and the alpha-helical domain (AHD), suggesting a necessity for receptor-
mediated rearrangement of these domains for nucleotide entry or exit from its binding site
[26-30]. Bound nucleotide is coordinated by interactions between the purine base with the
B5-a4 and B6-a5 loops, as well as interactions between the nucleotide phosphates and the
P-loop of the Ga RHD [31]. These regions of Ga are directly linked to receptor-interacting
elements. The a5 helix (carboxy-terminus) of the G protein engages an activated GPCR by
embedding into the site opened by the outward movement of TM6. Similarly, the P-loop is
tied to the Ga. N-terminal helix via the p1 strand, and several lines of evidence suggest that
interaction of the receptor with the Ga N-terminus contributes to GDP release [32,33].
Below, we will consider each of these elements of the receptor-G protein interaction and
their importance in receptor-catalyzed nucleotide exchange.
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Role of RHD-AHD domain separation

Upon observing the buried nucleotide-binding site in transducin a-subunit, it was speculated
that activated rhodopsin may promote movement of the AHD to open a path for nucleotide
exchange [26]. Indeed, the crystal structure of B2AR in complex with nucleotide-free
heterotrimeric Gg reveals a large movement of the AHD relative to the RHD [34]. Although
the AHD position in this structure is stabilized by crystal contacts, several orthogonal lines
of evidence suggest that the AHD is indeed mobile and support the necessity of domain
movement for nucleotide exchange. NMR studies of chimeric Gay; showed that during
receptor-catalyzed nucleotide exchange, Ga progressed through a dynamic nucleotide-free
intermediate [35,36]. Moreover, analyses of Gaj by EPR spectroscopy revealed a significant
rigid-body movement of the AHD away from the RHD upon rhodopsin-catalyzed GDP
release [37,38]. Similarly, single particle imaging by electron microscopy (EM) of the
nucleotide-free poAR-Gg complex facilitated visualization of the motion of the Gag AHD in
solution, without the influence of interactions between complexes within the crystal lattice
that occurs in X-ray diffraction analyses [39]. Furthermore, hydrogen-deuterium exchange
(HDX) mass spectrometry analyses of the nucleotide-free poAR-Gg complex suggest that the
RHD-AHD interface undergoes increased exchange upon receptor-catalyzed GDP release
[33]. More recently, /n sifico mutations that increased the probability of spontaneous RHD-
AHD domain separation in MD simulations were also shown to increase the rate of basal
nucleotide exchange in Ga [40], while limiting Ga; AHD movement was shown to impair
both basal [41] and receptor-stimulated [38] nucleotide exchange.

Although domain opening appears to be necessary for the dissociation of GDP from its
binding site, the separation of AHD and RHD by itself is not sufficient to promote
nucleotide exchange. Early studies showed that while the AHD was necessary for the
GTPase activity of Ga, the isolated RHD of Gag maintained nucleotide-binding capacity
and was able to activate adenylyl cyclase [42]. This property of the RHD is reminiscent of
its small GTPase brethren (e.g. Ras), which bind nucleotides tightly in the absence of any
accessory domains/proteins. Molecular dynamics simulations have also suggested tight
binding of GDP by the Ga. RHD. In these simulations, even though the RHD-AHD interface
opened spontaneously in GDP-bound G; heterotrimer, the dissociation of GDP was
dependent on disruption of the GDP-RHD interaction [41]. Therefore, it appears that the
main function of an activated GPCR is not to pry the RHD and AHD apart, but to stabilize
conformational changes in Ga that disrupt the nucleotide-binding pocket. Conformational
changes can be propagated from the receptor to the nucleotide-binding pocket via two
potential routes, discussed in the following sections.

