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†Drug Discovery Biology and Department of Pharmacology, Monash Institute of Pharmaceutical Sciences, Monash University,
Parkville, Victoria 3052, Australia
‡Department of Pharmacology, University of California San Diego School of Medicine, La Jolla, California 92093, United States
§School of Pharmacy, Fudan University, Shanghai, 201203, China

ABSTRACT: G protein-coupled receptors (GPCRs) are a key drug target class. They account for
over one-third of current pharmaceuticals, and both drugs that inhibit and promote receptor
function are important therapeutically; in some cases, the same GPCR can be targeted with
agonists and inhibitors, depending upon disease context. There have been major breakthroughs in
understanding GPCR structure and drug binding through advances in X-ray crystallography, and
membrane protein stabilization. Nonetheless, these structures have predominately been of inactive
receptors bound to inhibitors. Efforts to capture structures of fully active GPCRs, in particular
those in complex with the canonical, physiological transducer G protein, have been limited via this
approach. Very recently, advances in cryo-electron microscopy have provided access to
agonist:GPCR:G protein complex structures. These promise to revolutionize our understanding
of GPCR:G protein engagement and provide insight into mechanisms of efficacy and coupling
selectivity and how these might be controlled by biased agonists. Here we review what we have
currently learned from the new GPCR:Gs and GPCR:Gi/o complex structures.
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■ INTRODUCTION

G protein-coupled receptors (GPCRs) are transmembrane
proteins that respond to a variety of stimuli including
hormones, neurotransmitters, peptides, and small molecules.
Signal transmission inside the cell occurs through GPCR
interaction with their downstream partners, such as G
proteins,1 G protein-coupled receptor kinases (GRKs),2 and
arrestins.3

G proteins, the canonical coupling partner whose interaction
has defined the naming of GPCRs, are heterotrimers consisting
of α, β, and γ subunits. Each subunit is present in the human
genome as multiple genes encoding distinct subunit subtypes,
resulting in many variations in heterotrimer assembly. G
proteins are primarily distinguished based on their Gα
subunits, which are grouped into 4 families based on sequence
similarities and functional output: Gs (Gαs and Gαolf), Gi/o
(Gαi1−3, GαoA, GαoB, Gαt, Gαg, Gαz), Gq (Gαq, Gα11, Gα14,
Gα15/16) and G12 (Gα12 and Gα13).

4 Both Gs and Gi/o family
members regulate activity of adenylate cyclases, either
stimulating ATP to cAMP conversion (Gs) or inhibiting it,
leading to a decrease in cAMP levels (Gi/o).
Despite extensive biochemical characterization, structural

information on receptor complexes with G proteins remained
elusive for many years until the first structure of the β2-
adrenergic receptor (β2AR) complex with heterotrimeric Gs
protein was solved in 2011 by Kobilka, Sunahara, and
colleagues using X-ray crystallography.5 Nonetheless, other
GPCR-G protein complexes have remained refractive to
crystallization and/or high-resolution diffraction that have

limited additional structure determination by this method-
ology. Very recently, the “resolution revolution” in cryo-
electron microscopy (cryo-EM)6 has enabled application of
this technique to structure determination of other GPCR-Gs

complexes, namely of A2A adenosine receptor (A2AAR),
7

calcitonin receptor (CTR),8 calcitonin-like receptor-RAMP
complex (CLR-RAMP, CGRP receptor),9 and multiples of
glucagon-like peptide 1 receptor (GLP1R).10,11 Nonetheless,
GPCR complexes with other G proteins remained elusive until
June 2018 when four groups, utilizing distinct approaches,
independently determined structures of GPCRs with members
of the Gi/o family: A1 adenosine receptor (A1AR)-Gi2,

12 μ
opioid receptor (μOR)-Gi1,

13 rhodopsin (Rho)-Gi1,
14 and

serotonin 5-HT1B-mGo
15 complexes. Comparison of these

structures, together with previously solved structures of Gs

complexes, gives us the first glimpse at molecular mechanisms
responsible for signal transmission from GPCRs to G proteins,
and structural evaluation of selectivity determinants for both
interaction partners. This review will focus on all the structures
of active state GPCR-heterotrimeric G protein complexes
determined to date in the context of GPCR and G protein
activation, complex formation, and mechanisms of discrim-
ination between Gs and Gi/o families.
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■ APPROACHES TO GPCR-G PROTEIN COMPLEX
STABILIZATION

One of the main difficulties in structure determination of
GPCR-G protein complexes is the transient nature of the
interaction. Capture of the very first β2AR-Gs complex was
made possible through the combined application of apyrase
and nanobody 35 (Nb35).5 Apyrase, a nonselective nucleotide
lyase, is capable of sequentially hydrolyzing GTP and GDP to
GMP, trapping the receptor-G protein complex in a
nucleotide-free state. All GPCR-G protein structures solved
to date required apyrase treatment for complex formation.
Selectively for GαsGβγ heterotrimers, the nanobody (Nb35)
binds and stabilizes the interface between Gβγ subunit and Ras
Homology Domain (RHD) of Gαs, rendering the complex
insensitive to GTPγS.16 Nb35 proved to be an invaluable tool
for Gs complex stabilization leading to the first full-length
structure of a class B GPCR, the CTR,8 and subsequent
structures of the GLP-1R10,11 and CGRP receptor.9 While the
availability of Nb35 for stabilization of Gs complexes was
important for other structures, more tools were developed to
strengthen the interaction between receptor and G protein and
reduce complex flexibility (Figure 1).

The Tate group developed minimal G proteins or mini-G
(mG), a rationally designed RHD containing only the GTPase
region of Gα proteins with additional mutations that increased
thermostability and reduced nucleotide affinity.17,18 The mGs
on its own was used for crystallization and X-ray structure
determination of the A2AAR.

