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ABSTRACT

G protein-coupled receptors (GPCRs) regulate many cellular and physiological processes, responding
to a diverse range of extracellular stimuli including hormones, neurotransmitters, odorants and light.
Decades of biochemical and pharmacological studies have provided fundamental insights into the
mechanisms of GPCR signaling. Thanks to recent advances in structural biology, we now possess an
atomistic understanding of receptor activation and G protein coupling. However, how GPCRs and G
proteins interact in living cells to confer signaling efficiency and specificity remains insufficiently
understood. The development of advanced optical methods, including single-molecule microscopy,
has provided the means to study receptors and G proteins in living cells with unprecedented spatio-
temporal resolution. The results of these studies reveal an unexpected level of complexity, whereby
GPCRs undergo transient interactions among themselves as well as with G proteins and structural
elements of the plasma membrane to form short-lived signaling nanodomains that likely confer both
rapidity and specificity to GPCR signaling. These findings may provide new strategies to
pharmaceutically modulate GPCR function, which might eventually pave the way to innovative drugs

for common diseases such as diabetes or heart failure.
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I. INTRODUCTION

G protein coupled receptors (GPCRs) represent the largest and most diverse family of cellular
receptors in eukaryotes (249, 325). Of the approximately 800 GPCRs encoded in the human genome
(149), about 460 recognize odorants and are mainly, although not exclusively, involved in olfaction
(112). The remaining receptors mediate the effects of a wide range of both endogenous and
exogenous cues, including light, ions, metabolites, hormones and neurotransmitters. Although the
ligands of many orphan receptors have been identified, more than 100 GPCRs remain with no known

endogenous ligand (244).

The main function of membrane receptors is to relay extracellular signals to the cell interior, allowing
cells to communicate with each other and sense the extracellular environment. Other classes of
membrane receptors are ion channels or possess an intrinsic enzymatic activity that generates an
intracellular signal upon activation. In contrast, GPCRs rely on their interaction with G proteins to
transmit signals to membrane-bound effectors including ion channels and enzymes. The involvement
of G proteins as intermediate transducers plays a critical role in ensuring the high flexibility, sensitivity
and specificity observed in GPCR signaling. A thorough understanding of how GPCRs and G proteins
interact in our cells appears crucial to fully comprehend their role in physiology and disease as well as
how to better control them for pharmacological purposes. In this review, we will discuss the
mechanisms at the basis of receptor—G protein interactions and their physiological implications in the

light of recent findings obtained using single-molecule microscopy and other innovative approaches.

Il. ROLE OF GPCRs AND G PROTEINS IN PHYSIOLOGY

GPCRs play a fundamental role in human physiology, participating in the control of virtually all
physiological functions, including neurotransmission, hormone release, heart contractility and
immune responses. To accomplish such a broad range of functions, GPCRs have evolved from a
common, ancestral seven transmembrane receptor to give rise to the large and highly diverse

superfamily of membrane receptors found in humans and other vertebrates.



From an evolutionary perspective, the GPCR signaling module emerged very early in the development
of eukaryotes, being conserved from excavates to mammals (82, 225). Although bacterial and
metazoan rhodopsin show almost no sequence homology, they share some structural features, which
may be indicative of an even older evolutionary relationship. Intriguingly, the appearance of GPCRs
and their signaling machinery, such as G proteins, arrestins and regulators of G protein signaling (RGS)
proteins, predates the development of the nervous system and even the evolution of multicellular
organisms, having been found in simple eukaryotic life forms such as amoebae or yeast. Plants also
have G proteins; however, plant G proteins possess a unique mechanism of activation, which does not
rely upon GPCRs (10). Remarkably, it is believed that the last eukaryotic common ancestor (LECA)
already contained a complete repertoire of GPCRs and heterotrimeric G proteins (82). Although the
exact functional role of GPCRs at the beginning of eukaryotic evolution is unknown, ancestral GPCRs
might have been involved in sensing the extracellular environment or allowing some primitive form of
intercellular communication. Perhaps the best evidence for a role of GPCRs in cell-cell communication
in unicellular eukaryotes comes from studies of colony formation in the social amoeba Dictyostelium
discoideum (264) and mating in the baker’s yeast Saccharomyces cerevisiae (8). Upon starvation,
Dictyostelium uses cyclic AMP (cAMP) as a chemoattractant to induce colony aggregation and the
formation of multicellular structures that can withstand harsh environmental conditions. The cAMP
released into the extracellular medium activates a high affinity GPCR for cAMP, the cyclic AMP
receptor 1 (cAR1), located on the plasma membrane of neighboring Dictyostelium cells, which, in turn,
induces intracellular cAMP production and protein kinase A (PKA) activation. Saccharomyces
cerevisiae possesses two pheromone receptors, Ste2 and Ste3, which belong to GPCR Family D (8).
Saccharomyces cerevisiae exists in three distinct forms, two haploid forms termed ‘a’ and ‘o as well
as a diploid ‘a/a’ form generated by pheromone-induced cell fusion or ‘mating’ of an a and an o cell.
Studies with mating-deficient mutants led to the identification of Ste2 and Ste3, which mediate Yeast
pheromone signaling via activation of a heterotrimeric G protein consisting of an a (Gpal), B (Ste4)

and v (Stel8) subunit. Interestingly, Ste2 and Ste3 were the first agonist-binding GPCRs to be cloned
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and characterized (358). Experiments investigating Ste2 signaling were also the first to show that G
protein signaling does not necessarily require full G protein dissociation into Ga and GBy subunits, as
a Gpal-Ste2 fusion protein was shown to mediate comparable pheromone signaling as the two

proteins expressed separately (207).

Although a small number of GPCRs are found in ancestral eukaryotes and G proteins are highly
conserved between unicellular holozoans and metazoans, GPCRs underwent a dramatic expansion
during the evolution of metazoans (82). This was accompanied by the acquisition of new and more
sophisticated forms of cell-to-cell communication. It was indeed the development of specialized cell
types devoted to cell communication — such as neurons and endocrine cells — that likely fostered the
flourishing of the GPCR superfamily, ultimately placing it center stage in human physiology and
disease. An illustrative example of such an expansion can be found in the model nematode

Caenorhabditis elegans, where over 1,000 putative GPCR genes are present (425).

A prime example of GPCRs in physiology is their well-known involvement in the neurohumoral
regulation of heart contractility. Upon sympathetic activation, adrenaline and noradrenaline bind to
B-adrenergic receptors (BARs) on the surface of cardiomyocytes, where they exert positive inotropic
and chronotropic effects. These effects are mediated via activation of the G protein, which, via
stimulation of the cAMP/protein kinase A (PKA) pathway, promotes heart contractility (26). Moreover,
the resulting increase in intracellular cAMP levels in the pacemaker cells of the sinoatrial node
increases heart rate. These effects are at least partially mediated by the opening of hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels (20). The effects of adrenaline and noradrenaline are
counteracted by acetylcholine, via activation of muscarinic M2 receptors (M2Rs), which are coupled
to Gy, proteins and, thus, inhibit adenylyl cyclase. In addition, GBy subunits released upon Gy,
activation promote the opening of G protein-coupled inwardly-rectifying potassium (GIRK) channels,

increasing the membrane potential of pacemaker cells (166, 172, 261, 351, 462).



Another example is given by the fundamental role of GPCRs as receptors for several pituitary
hormones and hypothalamic release factors (459). All major known hypothalamic releasing hormones
— thyrotropin releasing hormone (TRH), gonadotropin-releasing hormone (GnRH), corticotropin-
releasing hormone (CRH) and growth hormone-releasing hormone (GHRH) — and inhibiting factors,
including somatostatin and dopamine, act via specific GPCRs. Similarly, all anterior and posterior
pituitary hormones, with the exception of the growth hormone and prolactin, signal through the
activation of GPCRs. These include the thyroid-stimulating hormone (TSH), luteinizing hormone (LH),
follicle-stimulating hormone (FSH), adrenocorticotropic hormone (ACTH), melanocyte-stimulating
hormone (MSH), vasopressin and oxytocin. Many of the physiological effects of these hormones are
mediated via activation of the G; protein and the resulting stimulation of cAMP/PKA signaling. As a
consequence, alterations of key elements of these signaling pathways, for instance caused by genetic

mutations, are frequently found in endocrine disease (50, 239).

lll. THE BASIC MECHANISMS OF GPCR SIGNALING

Given the fundamental role of GPCRs in physiology and disease, the mechanisms underlying GPCR
signaling have been extensively investigated, mainly applying classical biochemical and
pharmacological methods to crude membrane preparations or purified proteins. Pioneering studies
initiated in the 1950’s by Earl Sutherland and Ted Rall (415) and later continued by Alfred G. Gilman
and Martin Rodbell (130, 356) elucidated the core machinery of GPCR signaling, which includes a

receptor, a G protein acting as transducer and an effector, all associated with the plasma membrane.

GPCRs are integral membrane proteins, with a characteristic seven transmembrane domain (325).
They are the largest superfamily of receptors, encoded by roughly 800 genes in the human genome
(149). Based on structural similarities, GPCRs are generally subdivided into 6 major families, consisting
of rhodopsin-like (Family A), secretin-like (Family B), metabotropic glutamate-like (Family C), fungal
mating pheromone (Family D), cAMP (Family E) and frizzled/smoothened (Family F) receptors (11, 219,

234). Of these, Families D (fungal mating pheromone receptors) and E (cAMP receptors in



Dictyostelium) are not represented in mammals. Alternatively, GPCRs have been classified based on a
phylogenetic analysis according to the GRAFS (glutamate, rhodopsin, adhesion, frizzled/taste2,
secretin) system (112, 234). Family A is the largest, with approximately 670 receptors that share high
homology with the visual receptor rhodopsin (234). This family contains receptors for a heterogeneous
group of ligands, including biogenic amines, nucleotides, lipid-like substances, peptides and proteins.
Small ligands bind within the receptor 7-transmembrane (TM) bundle, whereas peptides and protein

hormones typically bind to the N-terminus and/or the extracellular loops (186, 234, 382).

G proteins are heterotrimeric guanine nucleotide binding proteins composed of a Go, GB and
Gy subunit (37). They owe their name to the molecule that regulates their activity, the energy carrier
guanosine triphosphate (GTP), and its inactive form guanosine diphosphate (GDP). Under resting
conditions, the inactive Ga. subunit is bound to one molecule of GDP as well as the G} and Gy subunits,
which form a tight heterodimer (130). Upon agonist binding, receptors undergo conformational
rearrangements that ultimately increase their affinity for G proteins, leading to G protein recruitment.
The interaction of a G protein with an active receptor stimulates the release of GDP from the Ga
subunit. Since the concentration of GTP is approximately ten times higher than that of GDP in the
cytosol (39), this eventually leads to the replacement of GDP by GTP on the Ga subunit. In this respect,
the active receptor acts as a guanine nucleotide exchange factor (GEF) for G proteins. The active, GTP-
bound Ga subunit is then thought to disassociate from the receptor and the GBy dimer —although the
latter dissociation might be partial — allowing the resulting GTP-bound Ga. subunit and Gy dimer to
interact with various downstream effectors, including enzymes such adenylyl cyclase or phospholipase
C-B (PLC-B) as well as both potassium (GIRK) and calcium channels. The signal is terminated by the
intrinsic GTPase activity of the Ga. subunit, which hydrolyses GTP to GDP, returning the Ga. subunit to

its inactive state, followed by reassociation of the G protein heterotrimer.

The human genome contains a total of 33 genes encoding G protein subunits, including 16 genes for

Ga (TABLE 1) (151, 286, 368, 386, 459), 5 genes for Gf3 and 12 genes the Gy subunits (96). G proteins



are typically grouped into four families based on their constituent Ga. subunit: Gs/oir, Gifo, Gg/11 and
Gi213. Members of each of the four families activate distinct signaling pathways, enabling diverse
physiological processes to be modulated in response to extracellular stimuli. The G; protein was the
first to be isolated based on its ability to activate adenylyl cyclases (130, 360). G/ proteins interact
directly with adenylyl cyclases, stimulating their catalytic activity and, thus, cAMP production.
Intracellular cAMP levels are reduced following activation of Gi, proteins, which inhibit several
adenylyl cyclase isoforms. However, it should also be noted that not all adenylyl cyclase isoforms are
inhibited by Gi, and, in some cases, prolonged G/, stimulation may enhance cAMP production (44).
Members of the Gg/11 family interact with and activate PLC-[3, leading to the synthesis of inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) from the membrane phospholipid phosphatidylinositol
4,5-bisphosphate (PIP2). IP3, in turn, stimulates the release of Ca%* from intracellular stores, which,
together with DAG, activates protein kinase C (PKC). Lastly, the Giz/13 family stimulates Rho guanine
nucleotide exchange factors (RhoGEFs), leading to the subsequent activation of the Rho family of small
GTPases, which are implicated in the regulation of actin dynamics. Although individual GPCRs were
originally thought to primarily couple to only one type of G protein, it is now established that GPCRs

are often promiscuous and can simultaneously signal via multiple G protein families.

Ga proteins are intrinsically weak GTPases, i.e. the transition of Ga proteins from their active to
inactive state may take a matter of seconds to minutes (359). This has consequences on both their
activation and deactivation kinetics. The low rate of GTP hydrolysis slows the signaling cascade as G
proteins cannot enter a new cycle and integrate new signaling information before GTP hydrolysis has
occurred. This process is accelerated by members of the RGS protein superfamily. First described in
the desensitization of the yeast pheromone response (60, 61, 93, 94), RGS stimulate the intrinsic
GTPase activity of Ga subunits by as much as 1,000-fold (3, 24, 25, 93, 94, 215). RGS proteins bind Ga
subunits via their ‘RGS-box’ domain and stabilize the Ga in an intermediate transition-state during the
GTPase reaction, thus lowering the energy barrier required for GTP hydrolysis and subsequent return

to the GDP-bound state (24, 420). A total of 20 genes coding for canonical RGS proteins have been
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identified in humans (407). Selected RGS proteins have been subsequently shown to exert additional
functions such as the binding of the atypical GBs subunit (48), which does not engage in GPCR signaling
but rather promotes RGS folding and stability (62, 362, 464). More recently, additional RGS family
members have been discovered that share the conserved GolLoco motif. This motif allows them to
form a stable complex with Ga-GDP that prevents the release of GDP. It has since become apparent
that RGS proteins can additionally function as chaperones, bona fide effectors or even GEFs (19, 202,

404).

Conversely to RGS molecules, activators of G protein signaling (AGS) act as GEFs and prolong G protein
signaling —independently of GPCR activation — through various mechanisms. There are at least 14 AGS
proteins, divided into three main groups: AGS proteins that directly activate Ga subunits, those that
modulate Go—Gpy interactions by binding to Ga, and, lastly, those that modulate Go—Gpy interactions
by binding to GBy (31). These non-classical GEFs are activated downstream of various intracellular
signaling pathways, such as those initiated at the plasma membrane by receptor tyrosine kinases
(118). A fourth group of AGS proteins was suggested to selectively activate Gas and include the

MITF/TFE family of transcription factors (31).

Compared to Ga, there are fewer genes encoding Gf3 and Gy subunits, and as a result, signaling
pathways activated via GBy subunits have long been considered an accessory component of G protein
signaling. However, over the last 30 years, Gy proteins have emerged as bona fide signal transducers
that play an equally important role in GPCR signaling (398). It is now believed that following Gau
dissociation from its cognate GPy partner, multiple GBy surfaces are exposed, thus allowing GBy to
interact with receptors, membrane proteins and various downstream effectors. An interesting feature
of GPy-mediated signaling is the sheer number of targets to which GBy subunits have been proposed
to bind, which apparently occurs in the absence of a clearly conserved binding domain (380, 397).
Among the many targets of GBy regulation are GIRK channels (261), Ca** channels (83, 169), GPCR

kinases (GRKs) (142, 213, 331), mitogen-activated protein kinases (MAPK) (265),PLC-3 (56, 171) and
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phosphatidylinositol 3-kinase y (438). Moreover, there is evidence that Gy subunits might translocate
to sites of receptor activation, potentially allowing for a local regulation of GPCR signaling (4, 205,

370).

