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Abstract | G protein-coupled receptors (GPCRs) are the largest group of cell surface receptorsin
humans that signal in response to diverse inputs and regulate a plethora of cellular processes.
Hence, they constitute one of the primary drug target classes. Progress in our understanding of
GPCR dynamics, activation and signalling has opened new possibilities for selective drug
development. A key advancement has been provided by the concept of biased agonism, which
describes the ability of ligands acting at the same GPCR to elicit distinct cellular signalling
profiles by preferentially stabilizing different active conformational states of the receptor.
Application of this concept raises the prospect of ‘designer’ biased agonists as optimized
therapeutics with improved efficacy and/or reduced side-effect profiles. However, this
application will require a detailed understanding of the spectrum of drug actions and a structural
understanding of the drug-receptor interactions that drive distinct pharmacologies. The recent
revolution in GPCR structural biology provides unprecedented insights into ligand binding,
conformational dynamics and the control of signalling outcomes. These insights, together with
new approaches to multi-dimensional analysis of drug action, are allowing refined classification

of drugs according to their pharmacodynamic profiles, which can be linked to receptor structure

and predictions of preclinical drug efficacy.

G protein-coupled receptors (GPCRs) are the largest
family of cell surface receptor proteins in eukaryotes. In
humans, they are encoded by over 800 individual genes
and are widely expressed in various tissues, where they
control a broad range of physiological processes. The
pervasive role of GPCRs in human physiology arises
from evolutionary diversity in the sequence encoding
the seven transmembrane domains (TMDs), which form
the core of the receptor common to all GPCRs. On the
basis of sequence and evolutionary conservation, these
receptors are divided into subfamilies that include class
A (rhodopsin-like), class B1 (secretin receptor-like),
class B2 (adhesion receptors), class C (metabotropic
glutamate receptor-like) and class F (frizzled-like) sub-
families as well as the taste 2 sensory receptor subfamily
(GPCR Database). GPCR diversity is further elaborated
by numerous mechanisms including alternative splicing,
RNA editing, post-translational modifications and
protein—protein interactions that alter both the repertoire of
ligand interaction and the functional consequences
of receptor activation'. This diversity allows these recep-
tors to recognize and respond to an enormous variety of

ligands that range from photons, odorants, ions, small
neurotransmitters and small neuromodulatory peptides
to large peptide hormones, glycoprotein hormones and
other large protein domains, including those involved
in direct cell-cell communication and viral entry’.
Another key component of the versatility of GPCR sig-
nalling is the breadth of intracellular proteins that they
can engage with (see next paragraph). These intracellular
partners include numerous heterotrimeric G proteins,
which serve as canonical transducer proteins, as well
as regulatory and scaffolding proteins such as arrestins,
PDZ-domain-containing scaffolds and non-PDZ scaf-
folds, such as A kinase anchor proteins (AKAPs) that
initiate or control distinct patterns of signalling®” (FIC. 1).

To elicit signalling, GPCRs need to couple with intra-
cellular transducers such as heterotrimeric G proteins,
which are formed by Ga, Gp and Gy subunits. In
humans, there are 16 Ga, 5 G and 13 Gy subunits that
can combine to form a wide range of heterotrimeric
G proteins. Each Ga subunit can signal independently,
whereas the GP subunits and Gy subunits are obli-
gate heterodimers that function as a single unit (Gpy).
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Fig. 1| Schematic illustration of GPCR signalling. a | Canonical G protein-coupled
receptor (GPCR) signalling occurs via coupling to heterotrimeric G proteins (Ga, G and
Gy). Upon activation by a GPCR, the Ga and Gy subunits dissociate and can each
activate downstream signalling. Ga proteins can be subdivided into four main families
with different signalling properties. There are also multiple Gp and Gy subunits, which
further diversifies signalling responses. Ga and Gy subunits can also associate with
scaffolding proteins that regulate their signalling profiles. b | A schematic of GPCR
scaffolding proteins that have key roles in the regulation of GPCR signalling and are also
involved in forming higher order, tightly regulated signalling complexes, termed
signalosomes. These scaffolds can be divided into three broad categories: PDZ scaffolds,
which associate with the distal portions of GPCR carboxyl termini and can couple the
GPCR to various signalling proteins such as kinases (for example, protein kinase C (PKC)),
phospholipases (for example, phospholipase C (PLC)) and ion channels; non-PDZ
scaffolds, such as A kinase anchor proteins (AKAPs), which bind to the cytoplasmic face
of GPCRs and also associate with multiple signalling partners including kinases (for
example, PKA and PKC), phosphatases (for example, serine/threonine-protein
phosphatase 2B (PP2B)) and intracellularly localized receptors (such as inositol
1,4,5-triphosphate receptors (InsP,Rs) in the endoplasmic reticulum; not shown); and
arrestins, which associate with many GPCRs, disrupting G protein—-GPCR interactions
and driving GPCR internalization via endocytosis, and act as scaffolds to facilitate
multiple interactions between GPCRs and cytoplasmic signalling proteins in a G protein-
independent manner. Of note, GPCRs themselves can serve as scaffolding proteins for
other membrane proteins, including other GPCRs and receptor modifying proteins, as
exemplified by receptor activity-modifying proteins (RAMPs) (not shown). JLP, JNK-
associated leucine-zipper protein (also known as SPAG9); KSR1, kinase suppressor of
RAS1; STAT, signal transducer and activator of transcription.

The 16 Ga subunits can be classified into 4 major Go fam-
ilies (G, G, G, and G,,,;) that regulate key effectors

(for example, adenylyl cyclase, phospholipase C, etc.) and
the generation of secondary messengers (for example,

cAMP, Ca*, inositol 1,4,5-triphosphate (Ins(1,4,5) P,),
etc.), which in turn trigger distinct signalling cascades. It
is now well established that numerous distinct receptors
can couple to the same Ga protein and that the same
receptor can also couple to more than one Ga protein.
Gpy subunits have both regulatory and signalling func-
tions, including, for example, serving as scaffolds for
receptor kinases and as modulators of ion channels®.
More recently, our understanding of G protein activation
has progressed to include ligand-dependent effects on
G protein conformation that are linked to signalling effi-
cacy”'’. Advances in cloning and sequencing and global
approaches to identification of other GPCR-protein
interactions''* have further expanded the repertoire
and/or complexity of potential consequences of GPCR
activation. The most abundantly studied of these
GPCR interacting partners are arrestins, which serve
as negative regulatory proteins for signalling through
G proteins (by blocking the activated receptors from
binding to heterotrimeric G proteins (signalling desen-
sitization) and by targeting ligand-occupied GPCRs for
endocytosis). However, they can also function as scaf-
folds for initiation of additional signalling, prominently
including activation of various MAPKs, such as ERK".
The latter is often termed ‘arrestin-dependent, G protein-
independent’ signalling', although the extent to which
such signalling may require initial G protein recruit-
ment, or can be modulated by G protein-dependent
signalling, is still under study'*. For example, a thought-
provoking recent study on the requirement for G pro-
tein for arrestin-mediated signalling has revealed that
signalling (ERK phosphorylation), mediated by arres-
tin may require G protein, but that arrestin-dependent
receptor internalization can be achieved in the absence
of functional G protein'®. Indeed, arrestin engagement
by GPCRs may occur in the absence of receptor activa-
tion owing to heterologous phosphorylation by second
messenger kinases'®, and these behaviours need to be
understood when developing novel GPCR ligands.
Given the near universal importance of GPCRs in
normal development and physiology, it is not surprising
that perturbations in GPCRs and/or their transducers
can have major roles in the initiation and progression
of disease. Currently, ~30% of approved drugs target
GPCRs, but these drugs act at only a small subset of
the GPCR repertoire'”'%, and there is intense interest in
further pharmaceutical exploitation of these proteins'®.
Nonetheless, lack of expected clinical efficacy remains
a major cause of GPCR drug failure that is indicative
of important gaps in our understanding of GPCR sig-
nalling and, in particular, their response to specific
ligands. The current obstacles to successful pharmaco-
logical targeting of GPCRs include the disease-specific
variability in drug efficacy that occurs in a signalling
pathway-dependent manner, disease heterogeneity, the
state of disease progression and the variation in recep-
tor behaviour associated with polymorphisms in
receptor sequences within the human population'".
In the past decade, and particularly in recent years, there
has been a leap in our understanding of the complex-
ity of the mechanisms and dynamics of GPCR function
that promises to provide new paths to both identification
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Fig. 2 | Mechanisms of ligand-induced biased agonism. a| A schematic illustrating
conformational dynamics occurring in G protein-coupled receptors (GPCRs). GPCRs can
move between various inactive-like (R, R” and R’’) and active-like (R* and R**) states. This
can occur in the absence of ligand (Apo, black line); however, the energy barrier to
achieving these states makes their occurrence a low probability. Addition of agonist or

