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ARTICLE INFO ABSTRACT

Available online 8 May 2019 G protein coupled receptors (GPCRs) convey signals across membranes via interaction with G proteins. Origi-
nally, an individual GPCR was thought to signal through one G protein family, comprising cognate G proteins

Keywords: that mediate canonical receptor signaling. However, several deviations from canonical signaling pathways for

GPCR GPCRs have been described. It is now clear that GPCRs can engage with multiple G proteins and the line between

G protein cognate and non-cognate signaling is increasingly blurred. Furthermore, GPCRs couple to non-G protein trans-

E:écrgitilg’ ducers, including 3-arrestins or other scaffold proteins, to initiate additional signaling cascades.

Biased Signaling Receptor/transducer selectivity is dictated by agonist-induced receptor conformations as well as by collateral fac-

tors. In particular, ligands stabilize distinct receptor conformations to preferentially activate certain pathways,
designated ‘biased signaling’. In this regard, receptor sequence alignment and mutagenesis have helped to iden-
tify key receptor domains for receptor/transducer specificity. Furthermore, molecular structures of GPCRs bound
to different ligands or transducers have provided detailed insights into mechanisms of coupling selectivity. How-
ever, receptor dimerization, compartmentalization, and trafficking, receptor-transducer-effector stoichiometry,
and ligand residence and exposure times can each affect GPCR coupling. Extrinsic factors including cell type or
assay conditions can also influence receptor signaling. Understanding these factors may lead to the development
of improved biased ligands with the potential to enhance therapeutic benefit, while minimizing adverse effects.
In this review, evidence for ligand-specific GPCR signaling toward different transducers or pathways is elabo-
rated. Furthermore, molecular determinants of biased signaling toward these pathways and relevant examples
of the potential clinical benefits and pitfalls of biased ligands are discussed.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

The superfamily of seven transmembrane receptors (7TMR) is
characterized by having seven highly conserved transmembrane alpha
helices (TM). They are also referred to as G protein-coupled receptors
(GPCRs), because they convey signals across biological membranes via
interaction with intracellular guanine nucleotide-binding proteins
(G proteins). This superfamily comprises approximately 2% of all pro-
teins encoded in the human genome, and is the target of a substantial
portion of current pharmaceuticals (Fredriksson, Lagerstrom, Lundin,
& Schioth, 2003). These receptors are classified according to their ligand
binding, structure and physiology. The most frequently used A-F system
(A: rhodopsin-like, B: secretin, C: metabotropic glutamate, D: fungal
mating pheromone receptors, E: cyclic AMP receptors, and F: frizzled/
smoothened receptors) is designed to cover all GPCRs, in both verte-
brates and invertebrates. Meanwhile, recent phylogenic studies have re-
vealed that most human GPCRs can be categorized into five major
families; Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, and Secre-
tin, forming the GRAFS classification system (Fredriksson et al., 2003).

G proteins consist of monomeric small G proteins and heterotrimeric
(Gapy) G proteins, and function as transducers to initiate multiple in-
tracellular signaling pathways. They switch between inactive/active
states upon GDP/GTP exchange. While GTP exchange factors (GEF)
promote activation, GTP hydrolysis by the GTPase domain, existing in
monomeric G proteins and Ga subunit of the heterotrimers, turns
them off. The small G proteins are activated by a number of intracellular
GEFs (Rojas, Fuentes, Rausell, & Valencia, 2012), whereas the
heterotrimers are activated via GPCRs and GEFs such as activators of G
protein signaling (AGS) (Marty & Ye, 2010; Siderovski & Willard,
2005). From an initial group of only three members (Gs, Gi and
transducin), this family has expanded to approximately 20 o, 6 3 and
12 -y subunits (Robishaw & Berlot, 2004). Compared to GPCRs which
have endured a larger lineage-specific divergence in gene number and
sequence, the Go proteins remain highly conserved across organisms
(Flock et al., 2015). In this regard, development of a common Go: num-
bering system (CGN) provided significant insights to identify equivalent
residues/positions across different Ga subunits, and is used to investi-
gate the common residues involved in selective coupling with the
receptor (Flock et al., 2017).