Ga N-terminus

In the crystal structure of the B,AR-Gg complex, the N-terminal helix (aN) and aN-p1
junction of Gay interacts with ICL2 of B,AR [34]. A similar interaction between ICL2 and
the aN-pB1 loop was observed in recent studies modeling the interaction between rhodopsin
or cannabinoid CB2 receptors and G;j heterotrimer [43,44]. The N-terminal helix of Ga
subunits proceeds into the p1-strand, followed by the p1-a1 loop - also known as the P-loop
- a highly conserved feature of both small molecular weight and heterotrimeric G proteins
that coordinates the p-phosphate of GDP. The P-loop is a classic Walker A motif, a well-
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established glycine-rich stretch of residues involved in phosphate binding of nucleotides.
While the guanine ring of the nucleotide is also heavily coordinated (as discussed above),
the interaction of the P-loop with the nucleotide’s p-phosphate appears to be the crucial
determinant of binding, as GDP binds with ~10°-10%-fold higher affinity than does GMP
[45]. Thus, disruption of the interaction between the P-loop and the B-phosphate of bound
GDP results in a significant loss of binding energy and favors nucleotide dissociation.
Indeed, exchange factors that promote GDP release from Ras act by disrupting Mg2*-
bridged interaction of the P-loop with the p-phosphate of GDP [46].

An analogous disruption of the P-loop-GDP interaction, mediated by an activated receptor
binding to the aN-p1 region, may trigger GDP release from the Ga subunit. This hypothesis
is supported by the finding that truncation of the N-terminus of transducin impairs receptor-
catalyzed nucleotide exchange, even though transducin was still capable of forming a
complex with rhodopsin [47]. Similarly, analysis of the HDX profile of Gs upon interaction
with B,AR reveals the largest changes in the f1-strand and P-loop of Ga, suggesting that
this region becomes highly dynamic during receptor interaction and during GDP
dissociation [33].

The contribution of the Ga N-terminus to nucleotide exchange also provides a mechanism
for the involvement of GB+y in nucleotide exchange. In the heterotrimer, GB+y helps to
position the Ga. N-terminus in a conformation that engages ICL2 of the receptor. This could
explain how Gy, long known for its’ involvement in receptor-catalyzed nucleotide release,
can contribute without actually making contact with the receptor (See Figure 1).

The recent structure determination of a stabilized, mutant RAS domain of Gas in a complex
with an agonist-bound adenosine A2 receptor (AoaR) reveals several compelling
characteristics which support the critical role of the N-terminus-1CL2 interaction [46]. The
mutant RAS domain of the Gas, ‘mini-Gas’, bound to AR shared many of the
characteristics of the B,AR-Gs complex in that the G protein C-terminus interacted with the
receptor core (see below) with the receptor in the active conformation. Interestingly, the
structure did not reveal an ICL2 interaction with the Ga since the G protein used in this
study not only lacked Gpy, but also had a truncated N-terminus. These data further support
the role of GB+y in coordinating and positioning the N-terminus in a productive interaction
with ICL2. More importantly the G protein in this complex still remained bound to GDP,
despite having a disordered p5-a.6 loop (see below). Taken together these data support the
critical role of the P-loop in coordinating the p-phosphate of GDP and thus the contributions
of the G protein N-terminus and ICL2 in receptor-catalyzed nucleotide exchange.

Ga C-terminus

Multiple lines of evidence have also implicated the C-terminal a5 helix of Ga as an
important conduit that transmits information from an activated receptor to the nucleotide-
binding site [47-50]. More recent structural evidence of opsin and meta-rhodopsin in
complex with the C-terminal peptide derived from Ga [12,13,51] and the B,AR-Gg complex
[34] provided visualization of the interaction interface. Comparison of the interactions
formed by the a5 helix in GDP-bound structures and in the B,AR-bound nucleotide-free
state shows that upon receptor binding, the distal C-terminus rotates approximately 60° and
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translates 5 A up into the core of the receptor, with many of the a5 interactions within the
RHD reorganizing [34,41,52]. Moroever, similar interactions were observed with the C-
terminus of the ‘mini-Gas’ in the A,aR-G protein complex structure [46]. The displacement
of the a5 helix seen in the crystal structure of BoAR-Gg in turn rearranges elements that
contribute to GDP binding. Of particular note, contacts between the a5 and a1 helices are
disrupted and the p6-a.5 loop is rearranged. The a1 helix contacts both GDP and aF of the
AHD, therefore disruption of the a5-a.1 interaction has been proposed to facilitate domain
separation and GDP release [52]. Conformational changes in a5 during GDP release have
been detected by EPR spectroscopy and more recently by computational studies [43,50].
Molecular dynamics simulations have also suggested that movement of the C-terminal helix
from its position in the GDP-bound Ga to its receptor-engaged conformation decreases the
affinity of bound nucleotide due to rearrangement of the B6-a.5 loop, which directly contacts
bound GDP [41]. Mutations to this loop in Ga4 can accelerate basal GDP release and cause
disease due to hyperactive G protein signaling, supporting the relevance of this loop in GDP
binding [53].