G protein (blue line) can decrease the energy required to reach active states, but full
conformational change is favoured by the addition of both agonist and G protein (green
line). b—d | Biased agonism can arise via multiple mechanisms. Distinct ligands induce
different conformations within the receptor, resulting in different recruitment profiles for
effector proteins such as G proteins and arrestins (part b). Ligand-induced receptor
conformations can promote different conformational changes within scaffolding
proteins such as arrestins, which in turn promotes activation of different downstream
signalling pathways (for example, different MAPKs) (part c). Different ligands can induce
distinct conformational rearrangements within G proteins that result in differences in the
rate of GTP-GDP exchange. Ligands that induce a faster rate of GTP association (and
hydrolysis) (top panel) allow quantitatively more G protein and downstream signalling
events per unit of time than ligands that induce a slow rate of exchange (bottom panel)
(partd). P, inorganic phosphate.

and development of novel GPCR drugs and translational
understanding of how these can be optimally used for
therapeutic intervention. Among the foremost of these
developments is recognition that GPCR ligands can
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exhibit biased agonism, the ability of individual ligands
acting at the same receptor to initiate diverse cellular
outcomes. In this Review, we outline recent advances in
our understanding of the mechanistic basis for receptor
activation and biased agonism.

Complexity of GPCR signalling

Historically, GPCRs were viewed as quiescent proteins
that require activation by an agonist, which allows them
to act as selective conduits between a physiological
(or pharmacological) ligand and a specific G protein
transducer pathway. Consequently, GPCR subtypes are
still often classified according to both their activating
ligand and their preferentially recognized subfamily of
G proteins. Nonetheless, most, if not all, GPCRs can cou-
ple to multiple transducer and modulatory proteins as a
consequence of the conformational dynamics intrinsic
to all these proteins™*' (FIC. 2).

Conformational dynamics of GPCRs and diversity in
GPCR signalling. GPCRs are allosteric proteins that
allow communication from the outside to the inside
of cells. To achieve this, they sample multiple confor-
mations, even in the absence of activating ligands (the
apo state) (FIG. 2a). Endogenous ligands and drugs alter
these receptor conformational dynamics, affecting the
temporal and spatial profile of transducer and regulatory
protein engagement. There is now evidence that this
conformational plasticity can profoundly influence
responses that are elicited by a given ligand*>***. Ligand
behaviour can be described by two key parameters:
affinity (the ability to bind) and efficacy (the functional
consequence of binding) (BOX 1). Our understanding of
the complexity of GPCR responses has evolved from
a simplistic, linear model of agonist efficacy — where
all signalling is proportional — to a model that encom-
passes the pluridimensionality of receptor-transducer
coupling and transducer activation as well as the con-
cept of biased agonism — the ability of individual
interacting ligands to differentially alter the pattern of
the downstream cellular response'** (BOX 2).
Furthermore, for some receptors, including viral
chemokine receptor GPCR homologue US28 (REF.),
dopamine receptors”, and 5-hydroxytryptamine
receptor 2C (5HT2C)%, ligand-independent signalling
(constitutive activity) that can often be unmasked by
overexpression or mutation of the GPCR can also be
observed. This implies that GPCRs have been selected
to exhibit a broad spectrum of intrinsic quiescence ver-
sus constitutive activity according to functional need.
Biophysical and biochemical studies have confirmed
that the level of constitutive activity exhibited by indi-
vidual receptors is linked to their conformational
dynamics and is modulated by the strength of interac-
tions between amino acids within the transmembrane
core of the receptor, particularly between the conserved
polar amino acids that form interaction networks at the
base of the receptor™**’. Constitutive activity of GPCRs
can be modulated both physiologically, through changes
to expression of receptor or transducer, RNA splicing
or RNA editing (as noted for 5HT2C”), or through
post-translational modifications, and in disease, when
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Box 1| Understanding drug behaviour for clinical translation

To contextualize new advances in understanding structure—function relationships in G protein-coupled receptors
(GPCRs), we must first consider how we describe and classify drug behaviour and define those components that are
intrinsic to the bi-molecular interaction between ligand and receptor relative to those that may be cell-type-specific,
organ-specific or even disease-specific (so-called system-dependent parameters).

Modelling signalling output

In its simplest form, the action of a drug can be separated into two key parameters: the ability of a drug to bind to the
receptor (affinity) and its ability to trigger a cellular response upon binding (efficacy). A common pharmacological model
for describing drug action at the receptor and cellular level is the operational model of agonism'’é, which ascribes a
functional affinity and efficacy value to an observed response. This was originally applied to quantification of
physiological measures, such as changes in whole organ responses, with the functional affinity value (K,) representing a
macroscopic composite of all true microscopic affinities for each physical ligand-receptor—transducer complex making
up the conformational ensemble. The efficacy parameter (1) in the operational model is a composite measure subsuming:
the strength of interaction between each ligand-receptor complex that determines receptor coupling to a transducer
protein to initiate a cellular signalling stimulus; the efficiency with which the stimulus is processed by cellular signalling
pathways; and the total number of receptors mediating the observed response. By contrast, clinical efficacy is the
observed, whole body outcome of integrated cellular responses across all target tissues upon administration of any
pharmacological agent. At the most fundamental level, differences in drug behaviour are driven by the distinct chemical
interactions between ligand and receptor, which determine the conformational sampling of the ligand-receptor complex
to influence both transducer and regulatory protein interaction and transducer activation. This behaviour is independent
of cellular context, and quantification of individual pathway efficacies in a chosen cell type can allow phenotypic
clustering of drug chemotypes (see also below). Nonetheless, such surrogate measures of drug behaviour will be distinct
from those displayed in native context, as each cell type will exhibit a unique level of expression, repertoire of receptors
and composition of transducer, scaffolding and regulatory proteins that combine to determine cellular and tissue
response. Moreover, this response can be further diversified by disease-specific changes to the proteins and the cellular

Arrestins

A family of intracellular
transducers that can act as
G protein-coupled receptor
modulators by blocking

G protein-mediated signalling,

promoting receptor
internalization and activating
G protein-independent
signalling pathways.

Agonist

A molecule that binds to and
stabilizes the receptor in an
active conformation, thereby
resulting in an intracellular
response.

environment. Successful drug discovery and development requires both an understanding of the full spectrum of drug
behaviour and the ability to predict those properties in a manner that can bridge preclinical and clinical efficacy.

Overcoming translational barriers

Knowing that we have an incomplete understanding of the cellular consequence of GPCR drug action, how can we
overcome the barrier of their pharmacological diversity? Observed bias can, and does, change with time, and it varies
according to the breadth of end points used to analyse drug action. An increasingly popular approach is broad assaying
of drug behaviour to cluster compounds into functional chemotypes®®'**"*%2. The most advanced of these types of
approach can interrogate over 30 end points of GPCR function, including kinetic measurement of effects on G protein
recruitment and activation, signalling via second messengers and regulatory kinases and alterations to receptor
trafficking. The functional chemotypes determined with these methods'*"'** can now be linked to clinical drug behaviour
(M. Bouvier, personal communication). Incorporating a minimum panel of diverse measures that can define a meaningful
functional chemotype during compound validation, hit-to-lead and candidate nomination pathways that occur within a
drug discovery pipeline may improve preclinical to clinical translation through greater pharmacological understanding
of the drug leads entering into trials. Most importantly, though, insights from structural studies are now leading to the
design of compounds with specific efficacies’?, and solution of new structures of these designer ligands in complex with
target receptors, combined with broad cellular assessment of receptor function, will provide increasing insight into the
interactions that selectively alter receptor dynamics, leading to desired signalling profiles.

alterations to these mechanisms, such as by mutation of
active-conformation-stabilizing amino acid networks or
via alterations to the cellular environment (changes to
membrane environment, pH, etc.), can occur™'. Activity
of GPCRs may also be intrinsically regulated, with exam-
ples of receptors that require induced expression (or
chaperones)**~* to reach the cell surface, and receptors
that undergo very rapid turnover, being dynamically
endocytosed and recycled from and to the membrane®.
Pathological constitutive activity can be disease causing,
as observed for the role of the constitutively active mutant
of the parathyroid hormone/parathyroid hormone-
related peptide receptor (PTHIR) in the pathology of
Jansen’s metaphyseal chondrodysplasia* or by the impact
of constitutively active mutants of the extracellular Ca**-
sensing receptor CASR on the loss of Ca?* homeostasis™.
Aberrant constitutive activity can also modify disease,
as illustrated by the role of constitutively active metabo-
tropic glutamate receptor 5 (mGluRS5) in brain alterations
observed in autism spectrum disorder™.