19 Another version of mGs protein,
with an extended N-terminal helix, capable of binding the Gβγ
s ubun i t , wa s u sed to so l v e the s t ruc tu r e o f
A2AAR:mGαsβγ:Nb35 complex by cryo-EM.7 Development
of the mini-G versions of other Gα family members yielded
mGo and made possible the determination of the serotonin 5-
HT1B:mGαoβγ structure (but no additional stabilizing protein
partner was required).15

Another approach for complex stabilization, exploited by the
Sexton and Wootten laboratories, is targeted mutagenesis of
the Gα subunit.20 Following previous literature that described
mutational effects on G proteins, mutations of residues
involved in coordination of Mg2+, and GTP’s β- and γ-
phosphates, plus additional residues that improved overall
complex stability, led to the creation of dominant negative
(DN) G proteins with reduced nucleotide affinity and
enhanced interaction between Gα and Gβγ.21−25 This strategy
was applied to Gα s , y ie lding the structures of
GLP1R:DNGαsβγ:Nb35 with the biased agonist exendin-

Figure 1. Methods for GPCR-G protein complex stabilization. Complexes are shown as cartoon, with receptors shown in gray, Gαs and Gαi/o in
yellow and shades of pink, Gβ in cyan, and Gγ in pale cyan. Proteins used for complex stabilization are shown in red. Stabilizing mutations in DN G
proteins are shown as spheres.
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P510 and the heteromeric CGRP receptor, CLR:RAMP1:DN-
Gαsβγ:Nb35 complexes,9 and may be important for complex
stabilization for lower efficacy agonists, in which the use of
Nb35 alone is insufficient.20 The DN G protein approach was
also successfully applied to Gα i2, resulting in the
A1AR:DNGαi2βγ structure (without additional stabilizing
protein partner).12

More targeted approaches for complex stabilization were
also developed. In one study, an antibody single-chain variable
fragment (scFv16) against a complex of Rho-Gi1 was
generated, targeting the interface of the αN helix of Gαi1
and the β-propeller of Gβ; this prevented GTPγS-dependent
complex dissociation.13 Consequently, this Fab was used for
structure determination of the μOR:Gαi1βγ:scFv16 complex.
In a separate study, a phage display library was used to screen
for Gi1 heterotrimer-binding Fabs, followed by negative stain
EM-guided selection of Fab_G50 that bound at the interface of
the α-Helical Domain (AHD) of Gαi1 and the Gβγ subunit
and stabilized a Rho:Gαi1βγ:Fab_G50 complex.14

■ RECEPTOR CONFORMATIONS IN GPCR-G
PROTEIN COMPLEXES

In total, there are 10 structures of active-state GPCRs in
complex with heterotrimeric G proteins. The class A rhodopsin
subfamily is represented by β2AR and A2AAR complexes with
Gs and A1AR, μOR, Rho, and 5-HT1B-complexes with Gi/o,

while class B GPCRs are represented by CTR, CLR-RAMP1,
and GLP1R complexes with Gs heterotrimers. A comparison of
active state receptors with corresponding inactive state
structures reveals a common mechanism of activation for
both Gs and Gi-coupled receptors.
In the class A GPCRs solved to date, agonist binding in itself

stabilizes a small conformational rearrangement around the
ligand binding site of the receptor. Closure of the orthosteric
site appears to be receptor-specific and independent of the G
protein binding partner. A small shift of the top of TM1 for
μOR, was observed in both Gi1-coupled and G protein-
mimetic, Nb39-bound structures.13,26 Similarly, movements of
the top of TM1 and TM2 of A2AAR are initiated by agonist
binding even in the absence of an intracellular binding
partner.27 These conformational changes are required to
effectively accommodate agonists in the binding site. In
accordance with this, only small changes in rotamer
orientations were observed upon agonist binding in
intermediate-active A2AAR and 5-HT1B structures in the
absence of G proteins.27,28

On the other hand, reorganization of D3.49R3.50Y3.51,
P3.40I5.50F6.44, and N7.49P7.50xxY7.53 motifs in class A GPCRs is
the hallmark of receptor activation and is only observed upon
receptor stabilization in the active state with either a G protein
or a G protein-mimicking nanobody,29 or at least partially, in
receptors with high constitutive activity.30 Similar rotameric

Figure 2. Receptor conformations in Gs and Gi/o complexes. Aligned receptors are shown as cartoons and the black line depicts average TM6
displacement for Class A Gs, Gi1, and Gi2/mGo complexes (a) or Class B Gs complexes with β2AR shown for comparison (b). Arrows show the
direction of TM6 and TM7 movement upon receptor activation.
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changes are observed in both Gs- and Gi/o-coupled receptor
structures and are consistent with TM6 and TM7 movements
that allow accommodation of the α5 helix of the Gα subunit.
The most pronounced movements during receptor activa-

tion are observed for TM6 and TM7 (Figure 2). The ∼2 Å
inward shift of TM7 and H8 is similar between Gs and Gi
coupled complex structures. However, the extent of displace-
ment of TM6 appears to be, at least partially, dependent on the
G protein subtype. For the class A GPCRs, the largest
movement is observed in Gs-coupled β2AR and A2AAR with
31.4° and 30.7° bends in TM6, relative to their inactive-state
structures (PDBs 2RH131 and 4EIY,32 respectively) (Figure
2a). An even larger displacement is observed for Gs-coupled
class B receptor structures with 63−73° angles for CTR, CLR,
and GLP1R (all measured relative to the TM6 of the inactive-
state glucagon receptor, PDB 4L6R33) (Figure 2b). The Gi/o
coupling stabilizes conformations that exhibit smaller move-
ments, the extent of which might also depend on the identity
of the Gi/o family member. The Gi1 coupling leads to a 19.3°
bend and an 18.3° bend in TM6 for μOR and Rho,
respectively (relative to PDBs 4DKL34 and 1U1935), Gi2 to a
21° bend for A1AR (compare to 5UEN36) and Go to a 24.4°
bend for 5-HT1B (compare to the “intermediate-active”
4IAR28). Interestingly, both receptors with the smallest TM6
angle, μOR and Rho, have ordered ICL3s that make
interaction with the β1-α1 interface of the Gα Ras domain. It
is unclear whether the flexibility of ICL3 in other complexes is
due to their longer length or increased distance from the G
protein, as a consequence of the larger TM6 kink. Molecular
dynamics simulations of Rho, μOR, β2AR, and A2AAR testing
TM6 movement relative to the TM bundle revealed that the
extent of TM6 displacement might be an intrinsic property of a
particular receptor, with β2AR and A2AAR undergoing larger
TM6 swings, compared to Rho and μOR.14

ICL1 differences are very subtle between GPCR-G protein
complexes and inactive-state structures: it tends to move
outward for most active-state structures, with the exception of
A2AAR and 5-HT1B. ICL2 loops for A1AR, 5-HT1B, β2AR, and
A2AAR adopt similar helical conformation. In contrast, Rho
and μOR ICL2 are shifted outward. This could contribute to
the very different angle of engagement that Gα adopts relative
to Rho when compared to other structures (discussed below).