The coordinated actions of two families of proteins, GRKs and arrestins, are critical for GPCR down-
regulation and the attenuation of G protein-dependent signaling. GRKs phosphorylate
serine/threonine sites located on the C-terminal tail or intracellular loops of GPCRs (226, 329, 330,
408). This promotes the recruitment of arrestins from the cytosol and their binding to ligand-occupied
and phosphorylated receptors. Via occupying the receptor core, arrestins sterically hinder G protein
binding and, thus, mediate fast receptor desensitization (107). In parallel, arrestins serve as scaffolds
for the adaptor protein 2 (AP-2) and clathrin heavy chain (135, 242, 243), thus promoting receptor
accumulation in clathrin-coated pits (CCP) and their internalization via clathrin-mediated endocytosis
(CME) (226, 330). In addition to these classical roles in rapid signal desensitization and receptor
internalization, additional functions of arrestins have been subsequently described. Importantly,
these include a role of B-arrestins as bona fide signal transducers capable of mediating G protein-
independent activation of other signaling cascades, most notably the extracellular signal-regulated

kinase (ERK) MAPK pathway (77, 250, 340).

Besides binding G proteins and arrestins, there is evidence that GPCRs can interact among themselves
to form dimers as well as higher-order oligomers. This phenomenon has been implicated in various
aspects of GPCR biology, including intracellular trafficking, cell surface expression and downstream

signaling. For a thorough discussion, we refer the reader to previous reviews (284, 327, 328).

IV. STRUCTURAL INSIGHTS INTO GPCR AND G PROTEIN ACTIVATION

A. Structure and activation of GPCRs

The first structure of a visual GPCR, bovine rhodopsin, was determined 20 years ago by X-ray
crystallography (318). Due to the much lower expression levels of non-visual GPCRs, it took a further

seven years to purify, crystallize and resolve the first structure of a non-visual GPCR (66). These
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pioneering studies paved the way for an explosion of structural information, fostered by important
technical developments including the introduction of cryo-electron microscopy (cryo-EM) (423). As a
result, we now possess a number of high-resolution structures of non-visual GPCRs bound to both
agonists and antagonists, as well as in complex with G proteins or arrestins (58, 66, 95, 119, 143, 167,
181, 227, 246, 247, 270, 342-344, 409, 471, 475, 476). For an updated list of determined GPCR

structures see GPCRdb (https://gpcrdb.org/structure/) (289).

The available structures confirm the previously predicted overall GPCR architecture featuring a
transmembrane domain (TMD) of seven a-helices connected by three extracellular and three
intracellular loops (ECLs and ICLs, respectively), an N-terminal extracellular domain (ECD) and a C-
terminal intracellular domain (ICD) (FIGURE 1). Family A GPCRs possess an additional intracellular
amphipathic a-helix (H8), which is tethered to the plasma membrane via palmitoylated cysteine
residues (133). The seven a-helices of the TMD are inserted near perpendicular into the plasma
membrane with an overall arrangement that is similar, albeit not identical, in all available GPCR
structures. These a-helices form an inner pocket within the TMD where most small molecule ligands
bind. In addition, they provide binding sites for membrane lipids, such as cholesterol or PIP2, which
have been directly observed in some structures (146, 167). The ECD differs significantly in size and
structure among receptors, ranging from a short flexible stretch of amino acids in most Family A
GPCRs, to large and structured domains, as observed in Family B and C GPCRs. These large ECDs
provide the binding sites for peptides and large protein hormones, as well as small ligands such as
glutamate, y-aminobutyric acid or Ca* ions. A series of post-translational modifications further
contribute to the overall structure of GPCRs and influence their trafficking and signaling. These include
the glycosylation of specific amino acid sequences within the ECD (441), the formation of a disulfide
bridge between TM3 and ECL2 that confers structural stability (443) and the above-mentioned
palmitoylation of intracellular cysteine residues that provide additional anchor points to the plasma

membrane.
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A N-terminus B
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FIGURE 1. Common structural features of GPCRs. The 3,AR is used as a model. Shown are a snake plot

(A) and a homology model (B) of the receptor, generated by GPCRM (https://gpcrm.biomodellab.eu/)

based on the structure of 3,AR bound to the inverse agonist carazolol (PDB ID: 2RH1). GPCRs consist
of seven transmembrane helices (TM1-TM7) connected by three intracellular (ICL) and three
extracellular (ECL) loops, an extracellular N-terminal domain (ECD), an optional intracellular helix (H8)

and an intracellular C-terminal domain (ICD). Carazolol is shown in magenta.

In the following description of the structural elements shared by GPCRs, we adopt the GPCRdb
numbering scheme (179), where each residue in the TMD of a GPCR is identified by two numbers
separated by the letter ‘x’. The first number denotes the transmembrane a-helix in which the residue
is located, whereas the second number corresponds to the position of the residue relative to the most
conserved residue in that helix. The latter is arbitrarily assigned the position 50, with numbers
increasing towards the C-terminus. Interestingly, three of the most conserved residues within the
TMD, 5x50, 6x50 and 7x50, are prolines. These conserved prolines induce ‘kinks’, which are frequently
found in transmembrane o-helixes and are stabilized by interactions with membrane lipids.
Importantly, these kinks impart a unique shape to the corresponding a-helixes, allowing them to bend

either towards or away from the receptor core (419).
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It is widely accepted that agonist binding on the extracellular side of a GPCR induces a series of
conformational changes within its TMD. These conformational changes culminate in the opening of a
cavity on the intracellular side of the receptor, which provides the binding site for G proteins and
arrestins (344). The comparison of inactive and active structures of Family A GPCRs (58, 66, 95, 119,
143, 181, 227, 246, 270, 342-344, 471) has provided important insights into the conformational
changes that occur during this process. These include a slight rotation and upward movement of TM3,
movement of TM1, TM5 and TM7 towards the receptor core, and a major rotation and outward
movement (up to 14 A) of the intracellular end of TM6, ultimately exposing the receptor core to G
proteins and B-arrestins (FIGURE 2). These conformational changes result from a series of smaller
rearrangements discussed below, most notably involving the NPxxY, DRY and CWxP motives, as well
as highly conserved hydrophobic residues in TM3 and TM6, accompanied by the formation of a water

molecule network within the inner cavity of the TMD (419, 477).

The DRY motif (E/D3x49-R3x50-Y/W3x51), which is present in several receptors at the cytoplasmic
end of TM3, plays a key role in receptor activation and G protein coupling (6, 18). In the absence of an
agonist, residues E/D3x49, R3x50 and E6x30 form an ionic interaction — known as ‘ionic lock’ — which
restricts the receptor in a closed, inactive conformation. During receptor activation, this ionic lock
breaks, allowing Y5x58/Y7x53 to stabilize R3x50 and making it available to interact with G proteins

(344).

The NPxxY motif is comprised of residues N7x49, P7x50 and Y7x53. Residue Y7x53 interacts with
N1x50 and D2x50, the two most conserved residues in TM1 and TM2, respectively. N1x50 contributes
to helix packing through hydrogen bonding with the backbones of residues 1x46 and 7x46, and
interacts with D2x50 through a conserved water molecule, connecting TM1 with TM2 and TM7 (344).
Upon receptor activation, Y7x53 forms new contacts with residue R3x50 of the DRY motif and interacts

with residues in the Ga subunit (442).
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FIGURE 2. Conformational changes associated with GPCR activation. A: Comparison of 3,AR inactive
(PDB ID: 2RH1, grey with orange ligand) and active structures (PDB ID: 3SN6, dark blue with blue
ligand). Magenta spheres, location of the intracellular end of TM6. Magenta arrows, most prominent
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with different colors on a snake plot (B) or a model (C) of the 3,AR obtained as in FIGURE 1.
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Another region thought to be important for the activation of GPCRs is the so-called CWxP motif
(C/S/Tex47-W6x48-P6x50), residing deep within the ligand-binding pocket (163). While residue 6x47
assists in the reorganization of interactions between TM6 and TM7 during activation, the movement
of W6x48 enables the intracellular end of TM6 to bend and rotate (315). In the inactive state, residue
6x47 interacts with residues 7x44/7x45, preventing residue N7x49 of the NPxxY motif from contacting

D2x50. During activation, this interaction breaks, allowing N7x49 to interact with D2x50 (315).

In addition, the hydrophobic receptor core, which normally comprises of residues L3x43, F6x44 and
I/L/V/M6x40, undergoes a series of conformational rearrangements that leads to the formation of a
water channel within the core of the activated receptor (419). These rearrangements include the
breaking of interactions within the hydrophobic receptor core, the formation of new interactions
between L3x43 and L2x46, as well as the establishment of interactions of N7x49 and D2x50 with water
molecules. This is accompanied by the formation of a new interaction between Y5x58 and R3x50 that

prevents the reestablishment of the ionic lock.

Taken together, the aforementioned rearrangements ultimately result in an upward movement of
TM3, inward movement of TM5, as well as an outward movement and rotation of TM®6, all of which
are stabilized by receptor interactions with helix 5 of the Ga subunit or the finger loop of -arrestin.
Interestingly, G protein binding has been shown to stabilize the receptor in an active or pre-active
conformation in the absence of a bound agonist, leading, in some cases, to closure of the ligand
binding pocket (89). This suggests a bidirectional allosteric coupling between the ligand binding pocket

and the intracellular binding site.

Although these mechanisms have been thoroughly characterized for a few model receptors such as
the B.AR, there is evidence that they might be shared among a large number of GPCRs. For example,
a recent comparison of the active structures of the muscarinic M1 receptor in complex with the Gi1

protein and that of the muscarinic M2 receptor in complex with the Goa protein have revealed that
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most residues important for receptor activation adopt similar conformations in both structures,

despite the two receptors being bound to different G proteins (270).

B. GPCR conformational dynamics

While X-ray crystallography and cryo-EM have provided important snapshots of receptors in both
inactive and active states, other biophysical approaches using purified proteins — such as nuclear
magnetic resonance (NMR), double electron-electron resonance (DEER) and fluorescence
spectroscopy — have revealed a highly dynamic picture, whereby receptors exist in an equilibrium

among multiple states (FIGURE 3). For a comprehensive discussion see Manglik and Kobilka (274).

In the case of the 3,AR, at least four distinct transient states have been identified: two inactive states
corresponding to the presence of an intact or broken ionic lock (306), an intermediate partially active
state, and a fully active state (38, 201, 217, 259, 273, 307). Similarly, four distinct states have been
observed for the angiotensin Il type 1 receptor (AT:R), including one inactive and three active-like
states that are favored by G protein- or arrestin-biased agonists (463). Additionally, other biophysical
studies have provided evidence that biased agonists may favor different receptor conformations (88),
possibly coupled to distinct signaling pathways. The underlying mechanisms are not fully elucidated,
with some studies suggesting selection from a conformational ensemble (312) and others promotion
of distinct receptor conformations by different ligands (259, 338). For the BiAR, an equilibrium
between an inactive and a pre-active state has been observed, with exchange rates in the ps to ms
timescale (401). Interestingly, agonists increase :AR conformational dynamics (401). Importantly,
these and similar studies have shown that binding of a G protein or G protein-mimetic is required to

fully stabilize GPCRs in their open, fully active conformation (180, 273, 307, 405, 473).
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FIGURE 3. GPCR conformational dynamics. Shown is a schematic representation of the dynamic
equilibrium found between inactive, intermediate and active receptor states, and how the equilibrium
is affected by the binding of ligands and/or G proteins. Three pharmacologically different ligands are
shown. An inverse agonist stabilizes the receptor in the inactive state. Agonists stabilize the receptor

in dynamic intermediate states. G protein binding stabilizes the receptor in fully active states.
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The existence of multiple active states might also help to explain the phenomenon of partial agonism.
Spectroscopic data and MD stimulations suggest that partial agonists might stabilize receptors in
intermediate states along the receptor activation pathway or, alternatively, in distinct active states
(88, 99, 136, 189, 218, 259, 273, 312, 338, 401, 473). For instance, a study on the adenosine Az
receptor (A2aR) revealed the existence of a distinct active state that is selectively stabilized by both a
partial agonist and an allosteric modulator (473). These results suggest that partial agonism might be

achieved by selection of a distinct active state, possibly characterized by reduced G protein coupling.

Additional evidence for the existence of multiple active states comes from recent structural studies.
A cryo-EM study examining the neurotensin receptor 1 (NTSR1) in complex with an agonist peptide
and the Gj; protein identified two distinct conformations: a canonical conformation similar to the one
observed in other receptor—G protein complexes and a non-canonical conformation in which the G
protein is rotated by approximately 45° (194). The receptor in the non-canonical conformation shows
features found in both active and inactive structures, suggesting that it might represent an
intermediate state during receptor activation (194). Interestingly, a recent cryo-EM study compared
the active-state structures of the 3:AR bound to conformation-specific nanobodies in the presence of
four agonists with varying efficacy (452). The results indicate that the four agonists induce a different

degree of ligand binding pocket closure, which correlates with their efficacy (452).

Another phenomenon that finds a possible explanation in the high conformational dynamics of GPCRs
is their constitutive activity. It is well known that many GPCRs exhibit constitutive activity in the
absence of ligands. This appears to be a consequence of GPCRs sampling a number of conformations
in the absence of ligand, with one or more of these conformations capable of activating G proteins

(87).

C. Structure and activation of G proteins
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As already discussed, heterotrimeric G proteins are composed of a Ga, a G and a Gy subunit (FIGURE
4). The Ga subunit contains a unique helical domain and a GTPase domain that is conserved in all

members of the G protein superfamily, including monomeric G proteins and elongation factors.

The GTPase domain hydrolyses GTP and provides the binding surfaces for the Gy dimer, GPCRs and
effector proteins (204). The helical domain is the most variable domain across all existing Go. subunit
isoforms, suggesting a possible role in determining receptor and/or effector specificity (260). The G
and Gy subunits form a highly stable complex, which is believed to not dissociate under physiological

conditions (378).

Heterotrimeric G proteins are anchored to the inner side of the plasma membrane through protein
lipidation. The N-terminal region of the Ga and the C-terminal region of the Gy subunits are both sites
of lipid modification. With the exception of transducin, all Ga subunit isoforms are palmitoylated.
Additionally, members of the Gai family are myristoylated (350). Gy subunits are isoprenylated with
the addition of either a farnesyl (Gyi, Gys and Gyi1) or a geranylgeranyl (all remaining Gy subunits)
moiety (479). Since these lipid moieties are found in close proximity within the G protein heterotrimer,
hydrophobic interactions among them might help stabilize the interaction between the Go. and GBy

subunits (29, 168, 173, 256).