It is now clear that GPCRs exist in multiple inactive
and active conformations, even in the apo state (FIC. 2a).
Studies on rhodopsin have provided clear delineation
of multiple meta-stable conformational states of varying
half-life that are altered during photon-driven isomer-
ization of retinal and receptor activation®. Multiple
ligand-independent and ligand-specific states have also
been observed for other GPCRs**..

An evolving view of ligand pharmacology. The goal
of the vast majority of pharmaceutical discovery and
development programmes is to identify drugs that
either block or promote receptor activation. For a
given readout of activation, an individual ligand can
be typically classified as a full agonist, partial agonist,
neutral antagonist or inverse (full or partial) agonist
(BOX 2). Differences in both the type and the strength
of chemical interactions between distinct ligands and
an individual GPCR can affect ligand residence times,
drive changes in receptor conformation and determine
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Box 2 | Ligand classification, pluridimensionality of signalling and biased agonism

Ligands can be classified according to their binding site on the receptor, with the binding site of the canonical
endogenous agonist termed the orthosteric site and binding sites that are topographically distinct from the orthosteric
site termed allosteric sites. In some cases, orthosteric binding sites and allosteric binding sites can reside in close
proximity, with ligands that can concomitantly bridge these two sites termed bitopic ligands'**. Major outcomes from the
increasing number of G protein-coupled receptor (GPCR) structures is recognition of the diversity of location of
orthosteric and allosteric binding sites (with the location of these sites interchangeable across some receptor classes) and
the observation that most, if not all, GPCRs possess at least one allosteric site'®. Furthermore, allosteric ligands can be
highly diverse, including Na*, which is a negative allosteric modulator of many class A GPCRs, classic small molecule
compounds, antibodies, lipids and lipidated peptides (for example, pepducins)**>*¢. When used as drugs, allosteric
ligands can possess the same spectrum of pharmacological activity as orthosteric ligands, but they establish distinct
chemical interactions with the receptor. As allosteric ligands can bind simultaneously with orthosteric ligands, they can
also alter the pharmacology of the latter, providing novel therapeutic opportunities (reviewed extensively
elsewhere!*%). In effect, when bound to an allosteric ligand, the receptor-ligand complex can be viewed as a novel
receptor with respect to how an orthosteric agonist propagates activation-associated conformational changes, and not
surprisingly, alteration to the profile of transducer engagement is a common feature of many allosteric modulators.

An individual ligand can be typically classified as a full agonist, partial agonist, neutral antagonist or inverse (full or
partial) agonist. The changes in receptor function arise from the specific chemical interactions that each ligand
establishes with its target receptor, which impact the conformational ensemble of the GPCR, shifting the states sampled
and the rate of interchange between conformational states. The efficiency with which the resulting conformational
ensemble subsequently engages with or disengages from transducer—effector pathways thus leads to the
aforementioned traditional phenotypic drug classifications. However, hitherto unappreciated differences in both the
nature and the strength of chemical interaction between distinct ligands and an individual receptor can also drive
changes in ligand residency and in transducer and/or regulator engagement that can vary for every downstream
pathway. This is often referred to as ‘pluridimensional signalling’ and has led to the discovery of biased agonists as drugs
that differentially promote this phenomenon. Although such differences in receptor-ligand complex conformations can
be biophysically measured, these measurements are technically difficult and are often restricted to measurement of
distance changes between a single pair of residues within the receptor.

In practice, the identification of biased agonism occurs via functional measures in cells but can be determined only
when multiple (at least two) signalling end points are measured. Moreover, changes to signalling profiles can be subtle,
requiring both depth of cellular interrogation and quantitative methods for measurement of relative agonist efficacy
across all pathways. Because assessment of signalling bias is based on phenomenological readouts, the result can vary
greatly according to cellular background and the nature of the response. Furthermore, biased agonism is always a relative
term that is meaningful only when described relative to any differences from a reference agonist that has been assessed
in parallel in the same assay and cell type. Terms such as unbiased ligand or balanced ligand, when used to describe a
ligand with equivalent potency and/or efficacy in two different assays, can be problematic when system-dependent end
points are measured (for example, cAMP accumulation versus arrestin recruitment), as alterations to the system
background can change such relative potencies (for example, increased expression of G protein or altered expression of a
GPCR kinase, which is linked to efficiency of arrestin recruitment). Thus, while biased agonism can be demonstrated from
only two measures of cellular response, for example, G protein-mediated signalling versus arrestin-mediated signalling,
this can provide only a very limited understanding of the potential pharmacologies of studied drugs. Consequently, if the
two end points, even if different, are not the only (or worse, are not directly related to) therapeutically relevant signalling

Bioluminescence resonance
energy transfer

(BRET). A biophysical
technique combining a photon-
emitting bioluminescent
luciferase and an acceptor
fluorescent protein, which is
used to monitor changes in
intramolecular and
intermolecular proximity.

Fluorescence resonance
energy transfer

(FRET). A biophysical technique
combining a donor
chromophore and an acceptor
chromophore, which is used

to monitor changes in
intramolecular and
intermolecular proximity.

outputs, clinical translation will remain problematic.

transducer and/or regulator engagement, resulting in
biased agonism.

While there has been general agreement that the
fundamental basis for biased agonism is ligand-specific
changes to GPCR conformation’-*, until recently, the
classical view has been that differential signalling by
a particular ligand (and alterations to drug efficacy)
arises from the differences in efficiency of recruitment
of the different transducers to the specific ligand-
receptor complex conformation (FIC. 2). New studies that
used bioluminescence resonance energy transfer (BRET)-
based and fluorescence resonance energy transfer (FRET)-
based conformational biosensors embedded within
subdomains of specific G proteins™'** or arrestins****
have now revealed that the conformational differences
in ligand-receptor complexes are also propagated to the
transducers. For arrestins, such conformational changes
influence the interaction with potential scaffolded part-
ners. For G proteins, these changes influence the rate
of GTP binding as well as G protein residence times in

GPCR-bound complexes and, thus, G protein turnover,
thereby modulating the activation of their downstream
signalling targets (FIC. 2). Furthermore, the nature of the
GPCR-arrestin interaction is at least partially dependent
upon phosphorylation of conserved motifs on the recep-
tor by either GPCR kinases (GRKs) or second messenger
kinases®. There is accumulating evidence that indi-
vidual ligands can induce specific patterns of receptor
phosphorylation (termed phosphorylation barcodes®)
linked to specific GRK recruitment'** that control both
the strength of arrestin interaction with the GPCR and the
subsequent recruitment of downstream effectors'***->2,

Structural basis of GPCR signalling

Advances in GPCR structure determination and bio-
physical measures of GPCR dynamics are now providing
key insights into how GPCRs are activated by both cog-
nate ligands and pharmacological agents. While details
vary between GPCR classes and even between closely
related receptors, the propagation of conformational
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e Ligands bind to different regions near the
ligand-binding cradle of the receptor

e Diverse ligand interactions trigger distinct
conformational changes across the receptor

e Activation signals converge near the
transducer-binding region of the receptor

¢ Conserved rewiring of non-covalent receptor
contacts exposes G protein-binding residues

e Receptor coupling is guided by a selectivity
barcode specific to each of the 16 Ga. proteins

e Different receptors can read the same
barcode using distinct regions and
conformations

¢ GPCR binding induces GDP release and
G protein activation

e Disruption of the H1-H5 interaction and
H1 unfolding are conserved mechanisms
linking GPCR binding to GDP release

Fig. 3| Conserved residue contact networks between class A GPCRs and G proteins.
The G protein-coupled receptor (GPCR) and the G protein have been depicted in grey in
cartoon and surface representations. Binding of ligands near the ligand-binding cradle in
the receptor triggers distinct conformational changes in different receptor regions
(schematically represented as black circles). These changes converge near the effector-
binding region of the receptor through a conserved rewiring of non-covalent contacts
among key receptor residues (represented as circles and labelled according to GPCR
Database nomenclature. Engagement of these residues exposes receptor regions
capable of recognizing a conserved G protein selectivity barcode (a pattern of amino
acids specific to a given G protein; shown as a barcode logo). Binding to the receptor
triggers a universal G protein allosteric mechanism that uncouples interactions between
the a1 helix (H1), the a5 helix (H5) and the GDP-binding site of the Ga subunit and leads
to GDP release. This allows GDP exchange for GTP and activation of the G protein.
Connections between residues reflect inactivating (orange lines) and activating (green
lines) contacts between them. Green dashed lines indicate that activation signals do not
occur through direct contact.

changes arising from agonist engagement converges
at the intracellular face of the receptor and leads to a
conserved outward movement of transmembrane helix
6 (TM6) that allows transducer recruitment and acti-
vation. Nevertheless, despite conserved mechanisms of
transducer engagement, downstream signalling from
GPCRs can vary considerably depending on the con-
text. Here, we analyse the three best studied classes of
GPCR, focusing on structural details that determine
their signalling and contribute to biased agonism.