■ G PROTEIN ACTIVATION MECHANISMS

To understand conformational differences between GPCR-G
protein complexes, it is important to compare structures of G
proteins in the absence of receptors in an effort to distinguish
changes arising from binding to different GPCRs from
variations between G protein family members or complex
stabilization techniques.
Previous structural studies and molecular dynamics simu-

lations revealed that GPCR binding causes similar global
conformational changes in both Gs and Gi/o hetero-
trimers.37−39 Rotation and extension of the α5 helix into the
receptor core is associated with disorder in the nucleotide
binding site at the interface of the RHD and AHD of the Gα
subunit (P-loop and β6-α5 loop), nucleotide release and the
opening of the interface between the RHD and AHD. Without
stabilization by crystal contacts (β2AR-Gs) or Fab (Rho-Gi1),
AHDs remain very flexible, as seen in class 2D averages in
negative stain and cryo-EM.8,11−13,16 While this domain is
generally masked out to maximize the resolution of EM maps,
the available data indicate that there can be a preferred
orientation (as seen with the ExP5 bound GLP-1R complex10),
or multiple identifiable orientations (as seen with the sCT
bound CTR8). The extent to which the relative mobility of the
AHD of Gα-subunits is a property of the specific receptor with
which it is engaged or is a component of the specific agonist-

Figure 3. Heterotrimer conformations in GPCR-G protein complexes. (a−c) Gs and (d−f) Gi/o heterotrimer conformations in receptor-G protein
complexes aligned using the core of Gα subunit. (a and c) Gβ and Gγ rotate around SWII region in complexes formed with different Gi/o family
members or differently stabilized Gs complexes (wtGs, DNGs or mGs); (b and e) conformation of SWII region affects Gβ position relative to Gα
subunit; (c and f) flexibility of the α5 helix. Dominant negative mutations in GLP1R(ExP5) are shown in spheres.
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GPCR complex, is unclear. However, biophysical studies using
bioluminescence energy transfer have demonstrated that
conformational sampling of the G protein, linked to the
position of the α-helical domain, can be influenced by
individual agonists and may contribute to observed effi-
cacy.10,40

Superposition of Gs complexes, on the core of the RHD of
Gαs (excluding α5 and αN helices), revealed that stabilizing
mutations have subtle effects on heterotrimer conformation
leading to reduced flexibility of DN-Gs heterotrimers
compared to WT-Gs (Figure 3). Notably, Gβ and Gγ subunits
of WT-Gs heterotrimers appear to adopt multiple positions
relative to Gα, which is not observed for complexes formed
with DN-Gs. This is likely the effect of G226A mutation in
DNGs that causes a different backbone conformation of the
β3-α2 loop in the switch II (SWII) region of Gα, leading to
SWII stabilization and reduced affinity for GTP.24 The
stabilized SWII region makes stronger interactions with Gβ
leading to reduced flexibility of the Gα−Gβ subunit
orientations in DN-Gs. In contrast, in complexes formed
with WT-Gs, Gβ rotates around SWII leading to an ∼4 Å
displacement; measured at T34 Cα of Gβ (β2AR and
GLP1R(GLP1) complexes). Because of the extensive inter-
actions of the Gβ, their displacement, in turn, affects the
orientation of the αN helix relative to the core of the Gα
subunit, leading to different degrees of αN rotation away from
the α4 helix of Gα in different WT-Gs complexes. Increased
flexibility of WT-Gs heterotrimers extends to the α5 helix,
resulting in maximal differences of 3.2 Å at E390 Cα for WT-
Gs (β2AR and CTR complexes) compared to only 1.3 Å for
DN-Gs (GLP1R(ExP5) and CLR-RAMP complexes). The
flexibility in the α5 helix could potentially be the result of other
DN mutations, crystallographic artifacts for the β2AR complex,
or a strain induced by interactions with individual
agonist:GPCR complexes. While these data are intriguing, we
still have only a very limited number of solved structures, and
no direct comparisons of the same agonist:GPCR in complex
with WT-G versus DN-G, which will be required to more

definitively classify the distinct effects of stabilizing technolo-
gies.
A comparison of activated Gi/o and Gs heterotrimers reveals

G protein family specific variations. Different amino acid
sequences and, thus, the conformation of the SWII region lead
to a rotation of the Gβ subunit relative to Gα for Gi/o versus Gs
proteins, though in an opposite direction to that seen with
DN-Gs. The Gβ rotation is followed by an αN tilt away from
the α4 helix of Gα with the largest displacement observed for
5-HT1BR. The α5 helix also adopts multiple conformations,
with variations of tilt angles relative to the Gα core. The degree
of Gβ, αN, and α5 displacement is different between different
Gi/o complexes and it is unclear whether it is the result of the
specific Gα subunit, complex stabilization method, or bound
receptor. Other G protein-specific variations include much
longer αG-α4 loops in Gαs that extend toward ICL3 of the
receptor, however, no interactions with ICL3 are apparent.
Interestingly, the αG and α1 loops are displaced in Rho-Gi1
complex structure, compared to other Gi/o complexes, this
could be a result of Fab_G50 binding to both the Gβ and
AHD of Gα and stabilization of a particular lower energy
conformation.

■ G PROTEIN ENGAGEMENT OF ACTIVATED GPCRS
Comparison of all 10 available GPCR-G protein heterotrimer
complex structures allowed us, for the first time, to propose
general rules for G protein engagement and to identify distinct
aspects in the mode of engagement for different G protein
families. Class A and class B GPCRs share low sequence
identity and are quite different in their tertiary structure.
Subsequently, we only aligned receptors within each receptor
family for detailed G protein binding comparison, with the
exception of a general analysis of Gs engagement with class A
and class B GPCRs where we aligned the lower halves of the
β2AR and A2AAR TM bundles with the GLP-1R (ExP5)
structure.
The most extensive interactions between GPCRs and G

proteins occur via the α5 helix of the RHDs: this extends into
the receptor core and principally interacts with the bottom