High-resolution structures of G proteins in different conformations, as well as bound to several GPCRs,
have provided important insights into their organization (70, 78, 119, 120, 235, 236, 270, 285, 305,
334, 344, 422, 433, 449). For a complete list of determined complex structures we refer the reader to

GPCRdb (https://gpcrdb.org/structure/) (289). In the following discussion, a common G protein

numbering system is adopted (110), where each residue is identified by a superscript indicating the
domain in which it is located (G for GTPase or H for helical), the secondary structure of the structural
element in which it resides (H for a-helix or S for B-sheet) and its relative position within that structural
element based on homology. Loops are identified with their two flanking structural elements in lower

case.
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FIGURE 4. Structural characteristics of heterotrimeric G proteins. A: Schematic representation of the
domain architecture of the Ga subunit. B: Structure of the GDP-bound G; protein (PDB ID: 6EGS8). The
Ga subunit is composed of a GTPase (pink) and a helical (magenta) domain, with a GDP molecule
(spheres, colored by atom type) bound between the two domains. The G subunit (blue) is folded into
a seven-bladed B-propeller structure, which makes extensive contacts with the small Gy subunit

(green). The latter consists of two a-helices connected by a short linker.
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The GTPase domain is organized as a compact packing of seven a-helices (HN, H1 to H5, and HG) and
six B-strands (S1 to S6) connected by flexible loops (FIGURE 4). Three loops, termed switches I, Il and
1, display significant structural differences between the inactive (GDP-bound) and active (GTP-bound)
states, being more rigid and ordered in the active conformation (70, 235, 236, 285, 305, 449). The
helical domain is composed of a six a-helix bundle (HA to HF) that forms a lid-like structure over the
nucleotide-binding pocket, burying the bound nucleotides in the core of the Ga subunit (70, 235, 236,
285, 305, 449). In the inactive state, the helical and GTPase domains are held together by a series of
interactions involving highly conserved residues within HA and HF of the helical domain and H1, H5

and the P-loop of the GTPase domain (110).

The G subunit folds into a seven-bladed B-propeller structure, containing seven WD-40 repeats,
which is connected to the N-terminal a-helix. The small Gy subunit contains two a-helices connected
by a short linker (FIGURE 4). The N-terminal a-helix of the G subunit forms a coiled-coil interaction
with the N-terminal a-helix of the Gy subunit, providing the basis for the strong association observed
between the G and Gy subunits (236, 402, 449). The primary contact between the Ga subunit and
the GBy dimer involves a hydrophobic pocket in the Ga subunit formed by switches | and Il with a

contribution of the N-terminal HN helix of the GTPase domain (236, 449).

When the Ga subunit is in the inactive state, a GDP molecule is bound between its GTPase and helical
domains. While the GTPase domain provides the main binding site for nucleotides and is responsible
for GTP hydrolysis (276), the helical domain helps prevent nucleotide dissociation and assists in GTP

hydrolysis (383).

The interaction of a G protein with an active receptor triggers a series of conformational changes in
the Ga subunit, which include the repositioning of H5 and an approximately 127° rotation of the
helical domain relative to the GTPase domain (344) (FIGURE 5). These conformational changes
ultimately promote the release of GDP from the Go subunit, GDP replacement by GTP and the

dissociation of the active GTP-bound Ga subunit (Ga-GTP) from the Gy dimer (100, 314). Similar to
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receptors, G proteins likely exist in a dynamic equilibrium among different sub-states in which the
helical and GTPase domains adopt different orientations relative to each other, as supported by BRET

(117), EM (69, 458) and DEER spectroscopy (440) studies.

B2AR H5 extension and
repositioning

73 GTPase domain

o~ GDP

/|

o
és

Gag helical domain
rotation (~127°)

FIGURE 5. Conformational changes associated with G protein activation. Shown are superimposed
structures of the inactive, GDP-bound heterotrimeric Gs protein (PDB ID: 6EGS8; gray) and the active,
nucleotide-free Gs protein in complex with 3,AR (PDB ID: 3SN6). Magenta, helical domain; pink,
GTPase domain. The GBy dimer is omitted for clarity. The main conformational changes are highlighted

in red.

Several G protein regions are involved in receptor interaction, as revealed by the structure of the
active B2AR—Gais complex (344). These include the a-helixes H4, H5 and HN, the B-strand S6, and the
loops s2s3, hNs1, h4hG and h4s6 (FIGURE 6). A crucial role is played by H5, which comprises of the 26
most C-terminal amino acids of the Ga. subunit (H5.01-26), with the last five residues folded to form
a hook-like structure (434). H5 provides a large part of the Gas interaction surface, contacting residues

in TM3, TM5, TM6, ICL2 and ICL3 of 3,AR.
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FIGURE 6. Main contacts between (3,AR and G; protein. Shown are enlarged views of the interaction
interface as observed in the structure of the active f2AR-Gs complex (PDB ID: 3SN6). TM6 is omitted
for clarity. H5 of Gais (pink) is docked into a cavity on the intracellular side of the receptor (blue) arising
from the relocation of TM5 and TM6. A: Main interactions of the H5 tip with the receptor core. Most
interactions are non-polar. An exception is the interaction of Y&">23 jn H5 with R3x50 in the conserved
DRY motif of TM3. R3x50, in turn, interacts with Y7x53 within the conserved NPxxY motif of TM7. B:
Interactions of the middle part of H5 with the receptor. The middle part of H5 forms a network of
polar interactions with residues in TM3 and TM5. C: Interactions involving ICL2. T2x39 in TM2 and
D3x49 of the DRY motif in TM3 form intramolecular interaction with Y141, which is located in a short
a-helix within ICL2. These interactions position the a-helix in ICL2 so that F139 within the same
domain docks into a hydrophobic pocket on the G protein surface, thereby providing a structural link

between the DRY motif and the G protein.

These studies also provided important insights into the molecular rearrangements that occur in a G
protein during receptor—G protein interactions and the subsequent G protein activation (344, 434). In
the inactive G protein state, two universally conserved residues in H5, Phe®">8and Val®"7, interact
with residues in H1/52/S3 and S5/56, respectively. In the active state, these interactions are broken,
allowing the tip of H5 (H5.11-H5.26) to insert deep within the receptor core, where it interacts with
TM3, TM5, TM6, ICL2 and ICL3 (131, 344). The transition between the two states involves a rotation
and translation of H5 away from the nucleotide binding site and towards the receptor. This results in

increased flexibility and repositioning of H1, accompanied by rearrangement of the adjacent s6h5 loop
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— involved in guanine-ring-binding via its TCAT motif — and the s1hl loop (P loop) — involved in
phosphate binding. Contacts between H1, GDP and the helical domain hinge region are broken,
weakening GDP binding, increasing the likelihood of helical domain opening, and allowing GDP to
dissociate (7, 69). Phe®"2 plays a critical role in this activation process by relaying to the P-loop the
conformational changes that are triggered by receptor binding (195). Intriguingly, molecular dynamics
(MD) simulations and DEER spectroscopy experiments indicate that the rearrangement of the s6h5
loop is more important for nucleotide release than the physical separation of the GTPase and helical

domains, which is believed to also occur spontaneously (100).

The high affinity complex of nucleotide-free G protein and active receptor likely represent a very short-
lived, transient state in the G protein activation cycle. GTP, which is present in the cytoplasm at
approximately 10-times higher concentration than GDP (39), rapidly binds to the nucleotide-free G
protein, triggering its dissociation form the receptor. This is also believed to initiate the dissociation
of the Ga subunit from the GBy dimer, or, alternatively, their rearrangement, as indirectly suggested
by the results of some BRET and FRET studies (45, 117). The initial events in the dissociation of the Ga.
subunit from the GBy dimer involve the stabilization of switches I, Il and Il in the GTPase domain by
the y-phosphate of GTP, which then propagates to other regions of the Ga subunit (235). Importantly,
the dissociation or rearrangement of the G protein subunits unmasks a shallow hydrophobic surface
between switch Il and H3 of the GTPase domain — which is hidden in the heterotrimeric complex —

where Ga effectors bind (64, 65, 268, 393, 421, 422).

Although most receptor—G protein interactions are mediated by the Ga subunit, the GBy dimer seems
to play an additional role. This has been better investigated in the case of rhodopsin where the results
of kinetic studies suggest that the initial encounter between rhodopsin and a G protein occurs via the
GPy dimer, followed by engagement of the Ga subunit (160-162). A direct interaction between
rhodopsin and the GBy dimer has been recently observed in a cryo-EM structure of rhodopsin in

complex with the G protein, where the C-tail of rhodopsin interacts with residues in blades 6 and 7 of
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the GP subunit (433). Further information has recently been obtained by a cryo-EM structure of the
active muscarinic M1 receptor in complex with the Gi1 protein, in which 11 residues of the receptor
distal to H8, which were not visible in previous structures, have been resolved. Interestingly, this C-
terminal region extends into the groove formed by the Ga. GTPase domain and the Gf3 subunit (270).
In addition, the muscarinic M3 receptor has been suggested to interact with the Gf3 subunit in a ligand-
independent manner via a polybasic C-terminal domain conserved among several Gq/11-coupled GPCRs
(335). Furthermore, possible interactions of the GBy dimer with the ICL3 of M2 and M3 receptors (469)
and the ICL1 of A,aRs (119) have been reported. The modality of receptor interaction with the Gy
dimer might differ among receptors, as supported by the recently reported structures of calcitonin
and GLP-1 receptors in complex with the G; protein (254, 255, 481). These Family B GPCRs include an
extended and tilted H8, which forms extensive contacts with the Gy dimer, a feature not seen with
Family A receptors (119, 254, 255, 481). These findings suggest that Family A and Family B GPCRs

might interact with the GBy dimer through distinct mechanisms.
D. Structural basis for G protein specificity

Although the mechanisms responsible for G protein specificity are not fully understood, important
insights can be gained from the recently obtained structures of GPCRs bound to different G proteins,

including Gs, Gijoand Gi.

One determinant of G protein-coupling specificity appears to reside in the degree of TM6 outward
movement and the accompanying opening of the intracellular G protein binding cavity within the
receptor transmembrane core (357). The relatively wider intracellular cavity found in Gs-coupled
receptors might be required to accommodate the larger side chains present within H5 of Ga
compared to Gai. The only available structure of a GPCR in complex with Gaui (270) shows that the
degree of TM6 outward movement is comparable to that of Gi-coupled receptors. However, the
relatively bulkier side chains in H5 of Gaui; are accommodated by an additional 3 A translation of H5
towards TM1 and TM2 (270).
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Another likely determinant is the primary structure of H5. While one third of H5 residues are highly
conserved across species and Ga. protein isoforms providing the basis for a common mode of receptor
binding (110), the remaining two thirds are variable and possibly contribute to G protein specificity
(313). For example, the formation of a tight interaction between R®">17 of H5 and R>*®® in Family A or
K>64 in Family B GPCRs has been suggested to contribute to the wider outward movement of TM6

associated with Gs coupling (131, 433).

Muscarinic receptors have proven particulary useful for investigating the mechanisms of G protein
coupling specificity due to their preferential coupling to either G, (M2, M4) or Gg/11 (M1, M3, M4),
despite a high degree of sequence homolgy. This led to the identification of a series of determinants
of Gio versus Gg/1 specificity in ICL3 (228, 391, 456, 457), ICL2, TM5 and TM6 (32, 33, 221, 258). In
particular, the presence of a tyrosine residue at postion 5x62 appears required for efficient Gg/11
coupling (33), whereas residues present in the 6x33-6x37 region seemingly play a critical role in G
versus Gg/11 specificity (30, 258). Most of these residues do not contact the Ga subunit directly, but
rather participate in intrahelical interactions within the receptor that determine the exact position

and orientation of TM6, and, thus, indirectly control G protein specificity (270).

A recent structural comparison of the active M1R-Gi; and M2R-G,a complexes (270) has provided
further insights into the mechanisms of G protein coupling specificity. In the M1R-Gi; structure, H5
and the rest of the GTPase domain are rotated further away from the receptor TM5 compared to what
is observed in the M2R-Goa (270) and other receptor—G protein complexes. This difference may be
due to the presence of more extensive interactions of the M1R ICL3 with the Gaii1 subunit. Of note,
residues in direct contact with Go, or Goun appear to be conserved only within the muscarinic receptor
family, suggesting that, rather than sharing a common binding modality, receptors from different sub-

families likely evolved different mechanisms to interact with and activate G proteins (109).

V. OPEN QUESTIONS AND EMERGING CONCEPTS IN GPCR SIGNALLING

A. Signal compartmentalization
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After the discovery of the soluble second messenger cAMP (415), it was initially assumed that the
effects of hormones like adrenaline or glucagon propagate rapidly within the stimulated cells to
activate their intracellular effectors. However, subsequent observations in intact cells and tissues
unexpectedly pointed to the presence of spatial compartmentalization in receptor signaling (21, 410).
Among other observations, groundbreaking studies showed that both adrenaline and prostaglandin
E1l (PGE1) induce similar increases in cAMP levels and PKA activation in heart tissue, but only
adrenaline is able to significantly activate glycogen phosphorylase, increase heart contractility, and
induce troponin | phosphorylation (43, 196). Later, the B-adrenergic agonist isoproterenol, but not
PGE1, was found to increase the amount of cAMP and PKA activity in the particulate fraction of rabbit
heart lysates, which mainly contain type-ll isoforms of PKA (150). Based on these and similar
observations, Buxton and Brunton proposed that -adrenergic and PGE1 receptors might induce
cAMP accumulation and PKA activation in distinct subcellular compartments, leading to different
biological effects (47). However, verifying this hypothesis proved difficult, mainly due to technical
limitations. The picture changed with the introduction of novel biophysical methods that allow cAMP
levels and PKA signaling to be monitored in living cells with subcellular resolution (91, 300, 332, 478,
480). This approach provided direct evidence that, despite cAMP being a small, soluble second
messenger, cCAMP/PKA signaling downstream of GPCR activation can be highly compartmentalized in

both space and time (17, 52, 59, 248, 271, 298, 301).

B. G protein signaling at intracellular sites

The classical view that GPCR signaling occurs exclusively at the plasma membrane has been challenged
by work of our own and others showing that GPCRs can signal at intracellular sites, including early
endosomes and the Golgi/trans-Golgi network (53, 108, 132, 176). These findings suggest that
intracellular membranes serve as alternative, or, possibly, even preferred platforms for GPCR
signaling. This newly appreciated modality of GPCR signaling adds yet more complexity to an already

multifaceted system, raising many questions such as: How do GPCRs located at intracellular sites get
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activated? Which signals dictate where inside a cell and for how long a given GPCR signals? To what
extent does the location of GPCR signaling influence downstream events and the ensuing physiological

responses?

The endoplasmic reticulum (ER) represents the beginning of the GPCR life cycle; here, the newly
synthesized GPCRs are folded, assembled and enter the secretory pathway to be transported to the
plasma membrane (418). Once at the plasma membrane, GPCRs can be activated by a wide range of
physiological cues and are often internalized via arrestin-mediated CME upon prolonged stimulation
as outlined above. The internalized receptors are then trafficked to endosomes where they are either
dephosphorylated and recycled to the plasma membrane or directed to lysosomes for degradation

(178, 226, 330, 403).

The first evidence that internalized GPCR might still be able to send signals from endosomes came
from the study of non-classical, G protein-independent mechanisms (77). Soon after the identification
of B-arrestins as adaptors for endocytosis, a number of signaling proteins were shown to interact with
[-arrestins upon receptor stimulation. Among them are members of the Src family of tyrosine kinases
(84, 266), components of the MAPK cascade (85, 267, 279), cAMP phosphodiesterases (321) and
members of the diacylglycerol (DAG) kinase family (296). Probably the best characterized interaction
is the one with ERK1/2, which has been suggested to promote mitogenic responses independently of
G protein signaling (77). This phenomenon was first reported for the AT:R (200, 267, 453).
Furthermore, experiments using dominant-negative mutants of dynamin and [3-arrestin revealed that
[2AR internalization was required to mediate ligand-dependent activation of ERK1/2 (77). Subsequent
studies suggested the existence of two independent modalities or phases of ERK1/2 activation: a first,
transient phase triggered by G proteins at the plasma membrane leading to ERK1/2 translocation to,
and signaling, in the nucleus; and a second, sustained phase triggered by internalized receptors in the
endosomal compartment, mediated by B-arrestin and characterized by ERK1/2 signaling in the

cytoplasm (85, 200, 267, 427, 453). Although several lines of evidence support the notion that -
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arrestin promotes activation of ERK1/2 independently of G protein signaling, some recent studies have
challenged this concept. Using genome editing and small interfering RNAs to interfere with B-arrestin
1/2, O’Hayre et al. provided evidence that, while B-arrestin 2 is essential for 32AR internalization, both
[B-arrestin isoforms are dispensable for ERK activation (308). In agreement with these results, a
subsequent study taking advantage of gene-edited cell lines lacking either Ga subunits or B-arrestins
supports a model in which G proteins but not 3-arrestins are required for several GPCRs to initiate ERK

signaling (140).