GPCR kinases

(GRKs). G protein-coupled
receptor (GPCR)-regulating
protein kinases that
phosphorylate intracellular
receptor sites and modulate
the ability of GPCRs to interact
with G proteins and other
intracellular transducers.

Transducer mimetic

A non-functional protein such
as a camelid nanobody that
binds within the transducer-
binding cleft of an activated
receptor to induce structural
reorganization of the receptor
similar to that induced by
functional transducers (for
example, G proteins).

Class A GPCRs. Class A GPCRs are the most abundant
GPCR subfamily, and this is reflected in the number
of unique receptor structures solved for the members of
this class. Despite the vast diversity in their size and
architecture™, a detailed analysis of several GPCR struc-
tures has revealed common, conserved, non-covalent
contacts between equivalent receptor residues in the
TMD, termed molecular signatures, which are linked

to receptor quiescence and transition to activation
(FIC. ). The existence of a ligand-binding cradle has
also been determined*. Although the structures of
numerous receptors have been solved, there are very
few receptors for which structures of both the agonist-
receptor-transducer (or transducer mimetic) complex
and the inactive, antagonist-bound or inverse agonist-
bound state are available. Receptors solved in these
two states include rhodopsin, p2-adrenergic receptor
(B2-AR), muscarinic acetylcholine receptor M2
(mAChR), adenosine receptor A2A, p-type opioid recep-
tor (1-OR) and k-type opioid receptor (k-OR)’. There
are common general features that can be drawn from
these structures. For example, the extracellular face of the
receptor undergoes contraction upon agonist binding,
and this contraction is allosterically linked to the opening
of the transducer-binding site. Moreover, this allosteric
mechanism is reciprocal, also working in the oppo-
site direction, whereby the binding of the intracellular
transducer fosters ligand-binding site closure®.

An analysis of non-covalent contacts between equiv-
alent residues of the available structures in the active and
inactive conformations has also revealed that, despite the
diversity in the conformational changes near the ligand-
binding region between receptors, the changes converge
near the G protein-coupling region (FIC. 3). This conver-
gence is mediated by a highly conserved structural rear-
rangement of residue contacts between TM3, TM6 and
TM?7 that exposes G protein-contacting residues™. This
permits interaction with subdomains of the Ga subunit,
including the carboxy-terminal a5 helix that is inserted
deep within the receptor, as seen in the solved active state
structures. These interactions promote nucleotide exchange
and enable G protein activation. This convergence may
possibly explain how the conformational changes initiated
by ligands that are very structurally diverse enable GPCRs
to bind a common repertoire of transducers.

It is clear that reorganization of receptors to a fully
active state is not related to agonist binding alone but
rather reflects changes to receptor dynamics that are
driven by both the agonist and the transducer™”'. This
reorganization is sometimes referred to as a ‘loose
allosteric coupling’ and is based on the concept that
the receptor can explore multiple inactive, intermediate
and active-like states in the absence of a bound ligand
(FIG. 2a). This loose allosteric coupling can be visualized
in molecular dynamic simulations that examine the
stability of the active receptor-agonist complex follow-
ing G protein removal, as illustrated for the f2-AR-G;
structure. These simulations revealed that the receptor
could revert to an inactive-like conformation, even in
the presence of agonist”. Nonetheless, multiple poten-
tial meta-stable conformations were sampled during
the simulation, in particular, conformations associated
with changes to TM7, where TM6 was still retained in an
active-like conformation. This is consistent with NMR
studies implicating relative differences in the position-
ing of TM5 and TM7, but not necessarily TM6, in states
of the f2-AR favoured by agonists’*** and with the idea
that interactions with the transducers are required for
the receptor to acquire a fully active state’**. Recent data
suggest that G proteins can also form non-functional
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interactions with receptors that can prime the receptor
for activation®®'. Such data also provide evidence that,
besides the conserved deep binding of the a5 helix of
the Ga subunit into the receptor core, other important
interactions between the receptor and the G protein can
be established. Nonetheless, this conserved, deep inter-
action between the GPCR and the G protein is likely
required for G protein activation, as it contributes to
the allosteric conformational changes required for full
nucleotide exchange®>*.

The expanding availability of solved receptor struc-
tures and their complexes with signal transducers
has also allowed a more systematic analysis of recep-
tor-transducer coupling and of how downstream
G proteins are activated. Analysis of receptor-bound
and unbound G proteins, together with a detailed inves-
tigation of sequence conservation among Ga subunits,
has helped elucidate a universal allosteric mechanism
for Ga activation by GPCRs®* (FIC. 3). This was further
facilitated by the development of a common Ga subu-
nit numbering (CGN) system that allows identification
of equivalent residues across the different G proteins®.
Ga proteins contain a RAS domain (named for its
homology to the small G protein RAS). Short segments
within this domain undergo disorder-to-order tran-
sitions as part of the G protein activation mechanism
(initially described for the activation of RAS), and these
changes could provide a mechanism that is compatible
with conserved allosteric activation pathways and the
selective binding of the G protein to specific recep-
tor types. In more detail, following recruitment to the
receptor, the carboxy-terminal part of the a5 helix in
the Ga subunit adopts a more ordered helical structure,
which is required to expose residues responsible for the
tight and specific binding of different Ga subtypes to
the GPCR. Molecular dynamics simulations indicate
that removal of GDP from Ga subunits is sufficient to
allow this helical ordering of the a5 helix® and suggest
that nucleotide release precedes full engagement of
the G protein by the receptor. Indeed, in the inactive
G protein, GDP is in direct contact with the a5 helix
and also with the al helix. The al helix is allosterically
linked to nucleotide release via an increase in flexibility
resulting from the disorder-to-order transition of the
a5 helix described above. Thus, recruitment of the G
protein to the GPCR could drive GDP release mediated
by allosteric effects from the receptor, and this in turn
could allow subsequent full engagement of receptor and
G protein through the rearrangement of a5 helix. This
might potentially explain how the GPCR-Ga system
can be so diverse while conserving a common allosteric
activation mechanism across the different G proteins®.
Recent studies have also sought a structural explanation
for why particular receptors have the ability to couple
to some G protein types and not others, a question that
until recently had remained elusive. A detailed sequence
and structural analysis of human GPCRs and G proteins
revealed the existence of patterns of amino acids, termed
G protein selectivity barcodes, on each of the 16 human
Ga proteins that can be recognized by distinct regions
on the approximately 800 human receptors. Importantly,
some of the positions in the barcode are highly
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conserved, whereas others are unique to the individual
G proteins. While the highly conserved positions in the
selectivity barcode allow the receptors to bind and acti-
vate G proteins in a similar manner, the unique positions
are recognized by specific receptors through distinct res-
idues, and only some barcodes can be recognized by any
given receptor. This situation could be compared with
a scenario of having multiple keys (receptors) opening
the same lock (G protein) using non-identical patterns.
Furthermore, it was shown that studying the evolution-
ary history of GPCRs allows the identification of these
selectivity-determining residues on the receptor™.