Figure 4. Receptor-Gα orientations are influenced by TM6 movement and ICL2 conformation. (a−c) Gαs and (d−f) Gαi/o shifts relative to the
receptor in different structures. GPCR-G protein complexes were aligned using TM bundles. Gβ, Gγ, and the majority of Gα (with the exception of
αN, α5 helixes and the β1 sheet) are not shown for clarity. Structures a and d show α5 helix displacement; structures b, c, e, and f show αN and α5
helix displacement caused by ICL2 and TM5/ICL3 of the receptor. Receptors are displayed in thinner cartoon, compare to Gα.
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halves of TM3, TM5, TM6, along with ICL2 and ICL3.
However, different complexes have other, less pronounced,
interfaces that may be receptor and/or G protein-specific.
Comparison of Gs complexes reveals that the Gα C-terminal

loop (“wavy hook”) adopts a similar overall conformation
within the receptor core of Class B GPCRs (Figure 4a). When
compared to the position in class A receptors, the C-terminal
loop exhibits lateral displacement of 3.7 Å (measured between
Q390 Cα), which is likely due to the distinct TM6
conformations between the major subclasses (Figure 2b).
Interestingly, the α5 angle is fixed relative to TM3 of the
receptor in all Gs structures (147−149°). However, the Gα
subunits (and thus, Gβγ) in different Gs complexes rotate in
the plane parallel to the membrane relative to the receptor (up
to 12° rotation in GLP-1R(GLP-1)) using the β2AR structure
as the reference. This is likely a consequence of either a
difference in ICL2, H8, or both between class A and class B
receptors; however, the lack of lipid environment in a
detergent micelle could also play a role. It is possible that
the ICL2 size and conformation could determine Gαs
orientation relative to the receptor, with longer ICL2s creating
steric hindrance with the middle part of the α5 helix,
potentially leading to α5 tilting away from ICL2, followed by
a rotation in the entire Gα subunit, and consequently also Gβγ.
In particular, β2AR and A2AAR display a small two-turn helix in
ICL2 that packs against the interface of the αN-β1 junction,
β2−β3 turn and α5 helix (Figure 4b,c) “pushing” the α5 helix
toward TM5. The hydrophobic amino acid, F139 in ICL2, is
important for a Gs-mediated response from β2AR and for Gq-
mediated responses for M1 and M3 muscarinic acetylcholine
receptors (mAChRs),41 indicating that ICL2 is important for
G protein interaction for at least some of class A GPCRs. In
contrast, α5 interactions with ICL2 of class B GPCRs that lack
an equivalent helical structure and are shorter in length (5
residues in GLP-1R and 8 residues in CTR and CLR), likely
lead to its rotation away from TM5. Alternatively, the different
angle of heterotrimer interaction between class A and class B
receptors could result from differences in the orientation of
helix 8 (H8). Compared to solved class A complexes, the
longer H8 in class B GPCRs is tilted away from the plane of
the membrane (∼20° tilt compared to class A GPCRs) that
might, through distinct interactions with the Gβ subunit, lead
to the repositioning of the entire heterotrimer.
Comparison of the class B CLR:RAMP1- and CTR- Gs

complexes, solved using DN or WT Gαs subunit, respectively,
revealed that the DN mutations had little effect on Gα
orientation relative to the receptor when compared to the
effect caused by amino acid divergence across the receptors
and local conformational changes between the GPCR
structures. The GLP-1R has a shorter ICL2 compared to
either CTR or CLR and this likely causes the ∼5° difference in
angle in the engagement of Gαs between these receptors.
There is evidence that the C-terminus of RAMP can
potentially influence G protein binding;42,43 however, it was
unresolved in CLR:RAMP1:Gs density,9 and it is likely that
this interaction is either transient or requires additional
accessory proteins, such as RCP.44

Compared to Gs complexes, the “wavy hook” at the extreme
end of the α5 helix in Gαi/o subunits is translated toward ICL1
and the TM7−H8 junction (Figure 4c). The degree of this
shift is directly proportional to the extent that TM6 kinks upon
receptor activation, with the largest movement observed for

Gi1-bound Rho and μOR, followed by Gi2-bound A1AR, mGo-
bound 5-HT1BR, and Gs complexes of β2AR and A2AAR.
Similar to class B GPCRs, the angle of the α5 helix insertion

(and, thus, αN position and the tilt of the entire G protein)
appears to depend on ICL2 and TM5 interactions with the Gα
subunit. More extensive interactions with the middle part of
the Gα protein α5 helix rigidify its position in Gs complexes
(via conserved H-bonds with Q384G.H5.16 and R385G.H5.17 or a
salt bridge with D381G.H5.13). In contrast, the receptor-Gαi/o
subunit interactions primarily depend on weak van der Waals
interactions, with the exception of a salt bridge through
D342G.H5.13 in Gi2 and mGo complexes, and H-bonds
(K345G.H5.17 for Gi1-Rho and N347G.H5.19 for Gi1-μOR) leading
to an increased α5 helix-TM3 angle (152−162°) and larger
spreads in Gα rotation angles relative to the receptor (8−22°)
(Figure 4d,e). Most notably, the ICL2 of Rho lacks any
secondary structure and adopts a unique conformation by
extending away from the receptor. As a result, the Gαi1 rotates,
relative to the receptor, preserving potential contacts between
ICL2 and the αN helix, leading to a substantially different
receptor-G protein organization compared to other com-
plexes.14

Interactions with ICL3 of receptors might also influence G
protein orientation relative to the receptor. Unfortunately,
ICL3s are not well resolved in all available structures though
this likely reflects the extent of conformational dynamics for
individual GPCR:G protein complexes. For example, the
density of the A1AR-Gi2 complex map suggests likely
interactions between ICL3 and the Gα subunit; however, the
map quality was insufficient for modeling, indicative of
conformational fluidity of this receptor segment in the active
structure. Note that this loop is better resolved for Rho and
μOR suggesting that receptors with smaller TM6 kinks
possibly have less flexibility due to proximity to interacting
Gα. The length of ICL3 also varies dramatically between
receptors. Thus, the unresolved ICL3 in A1AR, 5-HT1BR β2AR,
and A2AAR might simply reflect flexibility and/or lack of
secondary structure elements. Nonetheless, for the class B
GLP-1R, for which structures have been solved with multiple
peptide agonists, it has been speculated that stability of the
interactions between ICL3 and Gs, reflected in the ICL3 map
density, may be linked to G protein turnover and thus agonist
efficacy.5

Taking all available structures into consideration, it appears
that the TM6 movement and the G protein α5 C-terminal loop
position might depend on the G protein family member in
complex with the receptor, while interactions of ICL2 with the
α5 helix might be receptor specific.