More recently, we and other groups have revealed a previously unknown and unexpected type of
classical, G protein-dependent signaling on membranes of the endocytic compartment (FIGURE 7). A
first possible hint came from a study on the pheromone receptor Ste2 in the budding yeast (394).
Subsequently, studies on the thyroid stimulating hormone (TSH) and parathyroid hormone (PTH)
receptors independently reveled that internalization of these GPCRs together with their ligands is
associated with a prolonged phase of Gs protein-dependent signaling within the endosomal
compartment, which is distinct from that occurring at the plasma membrane (53, 108). Interestingly,
whereas internalized PTH receptors have been shown to signal on membranes of early endosomes
(108), TSH receptors appear to signal from a subdomain of the trans-Golgi network, which they reach
via retromer-mediated retrograde trafficking (132). Here, they meet an endogenous pool of Gs
protein, adenylyl cyclase and PKA to trigger a local cAMP/PKA signal near the Golgi, which is required
to efficiently induce gene transcription in the nucleus (132). A similar requirement of endosomal
signaling for efficient gene transcription has also been shown for the (,AR (435). Furthermore,
important evidence for G protein signaling induced by the B,AR on early endosomes has been
obtained using fluorescently-labeled conformation-sensitive nanobodies that selectively recognize
the active receptor or Gs protein (177). This approach has also revealed the occurrence of 1AR-
mediated signaling at the Golgi complex (176). This Golgi-resident pool of B1ARs has been shown to

be rapidly activated by adrenalin and other cell-impermeable agonists that are able to cross cellular
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membranes and reach the Golgi-localized receptors via transport by the organic cation transporter 3
(176). A recent study has also shown that [1ARs located on the Golgi-complex of cardiac myocytes
stimulate phosphatidylinositol-4-phosphate hydrolysis via a cAMP-mediated activation of Epac and

PLCe to induce a hypertrophic response (294).

endosomes:
PTHR
LHR
B2AR
NK1R
CGRP trans-Golgi:
TSHR

mitochondria: ﬁ, 2

MT1R ‘#L‘.\

FIGURE 7. GPCR signaling at intracellular sites. Several GPCRs, including PTH, AR, NKIR and CGRP

receptors, have been shown to internalize to the endosomal compartment where they continue to
stimulate downstream signaling (108, 177, 184, 435, 472). The TSH receptor traffics retrogradely to
the trans-Golgi network where it induces a second wave of local cAMP/PKA signaling (132). Other

receptors have been suggested to be already present at the Golgi (B1AR) (176) or the outer
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mitochondrial membrane (MT1R), where they are activated by either cell-membrane permeable or

locally produced agonists (414).

Intriguingly, not only the location, but also the extent and duration of GPCR signaling in the endosomal
compartment seem to vary substantially among receptors. For instance, TSH and PTH receptors induce
marked and sustained responses, whereas those triggered by [;-adrenerigc (177) or dopamine D1
(222) receptors appear to be smaller and more transient. Distinct factors might explain these

differences, including the relative affinity of the receptors for their ligands.

It has also been proposed that prolonged endosomal G protein signaling may involve the formation of
so called ‘megaplexes’ in which a GPCR simultaneously interacts with a G protein and an arrestin
molecule (49, 426). This notion is consistent with biochemical and structural evidence that arrestin
can bind to receptors via two distinct modalities: a so-called ‘core’ interaction, whereby arrestin
occupies the receptor transmembrane core with its finger loop, sterically hindering the binding of a G
protein; and a ‘tail’ interaction, whereby arrestin only binds to the phosphorylated receptor C tail,
leaving the receptor core free. The tail interaction is believed to be the stronger of the two and allow
[-arrestin to remain associated with receptors in endosomes (309, 310). This possibility is further
supported by a recent cryo-EM structure of a complex containing a chimeric 3,-adrenergic-vasopressin

receptor with a G protein bound to the receptor core and -arrestin bound to its C-tail (299).

In addition to the endosomal compartment, there is evidence that GPCRs might initiate signaling from
other intracellular organelles, including the ER (352), nucleus (90, 113, 187, 203, 345), mitochondria
(1, 22, 23, 46, 123, 147, 414, 451), lysosomes (311, 365) and melanosomes (377). For instance,
melatonin, a small lipophilic ligand, is found in high concentrations in mitochondria where it has been
suggested to activate the melatonin receptor 1 (MT1R) located on the mitochondrial outer membrane
(414). In addition, the mitochondrial matrix is capable of synthesizing melatonin in situ, from where

it could reach and activate the local pool of MT1Rs (414).
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With the growing number of studies investigating GPCR signaling at intracellular sites, our
understanding of its physiological implications is increasing. For example, a recent study on the
neurokinin 1 receptor (NK1R) provided important evidence that endosomal signaling is implicated in
a pathophysiologically relevant process in vivo, highlighting the potential therapeutic utility of
endosomally directed drugs (184). Substance P is a neuropeptide of the tachykinin family that
activates NK1R in second-order spinal neurons to mediate pain transmission. Prolonged substance P
stimulation, as experienced in chronic pain, has been shown to induce NKI1R internalization and
sustained signaling from endosomes (184). Intriguingly, the same study has shown that
pharmacological inhibition or siRNA silencing of dynamin impairs substance P-evoked endocytosis of
the NK1R, accompanied by inhibition of cytosolic cAMP production, PKC activation and nuclear ERK
signaling (184). Importantly, blockade of endocytosis impairs sustained substance P-induced
excitation of spinal cord neurons in vitro as well as nociception in a mouse model, suggesting that
endosomal NK1R signaling is required for normal pain transmission. The same group additionally
demonstrated that the calcitonin receptor-like receptor, which is co-expressed with NK1R in spinal
neurons and mediates the effects of the calcitonin gene-related peptide (CGRP), also signals from
endosomes (472). Inhibitors of dynamin, as well as ERK and PKC, prevents the sustained actions of
CGRP in pain-transmitting neurons in the spinal cord (472). Another example is provided by a study
on the LH receptor, which stimulates the final steps of oocyte maturation and triggers ovulation at
mid-cycle (269). Using intact ovarian follicles isolated from mice expressing a FRET sensor for cAMP,
LH receptor internalization was shown to induce a second wave of cAMP production within granulosa
cells, which is required for efficient signal transmission to the oocyte to induce meiosis resumption

(269).

C. Biased signaling

Early depictions of GPCR signaling envisaged linear signaling pathways. However, it soon became

evident that GPCRs can receive a range of incoming signals, and in turn, initiate a multitude of outgoing
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signals, albeit with potential differences in potency, magnitude and/or rate of activation (277). The
concept of biased signaling, as the word implies, refers to the supposed ability of a given agonist for a
given receptor and in a given cellular system to preferentially activate one (or more) of these
pathways, whereas another agonist for the same receptor may preferentially activate others (281).
Importantly, biased signaling has been proposed as a means to develop more selective and effective
drugs (198, 272). Although a number of studies have documented effects that can be traced back to
biased signaling, the concept of biased signaling remains highly debated as several unrelated factors
could contribute to or even explain some of those observations without the intervention of biased
signaling (395). These include system, observational and kinetic factors that often complicate data

interpretation (206, 238).

Some of the first descriptions of ‘bias agonists’ focused on the ability of certain ligands to induce
arrestin-mediated signaling while competitively antagonizing G protein signaling (446). A prime
example of biased ligand is the AT1R peptide agonist [Sar, lles, lleg]-Ang (SIl), which was initially shown
to selectively recruit B-arrestin to the AT:R and induce G protein-independent ERK MAPK signaling
(339). Subsequently, the concept has been expanded to include G protein-biased signaling. G protein-
biased compounds have been reported to not only preferentially induce G protein over arrestin
signaling, but also differentiate between G protein types or even specific combinations of Ga- and

GBy-mediated signaling (198).

A frequently invoked mechanism to explain biased signaling is the ability of different ligands to
stabilize a given receptor in distinct active conformational states, each coupled to a unique
downstream signaling pathway (381). This selective stabilization of distinct conformational states
could be achieved by ligands that bind to the canonical orthosteric binding site as well as by allosteric
modulators or bitopic ligands that simultaneously interact with both orthosteric and allosteric sites

(395). Although new important insights have recently been obtained by comparing the structures of
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receptors in complex with different G proteins and arrestin, no simple relationship has been found

between any given receptor conformation and its coupling to a specific transducer.

Besides the possible stabilization of receptors in different active conformations, another important
factor that has been proposed to contribute to, and potentially confound, the interpretation of biased
signaling is the kinetics of ligand binding and dissociation. Forinstance, the unique chemical structure
of lysergic acid diethylamide (LSD) prolongs its residence time at both the 5-hydroxytryptamine 2A
and 2B receptors compared to the ergot-derived agonist ergotamine (448). The resulting slow
dissociation of LSD has been suggested to contribute to its relatively potent ability to induce B-arrestin
recruitment, an effect that might be crucial for its hallucinogenic activity in vivo (448). Furthermore, a
role of ligand binding kinetics in biased signaling is supported by a study investigating a set of agonists
for the dopamine D2 receptor (206). Although it remains uncertain how different binding or
dissociation kinetics translate into variable signaling responses, it has been proposed that certain
ligands may dissociate slower from their receptor compared to others, which might potentially reflect
the stabilization of the receptor in different conformational states that are linked to distinct cellular
responses (206). At the same time, caution should be taken when interpreting the results of these and
similar studies, as kinetic factors may also confound the results, especially when responses are
measured at single time points (206). Since biological responses can have distinct and complex
temporal profiles, single-point measurements can erroneously attribute differences in the binding

or dissociation kinetics among ligands to bias effects (206).

Even assuming that different ligands induce distinct receptor conformations, a remaining question is
how this translates into long-lasting, distinct cellular responses. One intriguing hypothesis is that
ligands might induce unique receptor phosphorylation patterns or ‘barcodes’, as supported by recent
studies. For example, stimulation of the $,AR with isoproterenol or carvedilol has been shown to
induce distinct patterns of B,AR phosphorylation, mediated by GRK2 and GRK6, respectively (303).

These changes correlate with different patterns of B-arrestin recruitment and MAPK phosphorylation
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(349). Likewise, ligand-specific phosphorylation ‘barcodes’ have been reported for angiotensin (68),
opioid (188, 245), serotonin (134) and chemokine (483) receptors. In the case of the C-C motif
chemokine receptor 7, both of its two endogenous ligands, CCL19 and CCL21, induce G protein
coupling and GRK6-dependent receptor phosphorylation. However, it has been shown that only
CCL19-mediated activation results in GRK3 recruitment, leading to a more robust B-arrestin binding,
receptor desensitization and internalization, possibly due to a distinct phosphorylation pattern (483).
Moreover, a recent elegant study using either full length GRK2 or its C-terminal pleckstrin homology
domain has revealed that kOR agonists can induce different modalities of GRK2 recruitment to the

receptor (411).

The newly discovered paradigm of GPCR signaling at intracellular sites may also provide another
important mechanism to explain both biased signaling and the barcode hypothesis (53, 108, 132, 176).
For instance, two distinct PTH receptor agonists, PTH1.35and the PTH-related peptide (PTHrP1.3¢), were
shown to differ in their capacity to promote receptor signaling at intracellular sites (108). Whereas
PTHrP.3s-mediated signaling is restricted to the cell surface and is rapidly reversible, PTH1.34
stimulation induces receptor internalization and signaling in the endosomal compartment, leading to
a persistent cAMP response (108). Another example comes from a more recent study showing the
existence of a signaling pool of B1ARs on membranes the Golgi complex. Intriguingly, it has been shown
that adrenaline and dobutamine can reach and activate this Golgi pool of :1ARs via transport across
membranes mediated by the organic cation transporter 3 (176). If, as it appears, different agonists for
the same receptor may induce unique spatio-temporal patterns of receptor internalization, trafficking
and signaling at intracellular sites, this might represent a key mechanism at the basis of biased

signaling.

Following the discovery of P-arrestin-biased agonists, major efforts have been devoted to
investigating their potential as novel drug candidates. The first 3-arrestin-biased AT1R agonist, SlI, was

shown to have beneficial effects on isolated rat cardiomyocytes, including the stimulation of cell
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contractility together with a reduction of apoptosis (339). These promising results lead to the
development of peptide TRV120027, a B-arrestin-biased AT:R ligand with increased potency and
efficacy towards B-arrestin-mediated signaling. TRV120027 was shown to decrease blood pressure
and improve myocardial contractility in preclinical studies in rats (105, 445). However, in a phase llb
trial, TRV120027 did not produce a composite clinical benefit in acute heart failure compared with
placebo (319). Further studies appear required to fully explore the pharmacological potential of -

arrestin-biased ligands.

Whereas most attention has been devoted to B-arrestin-biased ligands, G protein-biased agonists
might also find therapeutic application. Perhaps the best example stems from the study of biased
signaling at the 1L opioid receptor (LOR). Several studies support the notion that analgesia is associated
with G; protein-mediated signaling, whereas gastrointestinal dysfunction, respiratory depression, and
tolerance have been linked by some studies to B-arrestin recruitment (197, 337). These studies
stemmed from the initial observations that -arrestin 2 knock-out in mice potentiates the analgesic
effect of morphine (36) while reducing tolerance (35). The results further prompted the search for G-
protein biased pOR drugs. In particular, the nOR agonist oliceridine (formerly known as TRV130) has
been shown to induce robust G protein activation with a potency and efficacy similar to morphine,
while causing limited arrestin recruitment and pOR internalization. In a randomized, double-blind
controlled trial, oliceridine displayed greater pain relief than morphine with fewer or similar side
effects (399, 447). Likewise, PZM21, a subsequently developed pnOR agonist with properties similar to
oliceridine, exhibited improved analgesia with minimal constipation and respiratory depression (399,
447). Although oliceridine was not approved by the FDA in 2018 due to insufficient evidence of an
improved benefit-risk profile (67), it was eventually approved in 2020 (437). It is also worth noting that
recent efforts, including the generation of knock-in mice carrying a phosphorylation-deficient pOR,
failed to replicate some of the initial observations in mice, questioning the role of B-arrestin 2 in

opioid-induced tolerance, respiratory depression, and other side-effects (209, 210). Moreover, a new
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potential mechanism for improved side effect profile of opioid agonists based on low intrinsic efficacy

for G protein activation has been proposed (128, 129).

VI. KINETIC MODELS OF RECEPTOR-G PROTEIN INTERACTIONS: RANDOM COLLISIONS VS.

PRECOUPLING/STABLE COMPLEXES

Along with the progressive elucidation of the mechanisms at the basis of GPCR signaling, several
models have been proposed to describe the interactions between receptors and G proteins (156). At
the time of the discovery of receptor and G proteins, the plasma membrane was considered to be a
‘fluid mosaic’ of proteins floating in a sea of lipids as originally proposed by Singer and Nicolson (392).
In agreement with this model, receptors and effectors were initially thought to freely diffuse and
interact via random collisions (317, 429). With the discovery of G proteins (361), this free collision
coupling model was updated to incorporate the random collision between receptors and G proteins
as well as between G proteins and effectors. An important underlying assumption of the free collision
coupling model was that receptors and effectors or, as we now know, G proteins, interact only when
receptors are activated by an agonist. Moreover, a general prediction of this model was that, under
conditions of irreversible effector activation, receptor stimulation should eventually activate the
entire pool of G proteins or effectors present on the plasma membrane. Consequently, increasing the
number of receptors on the plasma membrane should result in faster and more efficient G
protein/effector activation, leading to a left shift in the obtained concentration-response curve,
without an increase in the maximal response. Such a behavior was observed studying adenylyl cyclase
activation following BAR stimulation in turkey erythrocyte membranes, which provided evidence in
support of the free collision coupling model (317, 429). However, the general validity of free collision
coupling was soon challenged by a comparison with the response to A;aR stimulation in the same
system (428). The results revealed that maximal adenosine stimulation was able to activate 70% of
the available pool of adenylyl cyclase, whereas all of it could be activated by BAR agonists (428).