Beyond G protein engagement, there is increasing evi-
dence, at least for class A GPCRs, that the conformation
of TM7 and, in particular, that of its conserved NPXXY
(in single letter amino acid code, where X is any amino
acid) motif can contribute to the efficiency of arrestin
coupling and activation and consequently to the observed
signalling bias between agonists®>**-, This is supported
by spectroscopy studies of f2-AR in complex with ago-
nists with divergent pharmacology, particularly those that
activate both G protein and arrestin signalling and those
biased towards arrestin recruitment®. In that study, in the
absence of transducer, G protein-competent and arrestin-
competent ligands altered conformations of both TM6
and TM7, whereas those that exhibited limited G protein
engagement and favoured arrestin-mediated signalling
primarily altered only the TM7 conformation. Similarly,
the differential recruitment of arrestin to k-OR versus
u-OR by the ligand 3-iodobenzoyl naltrexamine (IBNtxA)
could be altered by mutation of a key residue in TM7
(Y/W7.35; singleamino acid code numbered according to the
Ballesteros and Weinstein class A numbering scheme®).
This mutation induced subtle changes in ligand orientation
across the two receptors, suggesting that this difference
in ligand-binding pose, and in the strength of chemical
bonds between ligand and receptor, is sufficient to alter
key components of the intramolecular allosteric networks
within the receptor that govern selective signalling®.
A role for TM7 conformational changes has also been
proposed for the differential engagement of transducers
by 5HT1B and 5HT2B stimulated by a promiscuous ago-
nist ergotamine. This ligand activated both G protein and
arrestin pathways downstream from 5HT1B and primarily
activated arrestin-mediated signalling downstream from
5HT2B. In this case, a key difference was the extent of
conformational change to TM7 (REF.). Additional insights
into mechanisms governing arrestin recruitment arise
from the crystal structure of 5SHT2B bound to lysergic acid
diethylamide (LSD), whereby a single point mutation in
extracellular loop 2 (ECL2; connecting TM4 and TM5)
that reduced interaction with LSD and increased ligand
off-rate markedly attenuated arrestin recruitment”’".
Interestingly, combining this knowledge with previous
information on biased agonism at dopaminergic receptors
allowed the identification of a set of polypharmacological
compounds exhibiting B-arrestin bias’.

It is known that differentially phosphorylated
carboxy-terminal peptides that mimic phosphorylated
receptor carboxy-terminal tails can induce distinct
arrestin conformations in regions responsible for pro-
tein scaffolding”>”*. Thus, an additional mechanism
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Inhibitory antibody

An antibody directed against a
G protein-coupled receptor
that inhibits receptor
activation.

for bias may be related to ligand-specific differences
in coupling of the receptor-ligand complex with dif-
ferent kinases, which in turn alter patterns of receptor
carboxy-terminal phosphorylation (phosphorylation
barcode). Very recent work has shed additional light
on the complex relationship between phosphoryla-
tion of the receptor carboxy-terminal tail and arrestin
recruitment, with evidence for allosteric modulation of
the receptor core by the phospho-carboxy-terminal tail,
which regulated arrestin binding to the core of f2-AR™.
Many GRKs require interaction with the By subunit of
the G protein, providing a potential explanation as to
why arrestin signalling requires G protein binding to the
receptor. Notably, ligating the same phosphopeptide to
different class A GPCRs has been shown to elicit distinct
effects on arrestin engagement with the receptor’®. These
differences in arrestin engagement by phosphorylated
receptors could be explained by the fact that at least two
major conformations exist for arrestin-GPCR inter-
actions: a tail conformation and a core conformation,
which differ for different arrestin-GPCR pairs. The tail
conformation arises from interaction of arrestin with the
phosphorylated carboxy-terminal tail of the GPCR™ and
is compatible with concomitant GPCR-G protein inter-
action”’. In the core conformation, in addition to the
interaction with the tail, arrestin establishes interactions
with the receptor core through a finger-loop domain, as
illustrated by the rhodopsin-arrestin crystal structure’.
These two conformations have been linked to specific
functions of arrestins (arrestin in tail conformation was
shown to be functional in GPCR internalization and
some forms of signalling, whereas receptor desensitiza-
tion was attributed to the core conformation)®. It will be
important to understand the extent to which the recep-
tor carboxyl tail (or intracellular loops) undergoes struc-
tural reorganization upon phosphorylation to influence
both receptor and transducer conformations. Currently,
these regions are often excluded from structural analyses
to limit receptor flexibility, although recent work with
minimally modified class B GPCRs**’*” indicates that
the receptor carboxyl tail is conformationally dynamic,
at least in a G protein-bound state.

Most studies that link protein structure to biased ago-
nism have been limited to the primary G protein trans-
ducer of the target receptor and arrestin recruitment, and
this limits our understanding of the spectrum of ligand-
mediated conformational switching that contributes to
biased signalling. As a consequence, there has recently
been substantial interest in developing multiplexed
approaches to interrogate changes to GPCR function
(BOX 1). The power of using a broader range of measures
of GPCR function is illustrated by a recent study that
combined evolutionary trace analysis to predict, and
subsequently mutate, 28 amino acids in the f2-AR that
may be involved in the distinct conformational networks
that govern biased signalling®®. Through assessment of
constitutive and agonist-induced G protein recruitment,
G protein activation, arrestin recruitment and receptor
endocytosis, this work provided additional evidence
for the predominant importance of conserved motifs
in TMY7 in the differential ability of f2-AR to engage
different transducers.

Class B GPCRs. Class A GPCRs display considerable
diversity in the size and architecture of their amino-
terminal extracellular domains (ECDs). By contrast,
class B1 peptide hormone GPCRs share ECDs that are
approximately 100-150 amino acids in length and form
a conserved 3D fold that binds the carboxy-terminal
segment of activating peptide ligands®. Recent struc-
tural studies have provided major advances in our
understanding of the activation of class B1 GPCRs and
first insights into the mechanisms that can contribute
to biased agonism. These receptors are maintained in
inactive states by a series of conserved, polar, hydrogen-
bonded amino acid networks at the base of the receptor,
which are observed in inactive state structures of the iso-
lated TMD?®'-% (FIC. 4a). Additionally, there is evidence
that domain-domain interaction between the amino-
terminal ECD and the transmembrane receptor core
may support receptor quiescence®>*.

In the past year, multiple structures containing both
the ECD and the transmembrane core have been solved,
including receptor complexes with an inhibitory antibody®
and partial agonists*>* as well as three structures of full-
length receptors in complex with both peptide agonists
and the heterotrimeric G, protein**’%”, making this
the richest receptor class for fully active, G protein-
bound structures. Comparison of TMDs of the inactive
state structures with the agonist-receptor-G protein-
bound structures of the calcitonin receptor (CTR)”* and
glucagon-like peptide 1 (GLP-1) receptor (GLP-1R)"*"*
revealed common large-scale changes in the trans-
membrane core architecture upon binding of peptide
agonists. These included marked kinking and an out-
ward movement of the extracellular ends of TM6 and
TM7 and an inward movement of the extracellular top
of TM1. These changes are unique to class B GPCRs,
but as observed for class A GPCRs, they are translated
into the outward movement of TM6 at the base of the
receptor. This event is conserved across all GPCR classes
and allows accommodation of the a5 helix of Ga. These
large-scale changes occur around conserved class Bl
motifs, including the Pro®*-X-X-Gly**® (superscript
numbers refer to the class B GPCR transmembrane core
numbering system®) in TM6, Gly”** in TM7 and Gly'4®
in TM1.