Mechanism of nucleotide exchange

Given the intrinsic flexibility of G proteins and their capacity to undergo spontaneous
domain separation, it is conceivable that the receptor may recognize a “pre-opened” G
protein, or that the G protein may spontaneously open whether pre-associated with the
receptor or free, as a heterotrimer. While domain separation is required for nucleotide
release, efficient promotion of GDP dissociation may require the cooperative engagement of
both N and C- terminus by the receptor. Which termini engages the receptor first remains
unclear; although agonist binding has been shown to promote the interaction between a5 (C-
term) and receptor (and vice-versa), it has also been suggested that engagement of aN
and/or GBy is responsible for freeing the a5 helix for insertion into the receptor core [47].
The observation that the G protein in the A;aR-mini Gas complex structure lacked the N-
terminus-1CL2 interaction and also remained GDP-bound supports this notion.

The most compelling argument in support of perhaps a larger contribution of the N-
terminus, B1-strand and P loop in GDP release, concerns the large difference in the affinities
between GDP over GMP. The binding energy associated with p-phosphate binding to the P-
loop is quite significant, which is why guanine nucleotide exchange factors for ras-like
proteins utilize P-loop disruption to promote GDP release. In this regard, perhaps in
heterotrimeric Ga the N-terminus engages first, disrupting the interaction between P-loop
and p-phosphate, resulting in GDP dissociation. Nucleotide loss would free the f6-a.5 loop,
allowing the C-terminus to rotate and insert into receptor core (as suggested by Herrmann et
al; ref. 32). This, in turn, would enhance the affinity between the receptor and G protein and
stabilize the G protein in its nucleotide-free form. GTP binding and the subsequent
conformational change in the switch 1l domain of Ga leads to the functional dissociation of
GP, in turn disrupting the N-terminal-1CL2 interaction on the receptor since the N-terminal
helix of Ga forms such a large surface interaction with GB-y. GTP binding would also be
expected to reorder the p6-a.5 loop, facilitating retraction of the Ga. C-terminus from the
receptor core and uncoupling the receptor-G protein complex.
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G protein feedback to the agonist-binding site

The finding that nucleotides could modulate agonist affinity suggested that receptors bind
ligand more tightly when engaged by nucleotide-free G protein. Nanobodies that behave as
G protein mimics (e.g. Nb80, Nb39 and Nb9-8; camelid antibodies raised against agonist-
bound B,AR, p-opioid and M2 muscarinic acetylcholine receptor, respectively) also have the
capacity to stabilize high-affinity agonist binding, presumably by stabilizing the same
receptor conformation as the nucleotide-free G protein[19,54,55]. Indeed, the receptor in
structures of the active state of B2AR bound to Nb80 or bound to the nucleotide-free Gs
display an overall RMSD of only 0.6 A.