Moreover, the data obtained with A;AR stimulation could not be satisfactorily fitted with the equations
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derived for free collision coupling, but only with a model that considered a tight coupling, i.e. some
degree of pre-association, between the A;aR and adenylyl cyclase (428). A subsequent study on the
AR revealed a non-linear relationship between progressive receptor inactivation and the resulting
reduction of adenylyl cyclase activity (262). In disagreement with the predictions of the free collision-
coupling model, reducing the number of receptors decreased both the maximal response and the rate
of adenylyl cyclase activation. In an attempt to explain these results, the authors proposed a restricted
collision-coupling model based on the assumption that receptor mobility on the plasma membrane is
slow compared to the speed at which ligands dissociate from the receptor. Monte Carlo simulations
performed with this model could reproduce the experimental findings, suggesting that active

receptors might have access only to a limited fraction of effectors located in their vicinity (139).

In the meantime, further insights into the mechanisms of receptor—G protein interactions were gained
from radioligand binding experiments. Competition radioligand binding experiments revealed the
existence of two inter-convertible binding sites characterized by high and low affinity for agonists,
with progressive conversion of the high affinity to the low affinity site in the presence of increasing
concentrations of guanine nucleotides (81). Attempts to explain these findings led to the formulation
of the ternary complex model, whereby agonists were proposed to promote the formation of a high
affinity complex between the agonist, the active receptor and the nucleotide-free G protein (81). In
its full formulation, the ternary complex model allows the formation of receptor—G protein complexes
also in the absence of agonist, consistent with several experimental observations (126, 297). Further
studies on constitutively active receptor mutants led to the introduction of the extended ternary
complex model (373), whereby receptors were proposed to exist in an equilibrium between an
inactive and an active state, the latter stabilized by agonists. This model allows receptors to bind G
proteins and initiate signaling also in the absence of agonists, explaining the basal activity measured

for some receptors.
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The ternary complex model has subsequently been completed to accommodate all possible states and
transitions involving ligand, receptor, and G protein in what is known as the ‘cubic ternary complex’
model (454). This model can be visually represented as a cube, with each vertex corresponding to a
state (FIGURE 8). Conveniently, transitions involving opposite faces of this cube correspond to ligand
binding/dissociation, G protein coupling/uncoupling or receptor activation/deactivation (FIGURE 9).
The cubic ternary complex model encompasses the collision-coupling model, the pre-coupling model,
as well as the extended ternary complex model, which can be obtained by forbidding some of the
transitions. The cubic ternary complex model represents a theoretical achievement as it is complete
both thermodynamically and statistically (454). In spite of this, it cannot recapitulate the complex
conformational dynamics that have recently been uncovered in both receptors and G proteins.
Moreover, it does not take into account the complexity in the diffusion of receptors and G proteins

that results from the nanoscale organization of the plasma membrane.
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FIGURE 8. The cubic complex model. Each vertex of the cube represents a possible state, determined

by the presence of a ligand, the active/inactive state of the receptor and the binding of a G protein.
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Lines represent transitions between different states. Ri, inactive receptor. Ra, active receptor. L,

ligand. G, G protein. Adapted from Weiss et al. 1996 (454).
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FIGURE 9. Main transitions in the cubic complex model. States are labeled as in FIGURE 8; Ra, active
receptor; L, ligand; G, G protein. Transitions between opposite faces of the cube correspond to ligand
binding/dissociation, G protein coupling/uncoupling, and receptor activation/deactivation. Adapted

from Weiss et al. (454).

VIl. THE NANOSCALE ORGANIZATION OF THE PLASMA MEMBRANE

A. Lipid nanodomains

Important early evidence for the organization of membrane proteins into small domains within the
plasma membrane came from biochemical studies on so-called lipid rafts. Lipid rafts were initially
identified as small membrane domains, rich in sphingolipids, cholesterol, and a unique set of other
molecules, including glycosylphosphatidylinositol (GPI)-anchored proteins, that are resistant to mild
detergent extraction at low temperatures and can be isolated by sucrose gradient centrifugation
(389). Some of these raft domains also contain caveolins, which are the building blocks of caveolae —
small invaginations of the plasma membrane that had been identified by electron microscopy (390).

Studies in neonatal rat cardiomyocytes revealed that $1ARs are present in both caveolar and non-
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caveolar domains, whereas [,ARs are preferentially localized in caveolae, which they leave upon
activation (367). Interestingly, it was shown that pharmacological disruption of lipid rafts/caveolae
enhances and prolongs cAMP accumulation in response to PB,AR activation (470). Furthermore,
although both B:AR and [,AR stimulate inotropic and chronotropic responses via activation of the
Gs/cAMP signaling pathway, only B1AR-mediated effects can be negatively modulated by muscarinic
M2 receptors (9). The possible accumulation or exclusion of specific signaling components in lipid
rafts/caveolae was advocated in an attempt to explain these findings. In particular, G;proteins as well
as certain adenylyl cyclase and PKA isoforms have been reported to be enriched in lipid rafts/caveolae
(367). By increasing the local concentration of signaling molecules, lipid rafts/caveolae or similar
membrane nanodomains might favor their interactions, and thus increase the speed and efficiency of
specific receptor-mediated responses (174). Evidence for a high level of spatial compartmentalization
in BAR signaling has also been obtained in adult cardiomyocytes, which display a highly sophisticated
membrane organization, including the presence of transverse tubules (T-tubules). T-tubules are
elongated invaginations of the plasma membrane that have a composition similar to caveolae and
play a fundamental role in excitation-contraction coupling (468). For instance, an elegant study
combining FRET and scanning ion conductance microscopy revealed that (,ARs induce cAMP
responses only in T-tubules, whereas B1ARs do so both inside and outside T-tubules (302). Since the
highly localized B,AR responses from T-tubules are lost in failing cardiomyocytes (302) or in mice
deficient of caveolin 3 (468), it has been suggested that the compartmentalization of 32AR signaling in
T-tubules plays an important role in assuring physiological responses to adrenergic stimulation in

cardiomyocytes.

Although these and similar results provided important, albeit indirect, evidence for a role of lipid
nanodomains in receptor signaling, the size and stability of these nanodomains has been a matter of
debate (51, 104, 290, 326). Early attempts to directly visualize lipid nanodomains by

immunofluorescence and electron microscopy in fixed cells produced conflicting results (278). This
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controversy has been partially resolved with the introduction of single-molecule microscopy methods,
which made it possible to directly observe individual GPl-anchored proteins and membrane lipids in
living cells. The results revealed a much more dynamic picture than previously thought, with GPI-
anchored proteins, phospholipids and gangliosides undergoing rapid diffusion on the plasma
membrane (114, 220, 251). In addition, combining fluorescence correlation spectroscopy (FCS) with
stimulated emission depletion (STED) microscopy researchers succeeded in precisely monitoring the
diffusion of sphingolipids and GPI-anchored proteins on a nanometer scale (104, 164). The results of
these studies suggest that sphingolipids and GPl-anchored proteins are transiently trapped within
nanodomains of the plasma membrane of less than 20 nm in diameter, with average dwelling times
in these nanodomains of approximately 10-20 ms. Cholesterol appears to play a role in the formation
of these nanodomains as suggested by the results of its pharmacological depletion (104). Overall,
these data are consistent with the formation of small, transient cholesterol-assisted lipid-protein
complexes or nanodomains rather than stable liquid-ordered domains floating across the plasma
membrane. Although lipid nanodomains might not be as stable as initially thought, lipid—-protein
interactions are nevertheless likely to have a major impact on the function of receptors and other

membrane proteins (257).

B. Role of the cytoskeleton

The membrane skeleton, i.e. the cytoskeleton closely associated with the plasma membrane, consists
of a network of actin filaments and microtubules that interact with both integral and peripheral
membrane proteins (288). The membrane skeleton is involved in various cellular processes, including

both endo- and exocytosis (115), and provides mechanical resistance against extracellular forces (92).

The importance of the membrane skeleton in controlling the location and movement of membrane
molecules was directly demonstrated by pioneering single-particle tracking studies with gold
nanoparticles (372) and optical tweezers (103, 371). These studied revealed that the membrane

skeleton partitions the plasma membrane into small nanodomains (182, 231). As a consequence, it
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was shown that the diffusion of both lipids and proteins in the plasma membrane is about 20-times
slower than in artificial lipid bilayers — for a comprehensive review, see Kusumi et al. (231). As
membrane proteins and lipids become transiently trapped in the nanodomains defined by the
cytoskeleton, their trajectories display a characteristic ‘hop’ diffusion (114, 436). Hence, trajectories
can be described by two distinct diffusion coefficients, depending on the considered spatio-temporal
scale: a microscopic one that describes the free diffusion of molecules within the nanodomains and a
macroscopic one that describes their slower effective diffusion across the plasma membrane (230).
Consistent with a prominent role of the cytoskeleton in controlling the movement of membrane
molecules, their diffusion was found to be sensitive to actin-depolymerizing drugs (251). In contrast,
an involvement of interactions with the extracellular matrix or lipid rafts was ruled out by the lack of
changes upon treatment with trypsin or cholesterol depleting agents, respectively (114). The p opioid
receptor (LOR) provided an ideal model for these experiments. By labeling nORs with small gold
nanoparticles, it was possible to record the diffusion of individual receptor particles with high spatial
and temporal resolution (416). At the relatively slow acquisition rate of one frame every 33 ms, uORs
were seen to diffuse as expected in the case of simple Brownian motion; however, when imaged at
the much higher rate of one frame every 25 us, HORs displayed a characteristic ‘hop’ diffusion. Mild
actin depolymerization with latrunculin B increased the apparent size of the trapping compartments,
leading to an increase in the macroscopic diffusion coefficient (416). These and similar experiments
led to the formulation of the so-called fence-and-picket model of the plasma membrane (232).
According to this model, the actin filaments (‘fences’) and the integral membrane proteins associated
with them (‘pickets’) create barriers to the diffusion of membrane proteins, leading to their transient
confinement in small nanodomains of the plasma membrane. Using fluorescently labeled molecules,
Murase et al. showed the size of these compartments to range from tens to hundreds of nanometers

(291).

In addition to restricting the lateral diffusion of membrane proteins, the cytoskeleton plays a

fundamental role in controlling their precise location, usually through interactions mediated by
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scaffold proteins (233, 293). These mechanisms have been best investigated at chemical synapses,
where a high spatio-temporal organization is required for rapid and precise synaptic transmission
(385, 412). A prime example is provided by ionotropic glutamate receptors, which mediate the rapid
effects of glutamate, the main excitatory neurotransmitter in the central nervous system. Single-
particle tracking and super-resolution imaging in neurons have shown that the localization and lateral
mobility of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, one of the
two main subtypes of ionotropic glutamate receptors, is governed by interactions with the membrane
skeleton (71). These interactions with the membrane skeleton have been shown to be mediated by
stargazin, which is an AMPA receptor regulatory protein that interacts with the postsynaptic density
protein 95 (PSD95), a synaptic scaffold protein with guanylate cyclase activity (63). Since the transient
nature of these interactions allow receptors to exchange between synaptic and extra-synaptic sites,
they might provide an important mechanism to control the number of receptors present within a
synapse and, hence, its activity (432). Similar findings have recently been obtained for GPCRs. For
instance, metabotropic GABAg receptors have been shown to be largely immobile and align along actin
fibers on the plasma membrane (54). This organization results from GABAg receptor interactions —
likely indirect — with the actin cytoskeleton, as supported by its disruption upon pharmacological
depolymerization of actin (54). Some scaffold proteins mediating interactions between GPCRs and the
membrane skeleton have also been identified. One of these is filamin A, which has been shown to
interact with several GPCRs, including the somatostatin receptor type 2 (SSTR2) (322). The interactions
between SSTR2, filamin A, and the actin cytoskeleton have been recently investigated by single-
molecule microscopy (431). This study has shown that SSTR2 and filamin A undergo transient
interactions, which occur preferentially along actin fibers and contribute to restraining SSTR2
diffusion. As supported by experiments with a filamin A dominant-negative fragment, these
interactions facilitate the agonist-dependent recruitment of SSTR2 into CCPs and its subsequent

internalization (431).
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Several studies have also investigated the impact of the cytoskeleton on G proteins and effectors as
well as downstream signaling. Insel et al. reported about 40 years ago that colchicine treatment, which
disrupts the microtubular assembly, potentiates -adrenergic-stimulated cAMP accumulation in S49
lymphoma cells (175). This is at least partially due to the role of the cytoskeleton in regulating the
formation and spatial arrangement of caveolae/lipid domains where GPCRs, G proteins and
downstream enzymes such as adenylyl cyclases are concentrated on the plasma membrane (152).
Pharmacological disruption of either microtubules or actin filaments revealed that these elements
restrict cAMP signaling by regulating the localization of GPCRs, G proteins, and ACs in lipid
rafts/caveolae (153). Conversely, it has been suggested that G proteins can serve as regulators of
microtubule assembly and dynamics. In particular, Go. has been shown to inhibit microtubule
assembly (363) while GBy has been suggested to bind to microtubules and promote their assembly

(364, 387). Furthermore, adenylyl cyclase 8 was suggested to interact directly with actin (13).

Vill. ADVANCED OPTICAL METHODS TO STUDY GPCR SIGNALING

A. Ensemble FRET and BRET

Classical biochemical and pharmacological methods require cell disruption and, therefore, have only
limited temporal and, generally, no spatial resolution. These limitations have been partially overcome
by the introduction of optical methods based on resonance energy transfer (RET), which allow
monitoring cell signaling in living cells. RET is a physical phenomenon that consists of the non-radiative
transfer of energy between a fluorescent (FRET) or bioluminescent (BRET) donor and an acceptor
fluorophore. Since RET occurs only when the donor and acceptor are in close proximity, typically less
than 10 nm, it can be exploited to monitor protein—protein interactions as well as conformational
changes within a protein of interest, e.g. a receptor (52, 263). In order to do so, the protein(s) under
investigation need to be labeled with a suitable pair of RET donor and acceptor molecules. These can
be genetically encoded, allowing direct fusion to the protein(s) of interest. Blue and yellow variants of

the green fluorescent protein (GFP) are often used as fluorophore pair in FRET measurements. In the
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case of BRET, the donor, instead of being a fluorescent molecule, is a luciferase enzyme, which
generates light through oxidation of a specific substrate (211). Since the fusion of large protein tags
like GFP or luciferase can potentially alter the properties of the native protein(s), suitable functional

tests should be performed to exclude this possibility.

FRET and BRET have successfully been used to monitor all key steps in GPCR signaling in living cells,
including ligand binding, receptor activation, the coupling to G proteins, G protein activation, the
production of soluble second messengers like cCAMP, and the activation of downstream protein kinases
such as PKA (5, 12, 45, 91, 300, 324, 332, 444, 478, 480). These experiments clarified a number of
important questions on the mechanisms and kinetics of GPCR activation and signaling. This includes
important evidence for cAMP/PKA compartmentalization (17, 52, 59, 248, 271, 298, 301). Moreover,
they provided important quantitative insights into the kinetics of GPCR signaling and the mechanisms
of G protein activation (45). FRET and BRET have also been widely used to investigate the formation

of receptor dimers and oligomers (283).