Comparison of fully active, G protein-bound GLP-1R
with the recent structure of the related glucagon receptor
(GCGR) bound to a partial agonist, in the absence of
G protein®, may provide clues to the sequence of confor-
mational changes that are required for G protein engage-
ment for class B GPCRs. In the partial agonist-GCGR
structure, the receptor displays only a subset of the
transmembrane core changes observed in the G protein-
bound structures. Specifically, while there is a reorgan-
ization of ECL1 and ECL2 and an outward movement
of TM6 to accommodate peptide binding, TM1 and
TM?7 are not kinked, and the base of the receptor over-
laps with the structure observed for inactive receptors.
While we do not yet understand the sequence of events
that drive full receptor activation, structures of GLP-1R
bound to an 11-mer peptide agonist* and an allosteric
inhibitor** provide additional clues as to the minimal
conformational changes that may allow adoption of a
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Fig. 4 | Conformational changes in class B and class C GPCRs required for G protein
coupling. a| The inactive homology model of glucagon-like peptide 1 receptor (GLP-1R),
based on the inactive structure of the related glucagon receptor (left) and active,
exendin-P5-bound GLP-1R structure' (right), highlighting key amino acid side chains
that undergo reorganization during activation transition. These are grouped according
to their function and displayed in distinct colours. Prominently, polar, hydrogen-bonded
interactions at the base of the receptor are broken or reorganized in the active state.
Clear differences in the organization of the hydrophobic network can also be observed
between the inactive and active receptor structure. Class B G protein-coupled receptor
(GPCR) activation is also associated with conserved changes in the orientation of
transmembrane (TM) helices, an outward movement of the extracellular ends of TM6 and
TM7 and an inward movement of the extracellular end of TM1. These changes culminate
in an outward movement of TM6 at the cytosolic side, which supports accommodation of
the transducer. b | A schematic of class C GPCR activation. These receptors are
functionally dimeric (homodimer form shown) and bind ligand (green circle) via the large
extracellular ‘venus fly trap’ (VFT) domain. Notably, the VFT domain spontaneously
oscillates between open and closed conformations. Agonist binding leads to
conformational changes in the VFT domain that support the closed conformation of the
VFT, and these alterations are linked to repositioning of the TM domain bundles from the
two receptor subunits towards each other. As a result, these transitions induce an
asymmetric conformational change in one protomer that enables G protein binding.

The structural details behind these transitions are not known. The purple circles indicate
cysteines in the TM bundle or cysteine-rich linker domain. H8, helix 8.

fully active state. Each of these latter structures exhibits
key features of the fully active state in the organization
of the extracellular segment of the receptor core, includ-
ing reorganization of ECL2, outward movement of TM6
and TM7 and inward movement of TM1. Both struc-
tures were modified in key transmembrane segments to
allow receptor stabilization and crystallization. In the
GLP-1R inhibitor-bound structure, a disulfide bond
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was introduced between TM6 and TM5, which resulted
in the breaking of interactions that stabilize the inac-
tive state, implying that this breakage may be sufficient
to drive structural change in the absence of other con-
straints. In the 11-mer-agonist-bound structure, the
Pro-X-X-Gly motif in TM6 had been mutated, and this
may also contribute to mimicry of the fully active state of
the upper half of the receptor core. It is likely that there is
a coordinated series of interactions between the peptide
and receptor and between the receptor and the G protein
(or other transducer) that are allosterically transmitted
between the intracellular and extracellular domains
and allow adoption of the fully active state. These tran-
sitions are consistent with the loose allosteric coupling
described above for class A GPCRs and correspond
well with biophysical observations of conformational
changes associated with agonist-receptor, receptor-G
protein and full agonist-receptor-G protein complexes
in class A GPCRs™".

The current general model for class B GPCR activa-
tion can be summarized as follows: after initial binding
of peptide agonists, there is reorganization of receptor
ECLs, which accommodates peptide binding to the
receptor core and contributes to propagation of confor-
mational change that is linked to both receptor activation
and biased agonism****2. Within the core of the receptor,
there is reorganization of a conserved central network
of polar amino acids, and mutational data support a
subtle role for this network in peptide-specific signal
bias”. Below this network, towards the intracellular face
of the receptor, are hydrophobic residues that stabilize
both the inactive and the active (G protein-complexed)
states, although these processes occur via distinct inter-
actions. Receptor activation is associated with breakage
of key polar networks at the base of the receptor; this
is required for TM6 movement and G protein interac-
tion*7%7%%4% (FIG. 4a). The dynamics underlying these
conformational changes are not currently understood.
However, mutational data support a role for redistribu-
tion of conserved, polar or tightly packed small amino
acids in this transition”. The recent structures of the
GLP-1R bound to its primary physiological ligand, GLP-1
(REF”), or the biased agonist exendin-P5 (REF*) have also
provided new insight into the structural basis of efficacy
and biased signalling at this receptor, revealing key dif-
ferences in the conformation of ECL3 and the top of
TML1 of the receptor, when bound by the different ligands.

Intriguingly, all G protein-complexed structures
solved to date exist in monomeric forms. However, there
is robust evidence that class B1 GPCRs undergo both
homodimerization and heterodimerization and that
this is functionally important, as disruption of dimeriza-
tion is associated with reduced agonist potency for canon-
ical G, coupling with the receptor®’. Dimerization may
also contribute to the biased profiles of agonists” and to
alteration of cellular response to agonists in select class B
receptor heterodimers’, though this has not yet been
extensively investigated. The limited data suggest that
the receptors are dimeric upon initial interaction with the
ligand, which contributes to high-affinity binding, but
that these dimers are destabilized upon activation and
G protein interaction, which may favour preferential
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Protein signalosome

A spatially restricted group of
transducers and/or regulatory
proteins that jointly produce a
specific signalling output.

Chemotype

A chemical description of a
molecule that allows
identification of the similarities
and differences in chemical
structure compared with other
molecules.

isolation of the monomeric receptor-G protein complex
in structural studies™***”.

Class C GPCRs. Unlike many other GPCR families,
class C GPCRs are obligate dimers, and this is critically
linked to their activation'*-'*>. For example, the GABA
type B receptor is an obligate heterodimer with one sub-
unit providing the agonist-binding site and the other
providing the G protein-binding domain'®. Class C
receptors contain very large extracellular domains that
comprise a structurally conserved ‘venus fly trap’ (VFT)
module, which acts as the endogenous ligand-binding
site, and an interconnecting domain that is contiguous
with the TMD. VFT modules exhibit varying complex-
ity depending on receptor subtype. Orthosteric agonist
binding to the VFT domain engenders a conformational
shift of the VFT module from an open to closed state,
which in turn provides marked alteration to the position
and orientation of the TMDs within the receptor dimer
that trigger transducer binding'”* (FIC. 4b). FRET studies
of conformational dynamics within mGluRs have indi-
cated that the VFT domains can spontaneously oscillate
between the resting (open) and active (closed) orienta-
tions and that agonists of different efficacies distinctly
alter this equilibrium'”, which serves as a mechanism
driving receptor activation. To date, no structures of
full-length receptors are available, and the nature of the
interaction between TMDs of the dimer that contrib-
ute to receptor activation is still unclear. However,
for mGluR2, cysteine disulfide bridging of the TM4-
TMS5 interface of the dimer subunits prevents agonist-
mediated activation, while TM6-TM6 crosslinking
engenders a constitutively active receptor'”’, which is
consistent with reorganization of the dimeric interface
as part of the activation mechanism. Of note, both posi-
tive and negative modulators that bind in the TMD have
been identified for most class C receptors'®. In the full-
length receptor, most positive modulators lack intrin-
sic efficacy, though they can activate amino-terminally
truncated receptors lacking the ECD, implying that the
ECD contributes to maintenance of an inactive state.
Nonetheless, such modulators can modify the profile
of orthosteric agonist signalling, as has been observed
for CASR!'*, This observation indicates that, in class
C receptors, similar to other classes of GPCR, the
allosteric modulators alter conformational sampling of
the receptor during activation transition®>'"".

Local control of GPCR signalling

Our understanding of GPCR signalling has also bene-
fited from an evolution in appreciation of the impor-
tance of the receptor location within the cell and the
role of the environmental context within each location
(FIC. 5). This local control can include ‘Tateral’ allostery
via interaction with membrane lipids and changes to
lipid composition'*'"* and recruitment of the receptor
into protein signalosome complexes that restrict or alter
effector and regulator interactions with the receptor and
thereby the signalling effect*''*. Moreover, receptor loca-
tion can also influence the functional selectivity of ago-
nists of differing physicochemical properties, whereby
hydrophilic compounds require cell surface expression

of receptors to act but lipophilic compounds may access
spatially restricted receptors located within the cell, as
has been demonstrated for f1-AR>.

Membrane composition. While we commonly refer to
the receptor environment as a lipid bilayer and have pre-
sumed that the plasma membrane is the key signalling
domain, physiological membranes can be very com-
plex, containing up to 1,000 different types of lipid'*>!*°
that can interact directly with receptors and can also
be assembled into microdomains through interactions
with membrane proteins (the most common being
caveolins to form caveolae). Such microdomains can be
enriched with specific transducers, including G protein
subtypes'"’. Differences in lipid composition also alter
membrane curvature, which in turn may influence
GPCR conformational dynamics''®. Notably, GPCRs
can dynamically partition between such microdomains,
leading to alterations in signalling, and this can con-
tribute to observed differences in drug behaviour. An
important example is the -OR, as compartmentalization
of this receptor within distinct plasma membrane sub-
domains has a key role in the distinct pharmacological

response of drugs™.