Originally, each GPCR was thought to signal through a single cognate
G protein class to initiate “canonical” signaling of the receptor. Thus, a
beta-adrenergic receptor was shown to couple to Gs to increase CAMP,
but did not couple to Gi or Gq. In the canonical signaling cascade, ligand
binding induces structural rearrangement in the receptor, enhancing its
interaction with the cognate heterotrimeric G protein. This interaction
causes reorganization of the G protein domains and GDP/GTP exchange
in the o subunit. This allosteric mechanism is reciprocal; i.e. transducer
engagement with the receptor induces conformational reorganization
at the ligand binding pocket, resulting in enhanced affinity (DeVree
et al.,, 2016). This process requires all three G protein subunits, and is

followed by dissociation of G proteins from the receptor into activated
« and By subunits, which can then interact with downstream effectors
(Park, Scheerer, Hofmann, Choe, & Ernst, 2008).

Several deviations from the canonical pathway have been reported
over the years and comprise “non-canonical” signaling. Firstly, G pro-
tein signaling is not confined to plasma membrane; rather, they can
modulate an array of effector molecules from within endosomal mem-
branes. In this regard, the effector protein content of biological mem-
branes significantly influences the signaling efficiency of GPCRs and G
proteins (Hewavitharana & Wedegaertner, 2012). Secondly, GPCRs
may form functional dimers that can influence ligand binding, allo-
stery, receptor trafficking, and transducer selectivity (Lane et al.,
2014; Ng, Lee, & Chow, 2012). Thirdly, GPCRs are capable of
interacting directly with a number of effector proteins in a G
protein-independent manner (Walther & Ferguson, 2015). Fourthly,
GPCRs from all classes can couple to multiple G proteins (Flock
et al., 2017). For example, upon PKA-induced phosphorylation Gs-
coupled beta-adrenergic receptors switch to couple to Gi proteins
and in turn to B-arrestin recruitment (Daaka, Luttrell, & Lefkowitz,
1997; Luttrell et al,, 1999). However, not all GPCRs can couple to all
G proteins and in many cases the agonist potency is greater for canon-
ical vs. non-canonical GPCR signaling (Kukkonen, Ndsman, &
Akerman, 2001). Thus, GPCR/G protein combinations that respond
with lower agonist potency or only in some cell types are designated
“non-cognate” and mediate non-canonical signaling. Finally, GPCR
coupling to B-arrestins, once believed to terminate receptor signal
transduction, has been demonstrated to initiate a new set of signaling
pathway (Peterson & Luttrell, 2017).