B. Single-molecule microscopy

The advent of single-molecule microscopy (27, 287) revolutionized the study of membrane proteins.
Whereas single-molecule methods were initially reserved to few, highly specialized labs, recent
methodological advances, including the development of more sensitive cameras and innovative
labeling strategies, have made these methods accessible to a broader scientific community. Labeling
with bright organic fluorophores is often preferred in single-molecule microscopy as it allows
extended imaging compared to the use of less photostable fluorescent proteins. This can be
conveniently obtained via fusion of a genetically encoded self-labeling tag like the SNAP tag (199). The
SNAP tag is an engineered DNA repair enzyme that reacts irreversibly with fluorescent benzylguanine
substrates. A modified version of the enzyme, known as CLIP tag, reacts specifically with

benzylcytosine derivatives, allowing orthogonal labeling with two different fluorophores (121).
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Alternatively, receptors and other membrane proteins can be visualized using fluorescently labeled

antibodies, peptides or small molecule ligands (55).

Single-molecule imaging at, or near, the plasma membrane is generally achieved via total internal
reflection fluorescence (TIRF) ilumination. This technique exploits the evanescent excitation field that
occurs when light is reflected at the interface between two media with different refractive indices,
like in the case of a cell growing on a glass coverslip. Since the intensity of the evanescent field
decreases exponentially with the distance from the interface, this allows illuminating only a thin layer
of approximately 100-200 nm, typically encompassing the plasma membrane in contact with the
coverslip and the cytoplasm immediately above it. Since fluorophores outside this thin illumination
volume are not excited, TIRF results in a high signal-to-noise ratio and low background, which
facilitates single-molecule visualization. Because of the diffraction of light, individual, fluorescently
labeled molecules appear in TIRF images as much larger intensity spots, with a size of approximately
200-300 nm. However, so long as the fluorophores are well separated, their position can be
determined with high accuracy by fitting pixel intensity values with a 2-dimensional Gaussian
distribution (FIGURE 10A). The precision of this fitting is mostly dictated by the number of the collected
photons and is typically in the range of 10-30 nm. This allows breaking the resolution limit of 200-300
nm that is intrinsically associated with far field microscopy. Tracking algorithms are then used to link
the particles detected at each frame of an image sequence and, thus, reconstruct their trajectories

(FIGURE 10B).
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FIGURE 10. Single-molecule microscopy. A: Principle of single-molecule localization. A typical
fluorescently labeled molecule appears as a diffraction-limited spot with a size (FWHM) of
approximately 200-300 nm. However, the position of the molecule can be determined with high
precision by fitting the pixel intensities to a 2D Gaussian distribution. The localization precision is
largely dependent on the number of collected photons and is typically in the range of 10-30 nm. B:
Single-particle tracking. An automated single-particle tracking algorithm is applied to the localizations
in each frame of an image sequence to obtain trajectories (blue) describing the movements of the

fluorescently labeled molecules over time.

TIRF microscopy has successfully been employed to study the diffusion of membrane proteins and
lipids within the plasma membrane (54, 192, 193, 416). Moreover, it has found an important
application in the study of the supramolecular organization and spatial arrangement of GPCRs and
other membrane receptors. One of the first studies used a fluorescent agonist to investigate the
muscarinic M1 acetylcholine receptor, which was observed to form transient dimers on the plasma

membrane (158). Similar results were obtained using a fluorescent agonist of the N-formyl peptide

50



receptor (193). A further study compared [1ARs, 2ARs and GABAg receptors labeled with a bright
organic fluorophore via the SNAP tag. While 31ARs and 3,ARs were observed to rapidly diffuse, GABAg
receptors were largely organized into arrays on the plasma membrane resulting from dynamic
interactions with the actin cytoskeleton (54). Furthermore, the three receptors showed different
tendencies to interact, with 31ARs and 32ARs predominantly existing in a monomer/dimer equilibrium,
and GABAg receptors forming larger supramolecular complexes (54). Single-molecule microscopy has
also been used to investigate the effects of agonists and antagonists on receptor dimerization, with
variable results obtained in different receptor systems (54, 124, 191). Fast two-color TIRF microscopy
using fluorescently labeled ligands has also recently been used to investigate opioid receptors,

revealing short lived dimers between pORs (125), but not between « opioid receptors (KOR) (97).

Finally, single-molecule FRET (smFRET) can be used to probe the conformational dynamics of
individual proteins (141). This can be achieved by labeling a protein of interest with a suitable pair of
organic fluorophores and measure FRET between them. smFRET measurements can be done on
proteins in solution or in intact cells, but are mostly performed with purified proteins immobilized on

a glass surface (450).

C. Single-molecule localization super-resolution microscopy

Another emerging application of single-molecule fluorescence microscopy is so-called super-
resolution imaging (165, 376). The underlying principle is the same that allows single-molecule
localization to bypass the resolution limit of conventional fluorescence microscopy. However, instead
of working with very low densities of fluorophores to separate them in space, individual fluorophores
present at high density are imaged by virtue of temporal separation. This results in only a small fraction
of the fluorophores to be visible at any given time, allowing their precise localization. Through
reiterating this process thousands of times, a high-resolution image is eventually reconstructed from
the individual localizations. Since the entire process typically takes several minutes, single-molecule

localization super-resolution microscopy has a limited temporal resolution and is most frequently
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applied to fixed samples. Among popular super-resolution methods are direct stochastical optical

reconstruction microscopy (dSTORM) and photoactivated localization microscopy (PALM).

dSTORM relies on the spontaneous switching of certain fluorophores between a dark and a
fluorescent state (208, 374, 460, 466), a process that can be tuned by varying the experimental
conditions. Recent studies have used dSTORM to investigate GPCRs. In one study, dSTORM was used
to image the corticotropin-releasing hormone receptor 1 in a simple cell system (417). Moreover,
dSTORM has been applied to investigate the nanoscale organization of endogenous GPCRs in the brain

(101, 385).

PALM (28) instead exploits the properties of reversibly photoswitchable fluorophores as well as
irreversibly photoactivatable or photoconvertible probes. Upon irradiation with a suitable
wavelength, typically near-UV, these probes can either be brought from a dark to a fluorescent state
or made to emit at a different wavelength. In a typical PALM experiment, a low-power activating laser
turns on only a small fraction of the fluorophores at a time, which are imaged and localized with high
precision. The fluorophores are then rapidly brought to a dark state, usually via photobleaching.
Similar to dSTORM, this process is reiterated thousands of times until a super-resolved image is
reconstructed. Also, PALM has been employed to investigate the nanoscale organization of GPCRs.
For instance, Scarselli et al. employed PALM to visualize B,AR clusters on the surface of a rat

cardiomyocyte cell line (375).

D. Fluorescence correlation spectroscopy

FCS is a highly sensitive, quantitative method that is complementary to single-molecule microscopy
(41). FCS is based on the detection of intensity fluctuations as fluorescent molecules diffuse through
a small illumination volume, which can be generated by confocal microscopy or other methods. By
performing an autocorrelation analysis of the intensity fluctuations over time, quantitative
information about the average number and diffusion speed of the fluorescent molecules can be
gained. One limitation of FCS is that it does not detect immobile or very slow molecules. An extension
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of FCS is fluorescence cross-correlation spectroscopy (FCCS), which measures the cross correlation
between two or more emission channels. FCCS finds an important application in the study of protein—
protein interactions. These methods have been employed to investigate various aspects of GPCR
signaling, including ligand-receptor interactions (41). Several GPCRs including 3.AR, adenosine A; and
A; receptors and the histamine H; receptor have been investigated by FCS (42, 75, 76, 155, 282).
Overall, these studies have revealed a high heterogeneity in the diffusion of receptors on the plasma
membrane. Moreover, photon counting histogram analysis can be utilized to determine the size of
receptor complexes. This has been employed to quantify adrenergic, muscarinic, and dopamine

receptor dimers and oligomers (159, 170).

E. Advantages and disdvantages of single-molecule methods compared to ensemble methods

Single-molecule microscopy offers a number of important advantages compared to ensemble
methods (TABLE 2). A first limitation of ensemble methods is that they often require overexpression
of the investigated molecules, which might alter their signaling kinetics or specificity (263). Second,
ensemble methods measure the average behavior of thousands or millions of fluorescently labeled
molecules simultaneously (190). Since the investigated molecules are generally non-synchronized, this
precludes the direct estimation of kinetic rates (55). In contrast, single-molecule methods can directly
visualize and investigate individual fluorescent molecules present at low concentrations with high
spatio-temporal resolution. Importantly, this allows the direct estimation of kinetic parameters, such
as the rates of protein—protein association and dissociation at the plasma membrane (413). Since
individual molecules are analyzed separately, single-molecule methods can also investigate complex
mixtures or identify rare events that are typically hidden in ensemble measurements. Moreover, they
can reach a spatial resolution of tens of nanometers, which enables researchers to directly study the
nanoscale organization of the plasma membrane or the formation of receptor signaling nanodomains.
An important drawback of single-molecule methods is the complexity and duration of data analysis,

which is usually done on a large number of image sequences and trajectories in order to reach
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sufficient statistical power. Moreover, they are not well suited in situations where the fluorescently
labeled molecules reach high local concentrations, as is the case at specialized membrane structures

such as neuronal synapses.

IX. LESSONS ABOUT RECEPTOR AND G PROTEIN SIGNALING FROM ENSEMBLE FRET/BRET

A. Kinetics of receptor—G protein interactions

The introduction of FRET and BRET methods proved particularly useful in investigating receptor-G
protein interactions. Initially, studies focused on the apparent kinetics of G protein activation in
response to agonist stimulation (16, 45, 111, 183, 474). This was achieved by measuring FRET/BRET
between genetically encoded fluorophores attached to the Ga and either the G or Gy subunit.
Subsequently, the association and dissociation between receptors and G proteins were also
investigated by both FRET (108, 127, 156, 157, 185, 304) and BRET (14, 15, 116, 117, 229). Overall,
these studies agree that receptor—G protein coupling can be very rapid (TABLE 3). In particular, FRET
experiments performed with a fast superfusion system have shown that G protein coupling can occur
with a time constant in the range of 50 ms, which is indistinguishable from the kinetics of receptor
activation measured by FRET under the same conditions (156, 157). The rapid increase in receptor—G
protein coupling observed in response to receptor activation indirectly suggested that receptors and
G proteins might be in close proximity or even pre-assembled before receptor activation (116, 117).
G protein activation was found to be slower, with time constants of approximately 500 ms, identifying

it as the time-limiting step in this process (2, 45, 117, 157).

These studies also provided unexpected insights into the mechanisms of G protein activation. The
results of classical biochemical studies indicate that Go. and GBy subunits dissociate upon GTP binding
(40, 130). Moreover, there is evidence that the released Ga subunit might subsequently translocate
from the plasma membrane to the cytosol (341, 366). Indeed, several FRET studies have reported a
reduction in FRET or BRET between Ga and Gy following receptor activation (16, 45, 116, 157, 183,

229, 474). Although the observed reduction in FRET or BRET was often only partial, these results were
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consistent with the classical model of G protein dissociation during activation. However, paradoxical
increases in both FRET and BRET between Ga and Gy have been reported in some studies (45, 117).
These responses appear to depend on the positions chosen to label the G protein subunits. These
findings challenged the classical model, suggesting that instead of dissociating into Ga and Gy
subunits, G proteins might undergo a conformational rearrangement that leads to the exposure of the
intersubunit interface, which is required for their interaction with effectors. This hypothesis is further
supported by the observation that non-dissociable G protein constructs are signaling competent (207,

253, 347).

Additional fundamental questions that have been investigated by FRET and BRET with discordant
results regard receptor pre-coupling and the possible occurrence of preformed receptor—G protein
complexes. Studies on several GPCRs and their G proteins have measured basal BRET or FRET in the
absence of agonists, indirectly supporting the occurrence of pre-coupling. These include studies on
the oa-adrenergic, B2-adrenergic, vasopressin V2, thromboxane A2, calcitonin gene related peptide,
bradykinin B2, protease activated 1, & opioid, dopamine D2, muscarinic M4, adenosine A; and
prostacyclin receptors (12, 14, 116, 117, 216, 304, 323). Based on the occurrence of BRET between a
B2AR mutant that is retained in the ER and the Gs protein, it was also suggested that receptor-G
protein complexes might form intracellularly and co-traffic to the plasma membrane (102). However,
no basal FRET or BRET was detected in other studies on the a,s-adrenergic, 3,-adrenergic as well as
muscarinic M2 and M3 receptors (16, 156, 229), providing evidence against pre-coupling. The
occurrence of transient interactions between receptors and G proteins is further supported by the
observation that the apparent speed of receptor—G protein association measured by FRET following
agonist stimulation correlates with the expression level of both receptors and G proteins.
Furthermore, a study examining muscarinic M2 and M3 as well as serotonin receptors showed that
these receptors share the same pool of fully accessible G proteins, favoring a model of free collision
coupling (16). These findings are also in agreement with the well-documented phenomenon of

catalytic G protein activation, which is at the basis of signal amplification (388). In the special case of
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rhodopsin and its G protein transducin, which have evolved to achieve maximal rapidity and
sensitivity, it has been estimated that one rhodopsin molecule can activate as many as 1,000 G
proteins per second in rod outer segment disk membranes (154). Intriguingly, fluorescence recovery
after photobleaching (FRAP) experiments have provided evidence against the formation of stable
o,AR—G protein complexes (336). However, the same approach has revealed the possible occurrence
of inactive-state complexes between muscarinic M3 receptors and the Gq protein in intact cells (335).
Several factors might contribute to the apparent discrepancies among these studies, including
differences among individual receptors and G proteins as well as a variable sensitivity of the employed
methods. At the same time, it is worth mentioning that whereas FRET, BRET and, to some extent, FRAP
are useful in monitoring changes in dynamic equilibria over time, they cannot directly probe the
stability of protein—protein complexes or readily distinguish between conformational rearrangements
and protein association/dissociation. This explains why, despite considerable efforts, the stability of

receptor—G protein interactions has long remained elusive.

B. Evidence for GPCR and G protein association with effectors

Besides suggesting the possible occurrence of receptor—G protein pre-coupling, FRET and BRET have
provided evidence for the formation of complexes of both receptors and G proteins with effectors. A
well-studied case is that of GIRK/Kir3 channels, which mediate the effects of several Gj,-coupled
receptors in the brain, heart and other tissues. TIRF combined with FRET in intact cells provided
evidence for the existence of trimeric G protein—GIRK/Kir3 complexes (354). Similarly, BRET and co-
immunoprecipitation suggested the occurrence of stable interactions between heterotrimeric G
proteins and GIRK/Kir3 channel subunits, which persist after receptor activation (346). Furthermore,
it was shown that G protein—GIRK/Kir3 interactions start in the ER before the proteins reach the
plasma membrane (355). In parallel, important insights came from the determination of X-ray
crystallography structures of the GBy—GIRK/Kir3 complex in different functional states (461). A

subsequent study suggested that GIRK/Kir3 constitutively interacts with the SOR and Gy subunits,
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with receptor activation leading to conformational changes at the GBy/Kir3 interface (353). Based on
these findings, it has been proposed that receptors, G proteins and GIRK/Kir3 channels might form a
preassembled multimeric complex that changes its conformation during receptor activation, allowing
the GPBy dimer to interact with and activate the GIRK/Kir3 channel while remaining bound to the
receptor (292). Since the GIRK/Kir3 channel is a tetramer of four subunits, each interacting with a Gy
dimer, four receptors might simultaneously interact with one channel, possibly occupying the grooves

between two adjacent GIRK/Kir3 subunits (292).