Receptor trafficking. GPCRs undergo cycles of dynamic
trafficking through different cellular compartments.
This aspect is also regulated by ligand-dependent inter-
actions as part of desensitization of specific signalling
transducers and adoption of alternative signalling
engagement, as well as downregulation of receptor
response, which is accomplished by targeting recep-
tors to degradative pathways. The rates of spontaneous
and ligand-dependent trafficking of receptors between
different membrane compartments are coordinated by
the selective interaction of receptors with the reper-
toire of sorting and transporting machineries. Notably,
receptor trafficking rates show great variability among
GPCRs and can be differentially altered with distinct
ligands'*~'*. These trafficking events are controlled by
conformational sampling of receptor states (and subse-
quent events including post-translational modifications
such as phosphorylation, palmitoylation and ubiqui-
tylation) and have been shown to be specific to ligand
concentration, chemotype and residency time'"~'**. Not
surprisingly, even in the absence of intracellular signal-
ling, agonist-selective differences in the rate and extent
of receptor trafficking can alter the pattern of cellular
response and constitute a component of the pharma-
cological profile of drugs that contributes to observed
cellular efficacy.

Assembly of signalosomes. Although we have under-
stood for many years that GPCRs and other proteins
can assemble into multi-protein complexes and that
this can alter observed receptor function and cellular
response (explicitly exemplified by the signalling at the
neuronal synapse), our appreciation of the importance
of these events for concepts such as biased agonism is
only recently being realized’. The simplest assembly
unit comprises receptor dimers or oligomers, and this
has been discussed extensively elsewhere'**'*. It is

www.nature.com/nrm

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Plasma membrane signalling

Barriers Buffering

Internalization

Microdomains
(for example,
caveolae or

lipid rafts) Plasma

membrane

Local consumption
of the downstream
signal (for example,
cAMP degradation by
phosphodiesterases)

allostery Signalosome

Endosomal

Signalling from other signalling

intracellular sites
(for example, Golgi)

i

Fig. 5 | Compartmentalization of signalling by GPCRs. Signalling by G protein-coupled
receptors (GPCRs) can be spatially (and temporally) compartmentalized to encode
unique responses at the cellular level. This is facilitated by the formation of higher order
protein complexes (signalosomes) around GPCRs and through the signalling of GPCRs at
multiple locations within the cell— apart from the canonical signalling initiated at the
plasma membrane, GPCRs can signal from endosomes after receptor internalization.
They can also be activated by membrane-permeable ligands from intracellular organelles
(including endosomes and the Golgi apparatus). The composition of the lipid bilayer can
also influence GPCR signalling. For example, localization of receptors and their signalling
partners into microdomains (such as caveolae or lipid rafts) can physically influence their
conformation and signalling output through interactions with lipids and membrane
proteins that are enriched in these domains (lateral allostery). Spatial and temporal
dynamics can also be regulated by physical barriers, such as the cytoskeleton, and by
biochemical buffering. An example of this latter process is the buffering of GPCR-
dependent G.-mediated cAMP production, whereby discretely positioned
phosphodiesterases degrade cAMP, acting as local cAMP sinks. This buffering can occur
at various sites within the cell, including at the plasma membrane and the endosomes, to
control cAMP diffusion and to create discrete cAMP gradients within a cell.

worth noting that heteromeric assembly of receptors can
alter transducer engagement or receptor trafficking in
response to physiological ligands'*>'* and that dynamic
changes of one of the receptor partners could contrib-
ute to either disease or disease treatment. GPCRs can
also interact with non-GPCR partners to alter ligand
recognition, transducer engagement and activation, or
receptor trafficking. This includes the interaction of
GPCRs with scaffolding proteins such as AKAPs and
other proteins®>”'%, which are recognized scaffolds
for multi-protein assembly that provide fine control
of signalling (see below). GPCRs can also interact
with membrane proteins such as receptor activity-
modifying proteins (RAMPs)*, melanocortin receptor-
accessory proteins (MRAPs)* and low-density
lipoprotein (LDL) receptor-related proteins (LRP)'?’.
RAMPs, a family of three single-pass transmembrane
proteins, exemplify the spectrum of effects that can
be engendered by such interacting proteins. RAMPs
were originally recognized for their prerequisite role
in trafficking of functional calcitonin receptor-like
receptor (CALCRL)-RAMP1 heterodimers (CGRP)
or adrenomedullin receptors (CALCRL-RAMP?2 or
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CALCRL-RAMP3 heterodimers) to the cell surface, con-
tributing to both escape of CALCRL from the Golgi appa-
ratus and/or endoplasmic reticulum and the formation of
the ligand-binding pocket of these receptors'*. RAMPs
are now recognized as broad partners of GPCRs, includ-
ing those from all major subfamilies*>*. While not widely
required for cell surface expression of GPCRs, RAMPs
can alter receptor regulation, ligand specificity and the
pattern of transducer engagement™. As RAMPs, and
other interacting proteins, are dynamically regulated in
normal physiology and in disease, the impact of these
GPCR partners on receptor function must be considered
in drug screening and development strategies.

Overall, assembly of GPCRs into signalosomes can
provide the cell with very fine control of signalling
events and has been correlated with spatially restricted
signalling''*'*-'*2, very high sensitivity of response'”’
and control of specificity of transducer coupling'*>"**!*>
(FIG. 5). This latter property in particular should be
considered in the translation of biased agonist profiles
measured in receptors expressed via recombinant pro-
tein expression systems versus those exhibited in target
cells in whole organs (healthy and diseased). Moreover,
the assembly of GPCRs into signalosome complexes is
likely to alter their conformational sampling, with the
potential for such interactions to allosterically regu-
late ligand binding, downstream signalling and other
regulatory mechanisms, as has been observed with
RAMP-GPCR interactions™.

Physiological consequences of compartmentalized
signalling. The potential for GPCRs to signal from
intracellular compartments has been traditionally asso-
ciated with arrestin-dependent receptor internalization
and recruitment of G protein-independent transducers
to endocytosed receptors. However, phenomena such
as persistent activation of G protein-dependent path-
ways have alluded to a role for G protein signalling
from sites beyond the plasma membrane'*. Advances
in tools to localize components of signalling complexes
have led to the detection of transducer activation within
different cellular subdomains, and there is evidence of
signalling, apart from endosomes after endocytosis,
also from sites including secretory compartments
(the endoplasmic reticulum and the Golgi apparatus),
the nucleus and mitochondria'”’-'*2, Moreover, exper-
iments to selectively intervene with signalling from
intracellular compartments have demonstrated that this
signalling is physiologically important and can be poten-
tially targeted therapeutically, with prominent examples
for the f2-AR'"!, NK-1 receptor (NK-1R; also known
as TACR1)'*?, CGRP'* and PTHIR"*'*, Intriguingly,
crosstalk between receptors can drive changes in com-
partmentalized signalling, with a recent example of tran-
sient activation of $2-AR, via GBy subunits, modulating
prolonged endosomal PTHIR signalling'*.

Alterations to physiologically important compart-
mentalization of signalling are likely to be disease causing
or disease modifying, as has been demonstrated for -
ARs in heart failure'***!* and melanocortin receptor 4
(MC4-R) in some genetic forms of obesity'**. For exam-
ple, the spatial restriction of f2-AR (and consequent
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Chemogenetically modified
receptors

Genetically engineered
receptors that can be
chemically modified to be able
to alter receptor signalling
properties. These include
receptors selected for their
capacity to interact with
previously unrecognized
ligands.

Optogenetics

A biophysical technique that
uses modified, light-activated
G protein-coupled receptors or
channels to control cells in
living tissue.

cAMP signalling) to the deep transverse tubules
of healthy cardiomyocytes is disrupted in a rat model of
chronic heart failure, leading to diffuse pathologi-
cal cAMP signalling'’. Moreover, the selective ability
of individual ligands of a receptor to regulate recep-
tor transitions between compartments (for example,
between different cellular compartments or between
plasma membrane microdomains) may contribute to
the observed biased agonist profiles*'¥".

Translational considerations

Taken together, the aforementioned advances in
GPCR structural biology have contributed to a more
nuanced picture of the influence of ligand, recep-
tor and signal transducer structural determinants
on signalling and ligand efficacy. Importantly, these
structural insights have pointed to novel ways to mod-
ulate GPCRs in a more refined manner, thus paving
the way for the development of new chemical biology
tools to interrogate receptor function and, most impor-
tantly, for the development of a new generation of
drug candidates.