Given the potentially pleiotropic properties of GPCRs to couple to
multiple signaling pathways, it is possible to develop ligands to direct
signaling toward a select pathway, a concept called ‘functional selectiv-
ity’ or ‘biased signaling’. The field has significantly evolved with the de-
velopment of Forster resonance energy transfer (FRET) or
bioluminescence resonance energy transfer (BRET) probes to monitor
GPCR/transducer interaction with a temporal resolution of seconds
(Masuho et al., 2015; Unen et al., 2016). Improved methods of data anal-
ysis have also enabled quantification of bias (Kenakin, 2017; Onaran
et al,, 2017). In addition, molecular dynamics (MD) studies along with
biophysical and structural evidence from recently solved GPCR-G pro-
tein complexes from class A (Draper-Joyce et al., 2018; Garcia-Nafria,
Nehme, Edwards, & Tate, 2018; Kang et al., 2018; Koehl et al., 2018;
Rasmussen et al., 2011) and class B (Liang et al., 2017; Zhang et al.,
2017) as well as active/inactive conformations of class C (Geng et al.,
2016) receptors have provided significant breakthroughs in our under-
standing of mechanisms of receptor/transducer selectivity. Further-
more, recent evidence indicates distinct receptor conformations for a
number of GPCRs when bound to biased ligands (Kahsai et al., 2011;
Liang et al., 2018; Peng et al., 2018), cognate or non-cognate G proteins
(Capper & Wacker, 2018; Rose et al., 2014), and p-arrestins (Liu, Horst,
Katritch, Stevens, & Wiithrich, 2012). Interestingly, active
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Table 1
Non-exhaustive list of GPCRs coupling to non-cognate G proteins.
Receptor Cognate Non-cognate Receptor expression Methods Ref.
Ga G (endogenous or
heterologous)
Class A
5-HTa Gi Gs, Gz, Gq endogenous/heterologous GTPYS labeling, second messenger (Barr, Brass, & Manning, 1997; Malmberg & Strange,
analysis, PTX, Gz antisense 2000; Okada et al., 2004; Serres et al., 2000)
oligonucleotide
5-HTqg Gi Gs heterologous second messenger analysis, PTX (Adham, Vaysse, Weinshank, & Branchek, 1994)
and CTX
5-HT>a Gq/11 Gi/o, G12/13  heterologous second messenger analysis, PTX (Kurrasch-Orbaugh, Parrish, Watts, & Nichols, 2003)
treatment, antagonistic peptide
constructs
5-HT,p Gq/11 G13 endogenous/heterologous second messenger analysis (Manivet et al., 2000)
5-HT,c Gq/11 Gis, Go, G13  endogenous/heterologous GTPvS labeling, Gow antibody (Alberts, Pregenzer, Im, Zaworski, & Gill, 1999; Chen,
capture or antisense Baez, & Yu, 1994; Cussac et al., 2002; McGrew, Chang, &
oligonucleotide, second Sanders-Bush, 2002; Okada et al., 2004; Price, Weiner,
messenger analysis, PTX Chang, & Sanders-Bush, 2001)
5-HT4a Gs G13 heterologous GTP~S labeling, co-precipitation, ~ (Ponimaskin, Profirovic, Vaiskunaite, Richter, &
transcriptional activity of SRE, Voyno-Yasenetskaya, 2002)
p115RhoGEF-RGS
5-HT4p Gs Gi/o heterologous GTP~S labeling, second messenger (Pindon et al., 2002)
analysis, PTX
5-HT; Gs Gi, Gq/11, heterologous GTP~S labeling, second messenger (Alberts, Chio, & Im, 2001; Kvachnina et al., 2005;
G12 analysis, transcriptional activity of Kvachnina et al., 2009)
SRE and CREB
Adenosine A, Gi Gi, Gs, Gq heterologous GTP~S labeling, second messenger (Baltos, Gregory, et al., 2016; Cordeaux et al., 2000;
analysis, PTX Cordeaux, ljzerman, & Hill, 2004)
Adenosine As Gi Gq/11 heterologous co-precipitation, GTP-AA labeling  (Palmer, Gettys, & Stiles, 1995)
Adrenergic o, Gi Gs heterologous second messenger analysis, (Eason et al., 1992; Eason, Jacinto, & Liggett, 1994)
co-precipitation PTX and CTX
Adrenergic ¢ Gs Gi heterologous PTX treatment, second messenger (Martin et al., 2004)
analysis
Adrenergic 3, Gs/olf Gi/o, Gq, G15 endogenous/heterologous GTP+yS or GTP-AA labeling, second (Daaka et al., 1997; Kilts et al., 2000; Masuho,
messenger analysis, receptor/Ga.  Ostrovskaya, et al., 2015; Wenzel-Seifert & Seifert, 2000)
fusion, NanoBRET
Angiotensin ATy Gq Gis heterologous second messenger analysis, BRET ~ (Hunyady & Catt, 2006; Sauliére et al., 2012)
Bradykinin B, Gq/11,  Gs endogenous/heterologous GTPase activity, second (Liao & Homcy, 1993; Liebmann et al., 1996; Masuho,
Gi/o, messenger analysis, protein Ostrovskaya, et al., 2015; van Unen et al., 2016)
G14 capture, FRET, NanoBRET
Cannabinoid CB, Gi/o Gs, Gq/11, endogenous/heterologous second messenger analysis, (Bonhaus et al., 1998; Calandra et al., 1999; Chen et al.,
G16 CRE-luciferase reporter gene, PTX, 2010; Ho, Current, & Drewett, 2002; McIntosh, Hudson,
dominant negative Gq/11, Yegorova, Jollimore, & Kelly, 2007; Paquette et al., 2007)
co-precipitation
Cholecystokinin CCK; Gq/11 Gs heterologous second messenger analysis (Wuet al., 1997)
Dopamine Dip Gs Gs, Gi, Gq endogenous GTP~S or a-32P-GTP labeling, (Jin, Wang, & Friedman, 2001)
co-precipitation, second
messenger analysis
Dopamine D3 Gi Gs, Gz heterologous second messenger analysis, PTX (Obadiah et al., 1999)
Galanin GAL, Gg/11 Gi/o, G12 endogenous/heterologous GTP-AA labeling, second (Wittau et al., 2000)
messenger analysis
Gonadotropin releasing ~ Gq/11 Gi, Gs, endogenous/heterologous second messenger analysis, PTX (Stanislaus, Ponder, Ji, & Conn, 1998; Ulloa-Aguirre et al.,
hormone G14/15 and CTX 1998)
Luteinizing hormone Gs Gi2 endogenous/heterologous GTP-AA labeling, second (Herrlich et al., 1996; Kiithn & Gudermann, 1999)
messenger analysis
Histamine H, Gs Gi, Gq/11, endogenous/heterologous GTP-AA labeling, second (Kilts et al., 2000; Kiihn, Schmid, Harteneck,
G14/15 messenger analysis Gudermann, & Schultz, 1996)
Melanin concentrating Gi/o Gq, Gs heterologous GTPS labeling, second messenger (Hamamoto et al., 2015; Hamamoto, Mizusawa,
hormone MCH; analysis, PTX Takahashi, & Saito, 2011; Hawes et al., 2000; Pissios,
Trombly, Tzameli, & Maratos-Flier, 2003)
Melanocortin MC4 Gs Gg/11,Gi/o  endogenous/heterologous GTPvS labeling, second messenger (Biich, Heling, Damm, Gudermann, & Breit, 2009; Li
analysis, PTX, CRE reporter gene, et al., 2016)
Ga knockout mice
Melatonin MT; Gi2, Gi3 Gq/11 endogenous/heterologous co-precipitation, second (Brydon et al., 1999)
messenger analysis, PTX
Muscarinic My Gg/11 Gi, Gs, endogenous/heterologous GTPYS or GTP-AA labeling, second (Akam, Challiss, & Nahorski, 2001; Masuho, Ostrovskaya,
messenger analysis et al.,, 2015; Offermanns et al., 1994; Thomas et al.,
2008)
Muscarinic M Gi/o Gi, Gs,Gq/11  heterologous Second messenger analysis, Go (Michal, El-Fakahany, & Dolezal, 2007; Mistry, Dowling,
SiRNA, PTX & Challiss, 2005)
Muscarinic M3 Gg/11 Gi, G12, Gs heterologous GTPYS or GTP-AA labeling, second (Akam et al.,, 2001; Jones, Heilman, & Brann, 1991;
messenger analysis, PTX, FRET, Masuho, Ostrovskaya, et al., 2015; Offermanns et al.,
NanoBRET 1994; Riimenapp et al.,, 2001; van Unen et al., 2016)
Muscarinic My Gi/o Gi, Gs heterologous second messenger analysis, PTX (Dittman et al., 1994; Mistry et al., 2005)
Neurokinin NK; Gq/11 G13,Gz heterologous GTPS labeling (Barr et al., 1997)
Neurotensin NTS; Gq Gi heterologous GTP~S labeling, second messenger (Gailly, Najimi, & Hermans, 2000; Grisshammer &