Similar to GIRK/Kir3 channels, adenylyl cyclases have been suggested to form complexes with both
receptors and G protein subunits. Constitutive interactions between G protein subunits and adenylyl
cyclase 2 have been detected by BRET and co-immunoprecipitation (346). Moreover, a study on the
relaxin family peptide receptor 1 (RXFP1) provided evidence for the formation of a constitutive
complex containing the receptor, heterotrimeric G protein and adenylyl cyclase 2, capable of

producing cAMP responses to sub-picomolar relaxin concentrations (144).

The association of receptors in macromolecular complexes with G proteins and effectors might serve
as a mechanism to ensure fast, efficient and specific signaling. This might be particularly important in
neuronal synaptic transmission. In hippocampal neurons, 3,ARs have been suggested to form signaling
complexes containing G protein subunits, adenylyl cyclase, PKA and the voltage-dependent calcium
channel Ca,1.2 (80). Moreover, super-resolution imaging (dSTORM) has recently revealed that the
metabotropic glutamate receptor type 4 (mGIuR4) is organized in small nanodomains with Ca,2.1
channels and Munc-18-1 at cerebellar active zones (385). The short distances measured within these
nanodomains are compatible with the occurrence of physical interactions between mGluR4, Ca,2.1
and Munc-18-1. Such nanodomains or macromolecular complexes might contain more than one

receptor, as suggested by findings on the mGIluR4 (385) as well as by work on the AR and D3R (295).

X. NEW INSIGHTS INTO RECEPTOR-G PROTEIN SIGNALING FROM SINGLE-MOLECULE MICROSCOPY

A. GPCR activation and G protein coupling with purified proteins
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Both single-molecule microscopy and FCS have been employed to investigate the conformational
dynamics of purified GPCRs in vitro. In one of the first studies, Peleg et al. (320) monitored the
fluorescence intensity bursts generated by the diffusion of micellae containing individual,
fluorescently labeled B2ARs through the illumination volume of a confocal microscope. 3,ARs were
site specifically labeled with a small organic fluorophore at the cytoplasmic end of TM6. An analysis of
the distribution of the burst intensities revealed more than one peak. Based on the results, the authors
concluded that the (B.AR was likely present in at least two conformational states under basal
conditions and three states after activation with the full agonist isoproterenol. Ten years later,
Bockenhauer et al. (34) used anti-Brownian electrokinetic (ABEL) trapping to immobilize single,
solubilized and fluorescently labeled ,ARs for a time sufficient to monitor potential transitions among
conformational states. The results were consistent with the 3,AR being in a dynamic equilibrium
among multiple, discrete states, characterized by distinct fluorescent intensities and lifetimes. The
conformational dynamics of 32ARs was further investigated using a similar approach in lipid nanodiscs
(237). Lipid nanodiscs provide a more native-like environment where receptors are surrounded by
phospholipids. The results confirmed that the B,AR can spontaneously transition between two
discrete conformational states. Application of a full agonist shifted the conformational equilibrium
towards the state characterized by higher fluorescence. In contrast, an inverse agonist shifted the
equilibrium towards the state with lower fluorescence. An analysis of the dwell-times in the two states
revealed a complex transition kinetics, with a faster and a slower component with rate constants of

approximately 2-4 and 0.5 s}, respectively (237).

Overall, the above-mentioned studies indicated that agonist stimulation was only partially stabilizing
the B2AR in an active conformation, allowing the receptor to spontaneously transition to its inactive
state. A likely explanation for this incomplete stabilization was the fact that the experiments had been
conducted in the absence of G proteins. This hypothesis has recently been tested in an elegant study

by Gregorio et al. (138). In this study, single-molecule FRET between two fluorophores attached to the
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cytoplasmic ends of TM4 and TM6 of the receptor was used to monitor 32AR conformational changes
induced by ligands with different efficacies, in the presence or absence of G; protein. This study
showed that G protein binding is required to stabilize the B,AR in an active conformation, which is
characterized by low FRET. Moreover, it revealed a correlation between agonist efficacy and the
proportion as well as time spent by individual B2ARs in the active, low FRET state. Intriguingly, rapid
addition of GDP or GTP to nucleotide-depleted 3,AR-Gs complexes gave rise to an intermediate FRET
state, suggesting that the receptor-G protein complex might explore conformations that are distinct

from the nucleotide-free state that has been observed crystallographically (344).

More recently, smFRET has been used in combination with X-ray crystallography to study the
conformational dynamics of the platelet-activating factor receptor (PAFR) (57). A comparison of the
crystal structures of the PAFR in complex with either the inverse agonist ABT-491 or the antagonist
SR27417, revealed an unusual conformation in the presence of SR27417, characterized by an outward
shift of TM2 and TM4 by 13 A and 4 A, respectively. smFRET between fluorophores inserted at the
cytosolic ends of TM2 and TM4 were then used to further investigate these findings. The results

confirmed the occurrence of ligand-specific conformational changes.

Single-molecule microscopy and FCS have also been used to investigate the conformational dynamics
of metabotropic glutamate receptors (mGluRs), which play important physiological roles in the
modulation of neurotransmitter release, neuronal excitability and synaptic plasticity (74, 348). Like
other Family C GPCRs, mGIuRs are dimeric receptors characterized by the presence of large
extracellular ligand binding domains (LBDs) (74). A first study monitored rapid conformational changes
within mGIuR2 LBD dimers in solution by FCCS and smFRET with pulsed interleaved excitation (316).
The ECD dimers were labeled with a pair of FRET donor and acceptor fluorophores via SNAP tags fused
to their N-termini. The results of this study suggested that mGIluR2 LBDs oscillate on a sub-millisecond
scale between an open (inactive) and a closed (active) conformation, stabilized by the full agonist

glutamate. Moreover, partial agonists were found to shift the equilibrium towards the same active
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state, albeit to a lesser extent, rather than inducing distinct conformations (316). A subsequent study
investigated full-length mGIuR2 and mGIuR3 immobilized on glass and labeled with a pair of
fluorophores via SNAP and CLIP tags inserted at their N-termini (439). By monitoring smFRET between
the two fluorophores, the authors concluded that the LBDs of mGluR2/3 are in equilibrium between
a resting conformation, an active one, and a short-lived intermediate state, with some kinetic
differences between mGIuR2 and mGIuR3 (439). Estimates of the receptor residence times in the
resting and active conformations gave longer values than those observed for LBD dimers in solution
(316), suggesting that the TMDs have a stabilizing effect on the LBDs (439). Interestingly, a subsequent
study by the same group revealed that mGIuR dimerization is primarily mediated by hydrophobic
interactions between the LBDs rather than the formation of a covalent intersubunit disulfide bridge,
as previously thought (252). Moreover, using photo-switchable agonists conjugated to one or both
subunits of covalently linked mGIuR dimers, this study showed that these intersubunit interactions

prevent spontaneous LBD closure and mediate cooperativity in receptor activation (252).

B. Receptor-G protein interactions in living cells

Our group has recently succeeded in visualizing individual receptors and G proteins as they diffuse and
interact on the surface of living cells by fast multi-color TIRF microscopy (FIGURE 11) (413). In this
study, prototypical c.aARs and B,ARs and their main interacting G proteins, Gi and Gs, were imaged
simultaneously with a resolution of approximately 20 nm in space, and 30 ms in time. The receptors
and G proteins were labeled with a pair of bright organic fluorophores via SNAP and CLIP tags (121,
199). This allowed tracking individual molecules for a time sufficient to analyze their diffusion and
mutual interactions. Experiments were performed in both a simple cell system and in human primary

endothelial cells, where 0,aARs and ,ARs play an important role on the control of vascular tone.
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——— receptor ——— G protein —— interaction
FIGURE 11. Single-molecule imaging of individual receptors and G proteins as they diffuse and interact
on the surface of a living cell. Receptors (green) and G proteins (magenta) were labeled with two
different fluorophores via CLIP/SNAP tags and imaged by fast two-color TIRF microscopy. An
automated single particle tracking algorithm was applied to follow the movement of receptors and G
proteins and detect their interactions. A: representative frame from a TIRF image sequence. B:
Receptor and G protein trajectories obtained from the same image sequence. Blue denotes possible
interactions. C: Enlarged view of the region corresponding to the box in A and B, with the trajectories

overlaid on the image. See Sungkaworn et al. for further information (413).

This study revealed a high heterogeneity and complexity in the diffusion of receptors and G proteins
on the plasma membrane, with both receptors and G proteins frequently switching among phases of
rapid and slow diffusion (413). The phases of slow diffusion were found to result from transient
trapping of receptors and G proteins in small areas of the plasma membrane. Labelling of the actin
filaments and microtubules underneath the plasma membrane revealed that the trapping of receptors
and G proteins was at least partially due to confinement in small nanodomains defined by the
membrane skeleton, in agreement with the ‘fence-and-picket’ model of the plasma membrane (233).
Importantly, this leads to the formation of ‘hot spots’ on the plasma membrane, where receptors and
G proteins accumulate and preferentially interact with each other (FIGURE 12). Using a nanobody-
based biosensor (Nb37) (177) that selectively binds the nucleotide-free, active G; protein, it was also
possible to show that G protein activation preferentially occurs at these hot spots, rather than

homogenously across the plasma membrane (413).
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FIGURE 12. Hot spots for receptor—G protein interactions at the plasma membrane. The complexity
of the plasma membrane, with important contribution of barriers provided by the cytoskeleton and
its associated proteins, leads to the preferential accumulation of receptors and G proteins in small

nanodomains of the plasma membrane (hot spots) where they preferentially interact and signal.

Using a novel mathematical approach based on deconvolution of the apparent colocalization times,
this study also provided estimates of the microscopic rates of receptor—G protein association (kon) and
dissociation (ko) in living cells (TABLE 3). In the absence of agonists, a low level of basal interactions
between receptors and G proteins was observed (kon=0.015 um?molecules™ for 0aAR-G;
interactions), leading to transient interactions lasting approximately 1-2 s (ko = 0.5-1 s?).
Interestingly, agonists were shown to modulate receptor—G protein interactions mainly via increasing
the association rate by approximately 10-fold. Intriguingly, this rate was approximately 10-times
higher for 0,aAR—G; protein than for B,AR-G; protein interactions, consistent with the view that
receptor—G protein coupling might be more efficient in the case of Gi- than Gs-coupled receptors. The
higher association rates oberved with the G; compared to Gs protein might be the result of the
relatively narrower opening of the intracellular binding cavity seen in the available structures of
receptor—G protein complexes (58, 98, 119, 194, 214, 224, 344) (FIGURE 13). As further supported by

a recent study (430), this kinetic difference between G- and Gs-coupled receptors might also explain
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why, although both types of receptors can trigger GBy dissociation (79), only Gi-coupled receptors are

capable of efficiently activating GIRK channels via Gf3y.

B2AR— TM6 TM7 TM1
=
o ’ (
&L
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FIGURE 13. Structural comparison of the regions involved in G protein binding in the B,AR-G, and
A,xR-Gj complexes. Note the larger outward movement of the intracellular end of TM6 in the ,AR-

Gs (PDB ID: 3SN6) than in the A;aR-Gi complex (PDB ID: 6D9H).

Experiments comparing a panel of agonists for the o,aAR also revealed a positive correlation between
agonist efficacy and the rate of receptor—G protein association, with only minor effects on the
duration of the interactions (413). This is similar to what has been observed by Gregorio et al. on
purified B2AR by single-molecule FRET (138). Altogether, these results suggest that agonist efficacy

operates at least partially at the level of receptor—G protein interactions.

Furthermore, our study shed new light on the long-debated question of whether receptors and G
proteins are pre-coupled in the absence of agonists. Although a low frequency of transient interactions
between G proteins and both receptors were detected, no preformed stable complexes were
observed (413). These transient interactions were suppressed by treatment with an inverse agonist as
well as by inactivation of the G; protein with pertussis toxin, indicating that they result from the

constitutive activity of the receptor and require a functional Ga; subunit (413). Importantly, these
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transient interactions likely contribute to maintaining receptors and G proteins in close proximity,
allowing for a rapid and efficient response to an agonist-induced receptor activation. At the same
time, the transient nature of these interactions allows a single receptor to catalytically activate more

than one G proteins, leading to signal amplification.

C. Towards a microscopic interpretation of protein—protein interaction kinetics

Recent single-molecule studies have provided quantitative information about the microscopic kinetics
of receptor—G protein interactions. These results can be better interpreted in the light of microscopic
models of protein—protein interactions (379). Although a complete analytical description of protein—
protein interactions is presently unattainable, simplified models that can recapitulate the overall

microscopic kinetics of protein interactions haven been developed (379).

In order for two proteins A and B to bind to each other, their contact surfaces need to be in a favorable
orientation. Additionally, some proteins require large conformational changes to bind to their
partners. To take these important aspects into account, it is convenient to consider protein—protein
interactions to occur via the formation of an intermediate, nanosecond-lived state, generally known
as the encounter complex (here referred to as A*B). The encounter complex can then undergo a series
of conformational changes that ultimately lead to a fully assembled complex, called the productive

complex (here referred to as AB). These reactions can be summarized as:

kD kc
A+ B = A'B = AB, (1)
kop  k_c

where ko is the diffusion-controlled rate of formation of the encounter complex, k.p is the diffusion-
controlled rate of dissociation of the encounter complex, k. is the rate of conversion of the encounter
complex to the productive complex and k. is the rate of conversion of the productive complex to the
encounter complex. The diffusion-controlled association rate kp has units mol™s? in solution, while

the other rates have units s
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On arelatively large scale (i.e., considering an entire cell), the time evolution of the concentrations of
both encounter and productive complexes can be mathematically described by the following system

of two first-order differential equations (86):

d[/;*tB] = kplA][B] — (k_p + ko)[A*B] + k_.[AB], )
AB] |
dt - kc[A B] - k_C[AB].

The three terms on the right hand side of the first equation, which describes the evolution of the
concentration of the encounter complex, correspond to the formation of the encounter complex from
A and B, its disappearance via dissociation or conversion to the productive complex, and its reverse
conversion from the productive complex, respectively. The two terms on the right hand side of the
second equation, which describes the evolution of the concentration of the productive complex,
correspond to the formation of the productive complex from the encounter complex and its reverse
conversion to the encounter complex. At equilibrium, the left hand side terms of both equations
vanish. Under these conditions, one can express the overall rates for the formation (ko.n) and

dissociation (ko) of the productive complex from A and B as:

k.k
(kon - C—D’
o+ ke a)
k_ck_p
kotf = ———.
o+ ke

These equations predict two main scenarios. On the one hand, when the conformational
rearrangement is fast compared to the dissociation of the encounter complex (k. > k.p), the reaction
is diffusion-limited and the protein—protein interaction is governed by the rate of formation of the
encounter complex, i.e. kon = kp. At the same time, the overall dissociation rate is relatively low and
can be approximated as ko = kck-o/kc. In this limit, A and B associate nearly instantaneously upon their
encounter, so that most collisions are productive. On the other hand, when the conformational
changes leading to the productive complex are much slower than diffusion (ko > k), the
conformational changes become rate limiting and the overall association constant kon = kcko/k-p is
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small. Under these conditions, most encounter complexes dissociate before leading to the formation
of a productive complex. While the microscopic kinetics of protein—protein interactions have been
mostly studied for purified proteins in solution (i.e. in 3 dimensions), limited experimental evidence
exists for membrane-anchored proteins (i.e. in 2 dimensions), especially in their native context (122,

333, 379).