■ BASIS OF SELECTIVITY BETWEEN GS AND GI/O
COMPLEXES

GPCRs frequently couple to multiple G protein families. This
includes the β2AR and A1AR that couple to Gs and Gi/o,
making it very difficult to identify receptor residues responsible
for the selective engagement of a particular binding partner.
Even the Gi/o exclusive coupler μOR can activate multiple Gα
subunits from that family. Multiple investigators have
attempted to identify consensus motifs for G protein binding,
with limited success. This is likely due to a large divergence in
the amino acid sequences of GPCRs that can couple to
particular G proteins. As such, the determinants of G protein
binding are likely formed by a three-dimensional epitope
during receptor activation; this could differ from one receptor
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to another and, at least in part, depend on the extent of TM6
movement.45 Nevertheless, some generalizations can be made
from the comparison of the available active-state structures.
A concentration of positive charge on the intracellular side

of GPCRs has been noted previously and is proposed to be
important for interactions with arrestins.46 Indeed, there is a
concentration of positively charged amino acids at the G
protein-binding interface that is more prominent for the class
A receptors solved to date (relative to class B GPCRs);
nonetheless, the charge distribution appears to vary between
receptors (Figure 5). In most class A and class B receptors, the
TM6−TM7 surface that faces the G protein binding site
appears to be positively charged; however, the μOR and GLP-
1R appear to be exceptions. While the end of the G protein α5
helix is negatively charged in all Gα subunits, Gαi1, Gαi2, and
mGαo have a complementary large negative charged surface
formed by the α5, α4, and β6 interface. It is tempting to
speculate that this charge−charge interaction could be
important for receptors engaging with Gi/o proteins. In
addition, flexibility in ICL3 that is enriched in positively
charged amino acids for most class A receptors could
contribute to dynamic interactions between the receptor and
G protein. Though speculative, changes in ICL3 conformations
induced by different biased agonists could alter the strength of

G protein coupling and alter relative signaling efficacy. ICL3 is
poorly resolved in the class A A1AR, 5-HT1BR, β2AR, and
A2AAR consistent with the potential for agonist-dependent
changes to conformational sampling to contribute to the
strength and specificity of G protein binding via with this
interface. It is important to note that, physiologically, GPCR:G
protein interactions occur within a lipid bilayer enriched in
polar lipid headgroups, and interactions between both G
proteins and lipids and between receptor and lipids are
functionally relevant. These play an important role in GPCR
stability, GPCR:G protein interactions, and G protein
activation,47−50 and are likely to provide limitations on
orientations of G protein engagement with receptors that do
not occur in detergents. To date, only the β2-AR:Gs and
A2AR:miniGαs solved by lipidic cubic phase crystallography
are in a lipidic environment,5,19 though it is encouraging that
the orientation of miniGαs alone and miniGαs-Gβγ are
equivalent in complexes with agonist-bound A2AR, solved by
crystallography and cryoEM, respectively.7,19

Most fully active GPCR complexes solved to date have been
determined at a resolution sufficient for reasonably confident
side chain placement (<4 Å), particularly for the GPCR:G
protein interface, and thus informative comparisons between
structures can be made. While there is no obvious consensus

Figure 5. Electrostatic charge distribution in G protein complexes. Surface representation of receptors and Gα subunits colored according to their
electrostatic charge. Charge distribution was calculated using APBS plugin in Pymol59 following reinstatement of full side-chains where these had
been stubbed in the deposited structures.

ACS Pharmacology & Translational Science Review

DOI: 10.1021/acsptsci.8b00026
ACS Pharmacol. Transl. Sci. 2018, 1, 73−83

79

http://dx.doi.org/10.1021/acsptsci.8b00026


sequence(s) that discriminate between Gi and Gs binding,
there are some receptor regions that seem to be selectively
engaged: receptors in Gs complexes appear to have more
interactions through their ICL2 and TM5, while TM6 and H8
are more engaged in Gi/o complexes; this is in good correlation
with the overall difference in G protein orientation relative to
receptors (see above) (Figure 6). The importance of binding
domains, rather than amino acid sequence for G protein
selectivity have been proposed previously51 and is an attractive
hypothesis considering the plethora of GPCRs that couple to
relatively few Gα subunits.
Specific for Gs binding, residue 5.64 (Wootten numbering is

used for class B GPCRs) and the equivalent class A residue
5.68 (Ballesteros−Weinstein numbering) make strong inter-
actions with the Gα protein α5 helix either via H-bond to
Q384G.H5.16 (CGN numbering,52 Ile in Gi/o family) or a salt
bridge with D381G.H5.13 (conserved in both G protein families).
Other class B-specific interactions include a H-bond between
Q384G.H5.16 and the backbone of residue 3.58, and a H-bond
between D380G.H5.22 and the absolutely conserved class B
GPCR residue, R2.46.
In addition, receptor-specific interactions also contribute to

G protein binding. Thus, ICL2 of μOR makes strong
interactions with the αN-β1 junction, via a D17734.55-

R32G.hns1.3 salt bridge, and the G protein α5 helix, via
R17934.57-D350G.H5.22 H-bond. In GLP-1R, ICL2 also contrib-
utes to G protein binding via a S261-Q35.HN.51 H-bond, and
E2624.38-K34G.HN.51 and R38G.hns1.2 salt bridges.
G protein residues responsible for receptor discrimination

are also more likely to follow general trends as opposed to hard
rules, given the different angle of α5 insertion into the receptor
core. Gαi/o subunits primarily engage the receptor via the C-
terminal part of the α5 helix and the “wavy hook” residues, in
the same way as Gαs. This is consistent with prior studies that
identified the last five amino acid residues of the α5 helix as
sufficient for switching G protein selectivity.53,54 Interestingly,
the last three amino acids of Gαi2 are all that is required for
gaining coupling of a Gαq chimera to the A1AR and D2
dopamine receptor55 that preferentially couples to Gi/o
proteins. This is likely explained by steric hindrance between
the TM7-H8 junction and larger side chains at the −3
positions of the α5 C-terminus in Gs (Glu) and Gq (Asn)
families compared to the absolutely conserved Gly in the Gi/o
family. The larger TM6 movements observed in Gs complexes
positions the α5 helix further away from TM7, allowing for
accommodation of bulkier side chains.
While the C-terminus of α5 is also important for Gs binding,