The crystal structures of active BoAR reveal interesting conformational changes that occur in
the extracellular loops above the hormone binding site. Two aromatic residues, Phe193 and
Tyr308 from ECL2 and TM?7, respectively, move approximately 3 A toward each other and
result in the formation of a lid-like structure over the hormone binding site. A similar
conformational change involving two homologous aromatic residues in the p;AR following
Nb80 binding was observed using NMR [24]. In addition, we recently reported
pharmacological evidence supporting the notion that Phe193 and Tyr308 close over the
hormone bhinding site of 2AR following G protein interaction and GDP dissociation [56].
This active, closed conformation of the receptor significantly impairs ligand dissociation,
thus underlying the G protein-mediated effects on enhancing agonist binding affinity.
Similar high affinity binding and the closed, active states of the receptor can be observed
with Nb80 and even fragments of the G protein C-terminus. Given the diversity in GPCR
structures and in the binding modes of GPCR agonists, it is unlikely that G proteins can
enhance agonist affinity at all receptors by following the mechanism proposed for f2AR.
However, formation of the closed, active state, as evidenced by G protein-mediated effects
on agonist binding, has been observed in other class A, B, and C GPCR family [54-69].
Therefore it appears that while the specific mechanism may differ, the allosteric feedback
that allows G protein binding to stabilize changes in or around the agonist-binding pocket
may be conserved.

In summary, recent structural analyses have provided mechanistic insights into the allosteric
coupling between agonist- and nucleotide-binding sites, and biophysical experiments have
shed light on the dynamic process of GPCR activation and receptor-catalyzed nucleotide
exchange. Binding of a heterotrimeric G protein to an activated receptor reorganizes the P-
loop (via the Ga N-terminus and aN-p1 junction) and the p6-a.5 loop (via the Ga C-
terminus) to favor GDP dissociation, and the receptor likely acts to stabilize an “*‘open”
conformation of nucleotide-free Ga to allow for GDP release and subsequent GTP binding.
In turn, nucleotide-free G protein stabilizes the receptor in an active state, characterized by a
“closed” conformation of the receptor’s agonist-binding pocket, slowing agonist dissociation
and thereby increasing affinity for agonists.
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Highlights
. Both GPCRs and G proteins sample multiple conformations in their basal
states.
. Stabilizing a fully active state of several GPCRs requires agonist and G
protein.

. GPCRs engage both the N- and C-termini of Ga. to promote GDP release.

. Domain separation in Ga is necessary but not sufficient for nucleotide
exchange.

. Nucleotide-free Ga stabilizes structural changes around the agonist-binding
site.
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Figure 1. Structural models of receptor-catalyzed nucleotide exchange
Multiple lines of evidence suggest that a separation of the G protein ras-homology domain

(RHD) and alpha-helical domain (AHD) is necessary to exchange bound GDP for GTP.
While motion of the alpha helical domain was observed in the crystal structure of f2AR in
complex with nucleotide-free G4 heterotrimer (top left) and in a model of rhodopsin in
complex with GDP-bound G; heterotrimer (bottom left), domain separation is likely not
sufficient to trigger GDP release from Ga.. Rather, binding to an activated receptor stabilizes
conformational changes within the G protein that disrupt nucleotide interactions with the
RHD. Interaction of intracellular loop 2 (ICL2) of the receptor with the aN helix and aN-p1
junction of the G protein leads to a reorganization of the P-loop that coordinates the 8-
phosphate of GDP (middle column). Furthermore, the C-terminal a5 helix of Ga undergoes
a rotation and translation to occupy its binding site within the hydrophobic core of the
receptor that is opened upon outward movement of TM6. Movement of the a5 helix in turn
alters the B6-a.5 loop that directly contacts GDP (right column). Similar receptor-G protein
contacts, and G protein conformational changes, are seen in the structure of B,AR-Gg
complex (top panels) and the model of the rhodopsin-G; complex (bottom panels). In both
scenarios, receptor is shown in gray (PDB: 3SN6 for BoAR-Gg; Rho*-G; is from Alexander
et al. [43]). For comparison of receptor-bound and unbound Gay in the top panels, the RHD
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of GTPyS-bound Gag (PDB: 1AZT, cyan) was aligned to the RHD of Ga in the B,AR
complex (PDB: 3SN6, orange). A similar alignment was used in the bottom panels to
overlay GDP-bound Gaj (PDB: 1GOT, cyan) with the RHD of receptor-bound Ga; (orange).
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