Extensive theoretical work has been devoted to modeling and interpreting the diffusion-controlled
association rate kp. In fact, kp is @ macroscopic constant that encompasses a number of microscopic
phenomena, such as the capability of the reactants to effectively explore the medium or the
occurrence of electrostatic interactions, and can be thought as the flux of molecules A that arrive onto
atarget molecule B. The simple case of an idealized reaction in which the encounter complex is formed
instantaneously upon each collision between A and B was first studied by Smoluchowski in 1916 (396).
In Smoluchowski’s formulation, the two reactants are spherical objects that diffuse in a homogeneous

three-dimensional medium. This leads to the well-known relationship:

kp = 4mDR, (4)

where D is the sum of the diffusion coefficients of the two reactants and R is the sum of their radii.
Smoluchowski’s work marked a historical milestone in the development of a kinetic model of chemical
reactions based on the theory of diffusion. However, Smoluchowski’s formulation did not take into
account the complexity of protein—protein interactions and the heterogeneity of the biological media,
e.g. the cytoplasm or the plasma membrane in which those reactions take place. These phenomena
cause the observed kp values to be several orders of magnitude lower that the theoretically predicted

values.

An important factor causing a significant departure from Smoluchowski’s prediction lies in the fact
that biological media are crowded and heterogeneous. This leads to deviations of the diffusion of
biological molecules from the behavior expected for normal Brownian motion, a phenomenon known
as ‘anomalous diffusion’. Anomalous diffusion has been documented both in the cytoplasm (455, 465,
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467) and on the cell membrane (54, 275, 413). Different theoretical models have been proposed to
explain anomalous diffusion. One model considers an accessible medium with a fractal geometry, as
may result from the presence of obstacles such as the cytoskeleton (369). Under such conditions,
molecules tend to revisit the same locations several times. As a consequence, their mean first passage
time towards a target is longer compared to normal diffusion (73). Analogous results have been
obtained considering a model of molecules diffusing according to a continuous time random walk
process (72, 148). This process is characterized by the alternation of short diffusive jumps and long
stalling periods, as could be expected in the case of relatively long and frequent interactions with
immobile cellular structures. Similarly, fluctuations in the diffusivity of individual molecules over time,
e.g. due to changes in their conformation or in the local environment, have been shown to increase
the mean first passage time towards a target by a multiplicative factor that depends on the amplitude
of the diffusivity fluctuations (241, 406). However, such diffusivity fluctuations also lead to a
broadening of the distribution of first passage times, effectively reducing the time required for the
fastest molecules to reach the target (241, 406). Although these and similar theoretical models (240,
280, 424) have predicted a reduction of reaction rates, they almost always assume that the reactant
disappears after first contact with the target. Whereas this can be assumed to be true in the case of
irreversible enzymatic reactions, it does not recapitulate the behavior of more complex reactions like
those frequently observed in cell signaling. This includes receptor-G protein interactions, where G
proteins can interact multiple times with the same receptor and have a complex activation cycle,

characterized by phases of high and low affinity for receptors.

A second important factor lies in the fact that the interacting molecules, e.g. a receptor and a G
protein, are usually far from being perfect, inert spheres. If the two molecules bear opposite charges,
electrostatic effects enhance their collision probability (384). Conversely, charges of the same sign
generate repulsive forces, reducing the collision probability (384). Moreover, proteins usually exist in
a dynamic equilibrium among different conformations with reactive sites typically occupying only a

small area of their surface (379, 400). As a consequence, proteins typically need to undergo more than
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one collision and explore different relative orientations and conformations before an encounter
complex can be formed (137, 379). Altogether, these effects lead to important deviations from
Smoluchowski’s predictions as supported by both experimental measurements and Brownian

dynamics simulations (379, 482).

After two proteins have collided, they usually need to undergo a series of conformational changes for
their encounter complex to be converted into a productive complex. The kinetics of this transition can
be rationalized by considering that the encounter and productive complexes correspond to two
metastable states separated by an energy barrier. A protein complex configuration can jump over this
energy barrier thanks to random fluctuations due to thermal rearrangements of its molecular

components.

Hendrik Kramers shed important light on this process by developing a quantitative theory of how
thermal fluctuations can lead to energy barrier crossing (223). These thermal fluctuations have an
energy in the order of ksT, where kg is the Boltzmann constant and T is the absolute temperature. As
a consequence, higher temperatures imply faster and more frequent conformational changes.
Kramers’ original approach looks at the problem in ‘reaction coordinates’, whereby conformational
states are assumed to lie one after another on a single linear path (FIGURE 14). Each state is associated
with an energy level. In the simple case of the transition between an inactive state (A) and an active
state (C) separated by an energy barrier (B), random conformational rearrangements can be described
by a random walk in a double well potential. The transition rate from A to C can be shown to be
exponentially dependent on the height of the energy barrier. Adding an auxiliary molecule to the
complex, e.g. a ligand or an allosteric modulator, is thought to modify the height of the energy barrier
and/or the relative energy level of the two pre-existing states (87, 212). Lowering the energy barrier
implies faster transition rates in both directions. Decreasing or increasing the relative energy of one

of the two states will respectively increase or decrease the transitions towards that state. Since its
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initial formulation, several extensions of Kramers’ theory have been developed. For a thorough

review, see Hanggi et al. (145).

A\

FIGURE 14. Diagram illustrating Kramers’ theory applied to conformational changes. An inactive (A)
and an active (C) state are separated by an energy barrier (B) of height Ex* in one direction and Ey in

the opposite direction.

D. Lessons on kinetics of receptor-G protein interactions from single-molecule studies

Applying the above-described theoretical framework to the data obtained from single-molecule
microscopy (138, 413) allows drawing a series of conclusions about the mechanisms that control the

kinetics of receptor—G protein signaling and their implications (FIGURE 15).
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FIGURE 15. New kinetic model of receptor-G protein interactions based on recent single-molecule
studies. Receptor-G protein collisions lead to the formation of a short-lived encounter complex, which
converts into a productive complex lasting approximately 1-2 s. In the absence of agonists, there is a
low conversion probability, leading to basal constitutive activity. Agonists increase the conversion
probability, likely by favoring a receptor conformational state that is required for G protein interaction,

ultimately leading to increased G protein activation.

A first aspect regards the interpretation of receptor—G protein association rates and how they are
affected by agonist stimulation. Strikingly, agonist stimulation in living cells (413) or with purified
receptors and G proteins (138) have shown a very similar effect, i.e. an approximately 7-10-fold
increase in the overall rate of receptor—G protein association. In addition, both studies agree that
receptor—G protein association rates are low in the absence of agonist (138, 413), being several orders
of magnitude smaller than the diffusion limited association rates observed for macromolecules in
solution (106). Moreover, they both revealed a positive correlation between agonist efficacy and the
measured rates of receptor—G protein association (138, 413). Altogether, these findings suggest that
receptor—G protein interactions do not operate in a diffusion-limited regime, but are rather controlled
by the rate of the conformational changes required for the formation of the productive complex. This

conclusion is in very good agreement with the growing evidence from structural and biophysical
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studies that the formation of receptor—G protein complexes requires large conformational changes in
the interacting G protein and, to a lesser extent, receptor. In the context of Kramers’ transition state
theory, these results can be explained by the existence of an unfavorable energy barrier for the
conformational rearrangement under basal conditions, resulting in a low probability of encounter
complexes being converted to productive ones, and, thus, in low G protein coupling and activation.
Agonists likely lower this energy barrier and/or the energy level of the productive complex, thus
favoring the transition from encounter to productive complex. This interpretation is in agreement with
energy landscapes inferred from structural and biophysical studies on purified receptors (87, 212).
Thus, the resulting low association rate under basal conditions and its efficacy-dependent increase
upon agonist stimulation emerge as fundamental regulatory mechanisms that allow agonists to
modulate GPCR signaling. Such regulatory mechanisms could not operate if receptor-G protein
interactions were instead diffusion-limited. In this respect, it is tempting to speculate that nature
might have evolved receptors and G proteins to undergo large conformational changes during their

interactions so that their association rate can be controlled by agonists.

A second aspect regards the duration of receptor—G protein interactions. Interestingly, the average
duration of 1-2 s measured by single-molecule microscopy is significantly longer than the time
required to activate effectors such as GIRK channels, which can occur within 100 ms (156). These
findings suggest that G proteins might stimulate GIRK/Kir3 channels, and potentially other effectors,
while still bound, perhaps in a loose conformation, to the receptor. This view is supported by the
results of computer simulations of GPCR signaling based on the experimentally measured kinetics
parameters (413). Moreover, it is consistent with previous observations that G proteins might not
dissociate into Ga. and Gy subunits after activation (45, 117) and that receptors, G proteins and
effectors, including both GIRK channels and adenylyl cyclases, might associate, at least transiently, in

multimolecular complexes (292, 353).
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A final aspect regards the formation of signaling hot spots and their consequences on the speed,
efficiency and specificity of GPCR signaling. Importantly, the results of stochastic simulations
comparing different diffusion scenarios indicate that the presence of hot spots approximately doubles
the probability of receptor—G protein interactions (413). The reasons for this appear complex. In fact,
the reduced exploration of the plasma membrane resulting from anomalous diffusion has been
predicted to decrease reaction rates (148). However, the combination of basal interactions with the
possibility of re-association after a previous interaction leads to the accumulation of receptors and G
proteins within the hot spots. The overall outcome is an increase in the receptor—G protein association
rate (413). Based on these considerations, we predicted the hot spots to have a series of consequences
on GPCR signaling (413). First, by increasing the local concentration of receptors and G proteins and
keeping them in close proximity after a previous interaction, they likely enhance the efficiency and
speed of GPCR signaling. Second, by allowing GPCRs to produce local responses, they might give an

important contribution to the high specificity observed in GPCR signaling.

XI. CONCLUDING REMARKS

More than 40 years of intense research on receptor—G protein interactions have provided important
insights into one of the most critical mechanism in human physiology. Thanks to recent advances in
structural biology, we now possess snapshots with atomistic details of receptors and G proteins in
different conformational states. Combined with biophysical investigations on purified proteins, these
studied have revealed an unexpected flexibility and structural dynamics in both receptors and G
proteins. In parallel, the introduction of new methods based on single-molecule microscopy is giving
us a unique opportunity to investigate receptor—G protein interactions and other signaling events in
living cells with unprecedented spatio-temporal resolution. These approaches are helping to clarify
some of the most fundamental and still unresolved questions about GPCR signaling. The results
obtained so far have revealed a complex picture, whereby dynamic interactions among receptors, G

proteins and the surrounding cellular environment shape GPCR signaling in both space and time. This
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complexity leads to the formation of GPCR signaling hot spots on the plasma membrane, where GPCRs
and G proteins preferentially interact and signal. The accumulation of receptors and proteins in these
hot spots appears to increase the speed and efficiency of GPCR signaling. Moreover, since individual
receptors and G proteins might signal in different nanodomains both at the cell surface and, as we
have recently learnt, intracellularly, this complexity might help cells to discriminate between the
myriad of signals initiated by the hundreds of different GPCRs that are simultaneously expressed in a

typical cell.

As it is often the case in science, for every question that is answered many more questions and
hypotheses are generated that will have to be further investigated in the future. One important
question is whether the emerging spatio-temporal organization of GPCR signaling is altered in disease
and/or contributes to the pathogenesis of common conditions. An example is the above-mentioned
change in the nanoscale organization of P-adrenergic receptor signaling on the surface of

cardiomyocytes that has been implicated in the pathogenesis of heart failure (302).

A second question is whether the new information might be exploited to develop innovative drugs.
Current drug screening strategies are based on the assumption that GPCR are simple on/off switches.
However, this approach is associated with an overall poor success rate and a high economic burden,
largely caused to the frequently late failure of new experimental drugs due to lack of efficacy in
humans. Thus, there is an urgent need for new and more rational drug development strategies based
on better models, predictive strategies and testing approaches. Single-molecule microscopy could give
a major contribution to achieve this goal by providing highly quantitative data about the complex
spatio-temporal dynamics and microscopic kinetics of GPCR signaling. Together with the growing
richness of structural information and rapid advances in computer science, this will hopefully lead to
advanced dynamic models, capable of reproducing the complexity of GPCR signaling across different

scales and, eventually, predicting the responses to new experimental treatments.

73



One particularly intriguing question for future research is whether the new information about the
nanoscale organization of GPCR signaling can be exploited to more selectively modulate GPCR
signaling in space and time, for instance by activating or inhibiting receptors only in specific subcellular
nanodomains at the plasma membrane or inside cells. Another intriguing possibility would be to
identify new strategies capable of reverting the changes in the nanoscale organization of GPCR
signaling found in disease. If successful, these approaches could pave the way to innovative drugs with
improved pharmacological profiles and, hopefully, fewer side effects for the therapy of common

conditions such as diabetes or heart failure.
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TABLE 1. Ga subunits and their functions.

a-subunit a-subunit name gene exemplary downstream effector | reference
G protein subunits o, group s
Ols GNAS complex locus GNAS activates AC1-9 (368)
Ololf G protein subunit alpha L GNAL (predominaaﬁct;}/;::;fﬁfms 2.3, 5) (459)
G protein subunits a, group q
Oq G protein subunit alpha q GNAQ
o1 G protein subunit alpha 11 GNA11 activate PLC-$1/3/4 (286)
o4 G protein subunit alpha 14 GNA14
15 G protein subunit alpha 15 GNA15 activates PLC- B1/2/s3
G protein subunits a, group i
Qi1 G protein subunit alpha il GNAI1
Q2 G protein subunit alpha i2 GNAI2 inhibit AC1/5/6
i3 G protein subunit alpha i3 GNAI3
Olo G protein subunit alpha o1 GNAO1 inhibits AC1 g‘z;;
Olt-rod G protein subunit alpha transducin 1 GNAT1 (459)
Olt-cone G protein subunit alpha transducin 2 GNAT2 activate phosphodiesterase 6
Olgust G protein subunit alpha gustducin 3 GNAT3
oz G protein subunit alpha z GNAZ inhibits AC1/5/6
G protein subunits o, group 12/13
12 G protein subunit alpha 12 GNA12
activate RhoGEFs (386)
o3 G protein subunit alpha 13 GNA13
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TABLE 2. Comparison of ensemble and single-molecule techniques.

single-molecule

ensemble

expression level of target
molecules

low physiological level is achievable

overexpression of target
molecules

signal accumulation
(e.g. at specialized membranes)

unsuitable due to high local
concentrations of signal (precise
localization of molecules is impossible)

suitable for analysis of
concentrated fluorescent signal

measurement of target
molecule’s behavior

directly visualize and measure the
behavior of individual molecules

measure the behavior of
thousands of molecules

kinetics measurements

direct estimation of protein—protein
association and dissociation rates

limited or based on thousands
of molecules’ averaged behavior

analysis of complex behavior/
identification of rare events

possible due to the visualization of
individual molecules

impossible due to averaging of
thousands of molecules

spatial resolution

ca.20 nm

ca. 200 nm (limited by the basic
principles of light microscopy)

analysis

time and computational
power-consuming

relatively easy
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TABLE 3. Estimates of GPCR—G protein interaction kinetic parameters from ensemble and single-molecule studies.

EMSEMBLE STUDIES

live cells
receptor G protein stimulation Ton* Toft™ reference
a22AR G noradrenaline 50-90 ms 13s (156)
AzR Gs adenosine 50 ms 15s
(157)
B1AR Gs noradrenaline 60 ms 8s
M1R Gq oxo-M 200 ms 3.7s (185)
PTH1R Gs PTH1.34 1s -
(108)
PTH1R Gs PTHrP1.36 16s 50s
SINGLE-MOLECULE STUDIES
purified receptor in micellae
receptor G protein stimulation kon Kot reference
B2AR Gs adrenaline 0.005 pM1s? - (138)
live cells
receptor G protein stimulation Kon Kot reference
B2AR Gs no 0.005 pm®molecule’s™ 0.4s*
B2AR Gs isoproterenol 0.015 pm?molecule’s? 0.6s*
o2aAR Gi no 0.015 pm?molecules? 0.5-1¢* (413)
02aAR Gi UK-14,304 0.1 um’molecule™s? 09s?
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