the middle of α5 appears to contribute strong interactions for

Figure 6. Receptor-Gα subunit interaction map in determined complex structures. Panels represent van der Waals (blue), H-bonds (red), and salt
bridge (yellow) interactions observed in X-ray or cryo-EM structures, as calculated by 2P2I Inspector60 using 3.5 Å, 4 Å, and 4.5 Å cut-offs for H-
bond, van der Waals, and salt bridge interactions, respectively. The relative size of the depicted interaction is proportional to bond energy
(proportional to the number of formed interactions for van der Waals bonds).
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receptor engagement. In particular, residue Q384G.H5.16 makes
a H-bond in all Gs complexes. In contrast, Gi/o complexes
compensate for fewer α5 contacts with additional α4-β6 loop
interactions, and this may possibly be linked to a smaller TM6
movement. In agreement with this, interactions with the α4
helix and/or α4-β6 loop were found to be important for Gi/o

coupling for a number of receptors (5-HT1AR, 5-HT1BR and
M2mAChR,51 Rho56) and could also be involved as
determinants of selectivity within the Gi/o family, for example,
for discrimination between Gαt and Gαi1 subunits.51 In
contrast, the α4-β6 loop is not essential for Gs coupling to
the β2AR,

57 consistent with the hypothesis that, in different G
protein families, distinct domains of the Gα subunit could be
responsible for receptor selectivity.
It is expected that with the wide adaptation of cryo-EM the

number of GPCR-G protein structures will continue to rise
rapidly, providing many more GPCR-G protein complexes that
will advance our understanding of molecular mechanisms of
cellular signaling. An important caveat to the interpretation of
available (and likely future) structural data is that they are
determined in non-native environments. All cryo-EM struc-
tures to date have been solved in detergent micelles, and it is
well-known that G proteins form subtype-, and subunit-,
specific interactions with lipids (reviewed in ref 58) that may
spatially restrict the relative orientations that G proteins can
adopt when bound to activated receptor. Crystal structures
require distinct stabilization strategies and very specific
conditions to allow productive crystal packing. Comparisons
of individual agonist:GPCR complexes, solved by alternate
stabilization technologies, and solved in both detergent and
more native lipid environments, will be required for a more
nuanced understanding of what the new structures can tell us
about G protein selectivity and activation; behaviors that are
critical to mechanistic understanding of efficacy and biased
agonism. For example, contact differences occur between the
GLP-1 receptor and Gs protein in structures solved with
agonists of different efficacy (Figure 6, lower panel),10,11

indicating that the nature of the ligand will contribute to the
transducer interface. Nonetheless, we have entered into an
exciting new era of GPCR structural biology that promises to
answer many long-held questions on how GPCRs work.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: alisa.glukhova@monash.edu.
*E-mail: patrick.sexton@monash.edu.

ORCID
Patrick M. Sexton: 0000-0001-8902-2473
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

P.M.S. is a Principal Research Fellow of the National Health
and Medical Research Council of Australia (NHMRC). A.C. is
a Senior Principal Research Fellow of the NHMRC. D.W. is a
Career Development Fellow of the NHMRC. A.G. is an
Australian Research Council (ARC) Discovery Early Career
Researcher Award recipient.

■ REFERENCES
(1) Mahoney, J. P., and Sunahara, R. K. (2016) Mechanistic insights
into GPCR−G protein interactions. Curr. Opin. Struct. Biol. 41, 247−
254.
(2) Gurevich, E. V., Tesmer, J. J. G., Mushegian, A., and Gurevich, V.
V. (2012) G protein-coupled receptor kinases: More than just kinases
and not only for GPCRs. Pharmacol. Ther. 133, 40−69.
(3) Luttrell, L. M., and Lefkowitz, R. J. (2002) The role of beta-
arrestins in the termination and transduction of G-protein-coupled
receptor signals. J. Cell. Sci. 115, 455−465.
(4) Syrovatkina, V., Alegre, K. O., Dey, R., and Huang, X.-Y. (2016)
Regulation, signaling, and physiological functions of G-proteins. J.
Mol. Biol. 428, 3850−3868.
(5) Rasmussen, S. G. F., DeVree, B. T., Zou, Y., Kruse, A. C., Chung,
K. Y., Kobilka, T. S., Thian, F. S., Chae, P. S., Pardon, E., Calinski, D.,
Mathiesen, J. M., Shah, S. T. A., Lyons, J. A., Caffrey, M., Gellman, S.
H., Steyaert, J., Skiniotis, G., Weis, W. I., Sunahara, R. K., and Kobilka,
B. K. (2011) Crystal structure of the β2 adrenergic receptor-Gs
protein complex. Nature 477, 549−555.
(6) Kuhlbrandt, W. (2014) The Resolution Revolution. Science 343,
1443−1444.
(7) García-Nafría, J., Lee, Y., Bai, X., Carpenter, B., and Tate, C. G.
(2018) Cryo-EM structure of the adenosine A2A receptor coupled to
an engineered heterotrimeric G protein. eLife 7, 213.
(8) Liang, Y.-L., Khoshouei, M., Radjainia, M., Zhang, Y., Glukhova,
A., Tarrasch, J., Thal, D. M., Furness, S. G. B., Christopoulos, G.,
Coudrat, T., Danev, R., Baumeister, W., Miller, L. J., Christopoulos,
A., Kobilka, B. K., Wootten, D., Skiniotis, G., and Sexton, P. M.
(2017) Phase-plate cryo-EM structure of a class B GPCR-G-protein
complex. Nature 546, 118−123.
(9) Liang, Y.-L., Khoshouei, M., Deganutti, G., Glukhova, A., Koole,
C., Peat, T. S., Radjainia, M., Plitzko, J. M., Baumeister, W., Miller, L.
J., Hay, D. L., Christopoulos, A., Reynolds, C. A., Wootten, D., and
Sexton, P. M. (2018) Cryo-EM structure of the active, Gs-protein
complexed, human CGRP receptor. Nature, DOI: 10.1038/s41586-
018-0535-y.
(10) Liang, Y.-L., Khoshouei, M., Glukhova, A., Furness, S. G. B.,
Zhao, P., Clydesdale, L., Koole, C., Truong, T. T., Thal, D. M., Lei, S.,
Radjainia, M., Danev, R., Baumeister, W., Wang, M.-W., Miller, L. J.,
Christopoulos, A., Sexton, P. M., and Wootten, D. (2018) Phase-plate
cryo-EM structure of a biased agonist-bound human GLP-1 receptor-
Gs complex. Nature 555, 121−125.
(11) Zhang, Y., Sun, B., Feng, D., Hu, H., Chu, M., Qu, Q., Tarrasch,
J. T., Li, S., Sun Kobilka, T., Kobilka, B. K., and Skiniotis, G. (2017)
Cryo-EM structure of the activated GLP-1 receptor in complex with a
G protein. Nature 546, 248−253.
(12) Draper-Joyce, C. J., Khoshouei, M., Thal, D. M., Liang, Y.-L.,
Nguyen, A. T. N., Furness, S. G. B., Venugopal, H., Baltos, J.-A.,
Plitzko, J. X. R. M., Danev, R., Baumeister, W., May, L. T., Wootten,
D., Sexton, P. M., Glukhova, A., and Christopoulos, A. (2018)
Structure of the adenosine-bound human adenosine A1 receptor−Gi
complex. Nature 558, 559−563.
(13) Koehl, A., Hu, H., Maeda, S., Zhang, Y., Qu, Q., Paggi, J. M.,
Latorraca, N. R., Hilger, D., Dawson, R., Matile, H., Schertler, G. F.
X., Granier, S., Weis, W. I., Dror, R. O., Manglik, A., Skiniotis, G., and
Kobilka, B. K. (2018) Structure of the μ-opioid receptor-Gi protein
complex. Nature 558, 547−552.
(14) Kang, Y., Kuybeda, O., de Waal, P. W., Mukherjee, S., Van Eps,
N., Dutka, P., Zhou, X. E., Bartesaghi, A., Erramilli, S., Morizumi, T.,
Gu, X., Yin, Y., Liu, P., Jiang, Y., Meng, X., Zhao, G., Melcher, K.,
Ernst, O. P., Kossiakoff, A. A., Subramaniam, S., and Xu, H. E. (2018)
Cryo-EM structure of human rhodopsin bound to an inhibitory G
protein. Nature 558, 553−558.
(15) García-Nafría, J., Nehme,́ R., Edwards, P. C., and Tate, C. G.
(2018) Cryo-EM structure of the serotonin 5-HT1B receptor coupled
to heterotrimeric Go. Nature 558, 620−623.
(16) Westfield, G. H., Rasmussen, S. G. F., Su, M., Dutta, S., DeVree,
B. T., Chung, K. Y., Calinski, D., Velez-Ruiz, G., Oleskie, A. N.,
Pardon, E., Chae, P. S., Liu, T., Li, S., Woods, V. L., Steyaert, J.,