Understanding the impact of ligand-receptor kinetics
on receptor signalling. Although not explicitly elabo-
rated in this Review, many of the receptor-transducer
interaction and transducer activation properties
described above are a consequence of the kinetics of
ligand-receptor interaction, ligand residency and the
consequent probability of transducer or regulatory pro-
tein engagement. This is a component of the selective,
bi-molecular interaction between individual ligands and
target receptors and has become an increasing focus of
some therapeutic drug development programmes.
Not surprisingly, the classification of observed biased
agonism can change depending on the temporal reso-
lution of the functional readout of signalling, and this
also provides potential rationalization for discrepancy
in ligand classification between different laboratories®.
Ligand residency, in particular, has become an area of
focus in understanding pharmacological differentiation
of compounds, and kinetics of ligand-receptor interac-
tion have been linked to signalling efficacy, pleiotropy
(including arrestin recruitment) and clinical efficacy of
Compoundslzfl,l-'l&flf)().

Identification and progression of biased agonists
in drug pipelines. A key lesson from the increasingly
detailed molecular insights into GPCR behaviour and
consequences of their interaction with drugs is that
GPCR signalling is complex and that, consequently,
drug discovery and development for these receptors
is challenging. Biased agonism can be detected with,
at a minimum, two measures of cellular function (that
is, by monitoring the activity of two independent sig-
nalling outputs), but understanding the nature of the
signalling bias of a drug and its contribution to disease
modulation requires an understanding of the path-
ways linked to both the desired therapeutic efficacy
and potential side effects’'. At best, we currently have
only partial understanding of therapeutic signalling.
So how do we progress? The answer is multi-pronged.

There are increasingly sophisticated studies using
mice with chemogenetically modified receptors or light-
modulated receptors (optogenetics) to specifically alter
receptor signalling and to try to dissect key physiolog-
ical and pathophysiological responses to such altered
signalling'**'%>, These types of study can determine
key signalling components that may be selectively tar-
geted (either activated or deactivated) and they can be
further adopted to models of disease progression. In
fact, in vivo studies using different disease models have
already started to shed light on the relative contribution
of selected receptor pathways to therapeutic effects. Some
efforts in this direction include the characterization of
B-arrestin 2-biased ligands for type 1 angiotensin II
receptor in mouse models of cardiomyopathy'***” and
the in vivo analysis of analgesic and side-effect profiles of
G protein biased compounds in k-OR"*® and p-OR">*'°.
Importantly, a study systematically analysing a collection
of differentially biased ligands of p-OR recently demon-
strated a positive correlation between their degree of
G protein-mediated signalling over arrestin recruitment
(G protein bias) and the width of their therapeutic win-
dow (the balance between therapeutic efficacy and side
effects), providing a framework for the development of
therapeutics with improved clinical effect for this class
of drugs'®’. At the level of drug discovery, we can now
use our knowledge of receptor structure and dynamics,
the capacity to chemically modify the type of biased sig-
nalling and the diversity of drug response to incorporate
multiplexed and kinetic measurements of cellular func-
tion to improve pharmacological clustering of chemo-
types (BOX 1). Distinct pharmacological chemotypes can
then be empirically linked to desired in vivo effects. Such
studies can be incorporated into decision points for drug
candidate selection.

Understanding the impact of disease context on drug
action. Pathological states can modify cellular function,
including through alterations to the local environment
of receptors. One example is changes in membrane
composition, which can be observed in metabolic dis-
eases such as hyperlipidaemia, obesity and diabetes'®*
and in disorders of the central nervous system includ-
ing Alzheimer disease and schizophrenia'®’. Events
such as hypoxia, pH changes and redox alterations and
generalized inflammatory responses can all change the
local cellular environment and thus a potential drug
response'®~'%, One example where such changes occur
is the tumour microenvironment, which is frequently
acidic. Notably, GPCRs contain networks of residues
that can be protonated and are sensitive to altered pH,
with alteration to these networks being consequential
for receptor activation. In particular, select GPCRs are
believed to function as proton sensors via alteration of
the protonation state of conserved negatively charged
residues (such as D3.32 and D2.50 (using the class A
GPCR numbering scheme®)) as well as the charge of
buried histidines'*>'*” that could lead to altered recep-
tor signalling in low pH environments. Alterations
to the levels of other ions should also be considered
when assessing GPCR signalling. Importantly, cations,
such as Na*, are among the most ubiquitous allosteric
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modulators of GPCR function and contribute to recep-
tor activity (quiescence versus constitutive activation)
and to the nature of biased signalling®'"*'”!. As such,
the nature of GPCR responses to drugs could be altered
dramatically in diverse disease contexts, resulting, for
example, in differences in transducer and regulatory
protein engagement (that is, changing the observed bias
profile of ligands). Moreover, most diseases are heteroge-
neous and evolve as they progress. Therefore, using drug
interventions optimized for disease stage is an impor-
tant component for translational success. More complex
model systems that mimic the disease context are thus
important for understanding efficacy translation and
for establishing the extent to which clustering of drug
behaviour in routine recombinant cell studies remains
predictive of their behaviour under conditions of altered
cellular environment.

Considering the impact of natural receptor variation
on GPCR-drug interaction. Other key considerations
that can influence drug discovery, development and
eventually translational success include the genetic var-
iation of receptor sequences (polymorphisms) and the
variability in receptor expression between individuals
in the human population. Several independent studies
have characterized the functional impact, including dif-
ferential drug response, of a number of polymorphisms
in a collection of receptor types'”>”"7*. Importantly, a
recent study that comprehensively analysed genome
sequence data from 68,496 individuals showed that cur-
rently drugged GPCRs present extensive genetic varia-
tion within functional regions such as drug-binding and
transducer-binding sites". Experimental follow-up of
u-OR revealed that individuals with certain polymor-
phisms had unexpected response to agonists, partial
agonists and antagonists. For instance, polymorphisms
at positions near the drug-binding pocket rendered a
gain of function effect, whereby an antagonist or par-
tial agonist could elicit a full agonist response. Studies
on cholecystokinin receptor type A further revealed
that certain polymorphisms near the G protein-binding
region of this receptor completely altered the selectiv-
ity profile of transducer coupling". Similarly, genetic
variation can alter receptor engagement with arrestins
to impact receptor regulation and/or downstream sig-
nalling as noted for CXC-chemokine receptor 4 (REF.'”)
and vasopressin receptors'’®. Such altered or gain of func-
tion effects can result in severe side effects of drugs and
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possibly life-threatening consequences. These findings
highlight the need to understand and characterize recep-
tor variants that are prevalent in the human population
and consider them in the drug discovery pipeline. Such
consideration should help limit failure of drugs during
clinical trials, which can be both very expensive and time
consuming and may put patients at unnecessary risk.
Characterizing variants of the current GPCR drug targets
also has the potential to improve the precision of drug
prescription by patient stratification into defined geno-
typic groups with predicted drug responses. Such strat-
ification would increase drug safety and efficacy and in
consequence would improve the quality of life of patients
and relieve the economic and societal burden resulting
from non-optimal and/or ineffective drug action.

Conclusions and perspectives

Biased agonism is a fundamental property of GPCR ligands
that can be used — serendipitously or constructively —
for improved therapeutic targeting of these receptors.
Consideration of this aspect of GPCR pharmacology
will be key to achieving clinical drug efficacy and safety.
Our understanding of drug action is limited to what we
measure as a drug response, and high-resolution struc-
tural insights into the control of GPCR conformation are
still at an early stage, providing limitations to conscious
application of the principle of biased agonism in drug
design. Advances in structural approaches to understand
drug-receptor interaction and the increasing ability of
researchers to analyse multiple signalling end points and
to measure these events in real-time are progressively
enabling integration of a breadth of cellular signalling
outcomes, and of the kinetic and spatial elements of
GPCR signalling, into structure-based drug discovery.
This progress is expected to improve drug candidate
selection. Nonetheless, applying the biased agonist
properties of ligands for improvement of the therapeu-
tic effect of new drugs will require an understanding
of the expression of receptors and components of their
signalling pathways in different tissues and of the tissue-
specific and context-specific, integrated signalling that
differentiates beneficial from detrimental effects. Given
this complexity, rational application of biased agonism
is expected to have the greatest impact on the treatment
of diseases for which pathological mechanisms are well
characterized'”’.
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