ACS Pharmacology & Translational Science Review

DOI: 10.1021/acsptsci.8b00026
ACS Pharmacol. Transl. Sci. 2018, 1, 73−83

81

mailto:alisa.glukhova@monash.edu
mailto:patrick.sexton@monash.edu
http://orcid.org/0000-0001-8902-2473
http://dx.doi.org/10.1038/s41586-018-0535-y
http://dx.doi.org/10.1038/s41586-018-0535-y
http://dx.doi.org/10.1021/acsptsci.8b00026


Kobilka, B. K., Sunahara, R. K., and Skiniotis, G. (2011) Structural
flexibility of the G alpha s alpha-helical domain in the beta2-
adrenoceptor Gs complex. Proc. Natl. Acad. Sci. U. S. A. 108, 16086−
16091.
(17) Carpenter, B., and Tate, C. G. (2016) Engineering a minimal G
protein to facilitate crystallisation of G protein-coupled receptors in
their active conformation. Protein Eng. Des. Sel. 29, 583−594.
(18) Nehme,́ R., Carpenter, B., Singhal, A., Strege, A., Edwards, P.
C., White, C. F., Du, H., Grisshammer, R., Garcia-Nafria, J., and
Shukla, A. (2017) Mini-G proteins: Novel tools for studying GPCRs
in their active conformation. PLoS ONE 12, e0175642.
(19) Carpenter, B., Nehme,́ R., Warne, T., Leslie, A. G. W., and Tate,
C. G. (2016) Structure of the adenosine A(2A) receptor bound to an
engineered G protein. Nature 536, 104−107.
(20) Liang, Y.-L., Zhao, P., Draper-Joyce, C., Baltos, J.-A., Glukhova,
A., Truong, T. T., May, L. T., Christopoulos, A., Wootten, D., Sexton,
P. M., and Furness, S. G. B. (2018) Dominant negative G proteins
enhance formation and purification of agonist-GPCR-G protein
complexes for structure determination. ACS Pharmacol. Transl. Sci. 1,
12−20.
(21) Berlot, C. H., and Bourne, H. R. (1992) Identification of
effector-activating residues of Gs alpha. Cell 68, 911−922.
(22) Berlot, C. H. (2002) A highly effective dominant negative Gs
construct containing mutations that affect distinct functions inhibits
multiple Gs-coupled receptor signaling pathways. J. Biol. Chem. 277,
21080−21085.
(23) Cleator, J. H., Mehta, N. D., Kurtz, D. T., and Hildebrandt, J.
D. (1999) The N54 mutant of Gαshas a conditional dominant
negative phenotype which suppresses hormone-stimulated but not
basal cAMP levels. FEBS Lett. 443, 205−208.
(24) Iiri, T., Bell, S. M., Baranski, T. J., Fujita, T., and Bourne, H. R.
(1999) A Gs alpha mutant designed to inhibit receptor signaling
through Gs. Proc. Natl. Acad. Sci. U. S. A. 96, 499−504.
(25) Lee, E., Taussig, R., and Gilman, A. G. (1992) The G226A
mutant of Gs alpha highlights the requirement for dissociation of G
protein subunits. J. Biol. Chem. 267, 1212−1218.
(26) Huang, W., Manglik, A., Venkatakrishnan, A. J., Laeremans, T.,
Feinberg, E. N., Sanborn, A. L., Kato, H. E., Livingston, K. E.,
Thorsen, T. S., Kling, R. C., Granier, S., Gmeiner, P., Husbands, S. M.,
Traynor, J. R., Weis, W. I., Steyaert, J., Dror, R. O., and Kobilka, B. K.
(2015) Structural insights into μ-opioid receptor activation. Nature
524, 315−321.
(27) Lebon, G., Warne, T., Edwards, P. C., Bennett, K., Langmead,
C. J., Leslie, A. G. W., and Tate, C. G. (2011) Agonist-bound
adenosine A2A receptor structures reveal common features of GPCR
activation. Nature 474, 521−525.
(28) Wang, C., Jiang, Y., Ma, J., Wu, H., Wacker, D., Katritch, V.,
Han, G. W., Liu, W., Huang, X.-P., Vardy, E., McCorvy, J. D., Gao, X.,
Zhou, X. E., Melcher, K., Zhang, C., Bai, F., Yang, H., Yang, L., Jiang,
H., Roth, B. L., Cherezov, V., Stevens, R. C., and Xu, H. E. (2013)
Structural basis for molecular recognition at serotonin receptors.
Science 340, 610−614.
(29) Erlandson, S. C., McMahon, C., and Kruse, A. C. (2018)
Structural basis for G protein-coupled receptor signaling. Annu. Rev.
Biophys. 47, 1−18.
(30) Burg, J. S., Ingram, J. R., Venkatakrishnan, A. J., Jude, K. M.,
Dukkipati, A., Feinberg, E. N., Angelini, A., Waghray, D., Dror, R. O.,
Ploegh, H. L., and Garcia, K. C. (2015) Structural biology. Science
347, 1113−1117.
(31) Rosenbaum, D. M., Cherezov, V., Hanson, M. A., Rasmussen, S.
G. F., Thian, F. S., Kobilka, T. S., Choi, H.-J., Yao, X.-J., Weis, W. I.,
Stevens, R. C., and Kobilka, B. K. (2007) GPCR engineering yields
high-resolution structural insights into β2-adrenergic receptor
function. Science 318, 1266−1273.
(32) Liu, W., Chun, E., Thompson, A. A., Chubukov, P., Xu, F.,
Katritch, V., Han, G. W., Roth, C. B., Heitman, L. H., IJzerman, A. P.,
Cherezov, V., and Stevens, R. C. (2012) Structural basis for allosteric
regulation of GPCRs by sodium ions. Science 337, 232−236.

(33) Siu, F. Y., He, M., de Graaf, C., Han, G. W., Yang, D., Zhang,
Z., Zhou, C., Xu, Q., Wacker, D., Joseph, J. S., Liu, W., Lau, J.,
Cherezov, V., Katritch, V., Wang, M.-W., and Stevens, R. C. (2013)
Structure of the human glucagon class B G-protein-coupled receptor.
Nature 499, 444−449.
(34) Manglik, A., Kruse, A. C., Kobilka, T. S., Thian, F. S.,
Mathiesen, J. M., Sunahara, R. K., Pardo, L., Weis, W. I., Kobilka, B.
K., and Granier, S. (2012) Crystal structure of the μ-opioid receptor
bound to a morphinan antagonist. Nature 485, 321−326.
(35) Okada, T., Sugihara, M., Bondar, A.-N., Elstner, M., Entel, P.,
and Buss, V. (2004) The retinal conformation and its environment in
rhodopsin in light of a new 2.2Å crystal structure. J. Mol. Biol. 342,
571−583.
(36) Glukhova, A., Thal, D. M., Nguyen, A. T., Vecchio, E. A., Jörg,
M., Scammells, P. J., May, L. T., Sexton, P. M., and Christopoulos, A.
(2017) Structure of the adenosine A1 receptor reveals the basis for
subtype selectivity. Cell 168, 867−877 e13..
(37) Chung, K. Y., Rasmussen, S. G. F., Liu, T., Li, S., DeVree, B. T.,
Chae, P. S., Calinski, D., Kobilka, B. K., Woods, V. L., and Sunahara,
R. K. (2011) Conformational changes in the G protein Gs induced by
the β2 adrenergic receptor. Nature 477, 611−615.
(38) Dror, R. O., Mildorf, T. J., Hilger, D., Manglik, A., Borhani, D.
W., Arlow, D. H., Philippsen, A., Villanueva, N., Yang, Z., Lerch, M.
T., Hubbell, W. L., Kobilka, B. K., Sunahara, R. K., and Shaw, D. E.
(2015) Structural basis for nucleotide exchange in heterotrimeric G
proteins. Science 348, 1361−1365.
(39) Kaya, A. I., Lokits, A. D., Gilbert, J. A., Iverson, T. M., Meiler, J.,
and Hamm, H. E. (2014) A conserved phenylalanine as a relay
between the α5 helix and the GDP binding region of heterotrimeric
Gi protein α subunit. J. Biol. Chem. 289, 24475−24487.
(40) Furness, S. G. B., Liang, Y.-L., Nowell, C. J., Halls, M. L.,
Wookey, P. J., Dal Maso, E., Inoue, A., Christopoulos, A., Wootten,
D., and Sexton, P. M. (2016) Ligand-dependent modulation of G
protein conformation alters drug efficacy. Cell 167, 739−744 e11..
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(58) Vögler, O., Barcelo,́ J. M., Ribas, C., and Escriba,́ P. V. (2008)
Membrane interactions of G proteins and other related proteins.
Biochim. Biophys. Acta, Biomembr. 1778, 1640−1652.
(59) Jurrus, E., Engel, D., Star, K., Monson, K., Brandi, J., Felberg, L.
E., Brookes, D. H., Wilson, L., Chen, J., Liles, K., Chun, M., Li, P.,
Gohara, D. W., Dolinsky, T., Konecny, R., Koes, D. R., Nielsen, J. E.,
Head-Gordon, T., Geng, W., Krasny, R., Wei, G.-W., Holst, M. J.,
McCammon, J. A., and Baker, N. A. (2018) Improvements to the
APBS biomolecular solvation software suite. Protein Sci. 27, 112−128.
(60) Basse, M. J., Betzi, S., Bourgeas, R., Bouzidi, S., Chetrit, B.,
Hamon, V., Morelli, X., and Roche, P. (2012) 2P2Idb: a structural
database dedicated to orthosteric modulation of protein−protein
interactions. Nucleic Acids Res. 41, D824−D827.

ACS Pharmacology & Translational Science Review

DOI: 10.1021/acsptsci.8b00026
ACS Pharmacol. Transl. Sci. 2018, 1, 73−83

83

http://dx.doi.org/10.1021/acsptsci.8b00026