analysis Receptor-Ga fusion, PTX

Hermans, 2001)
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Table 1 (continued)

Receptor Cognate Non-cognate Receptor expression Methods Ref.
Ga Ga (endogenous or
heterologous)
Opioid p Gi/o Gs, Gq endogenous/heterologous co-precipitation, second (Chakrabarti & Gintzler, 2007; Chakrabarti, Regec, &
messenger analysis Gintzler, 2005; Seyedabadi et al., 2012; Wang & Burns,
2009; Wang, Friedman, et al., 2005)
Oxytocin OT Gg/11 Gi/o heterologous second messenger analysis, PTX (Favre et al., 2005; Hoare et al., 1999)
Prostanoid IP Gs Gi, Gq/11 heterologous co-precipitation, second (Lawler, Miggin, & Kinsella, 2001; Miggin & Kinsella,
messenger analysis, PTX 2002)
Prostanoid EP, Gs Gg/11 endogenous second messenger analysis, PTX,  (Kandola et al., 2014)
Ga siRNA
Lysophospholipid S1P3 Gi Gq, G13 heterologous GTPS labeling (Windh et al., 1999)
and S1Ps
Proteinase-activated PAR Gq/11 G13, Gi, endogenous/heterologous GTP+yS or 32P-GTP labeling, (Barr et al., 1997; Ogino, Sakamoto, Kinouchi, & Shimizu,
second messenger analysis, PTX 2000; Ogino, Tanaka, & Shimizu, 1996)
Thyrotropin Gs Gi/o, Gq/11,  endogenous/heterologous GTP-AA labeling, second (Allen, Neumann, & Gershengorn, 2011; Allgeier et al.,
G12,G13 messenger analysis, PTX 1994; Allgeier, Laugwitz, Van Sande, Schultz, & Dumont,
1997; Laugwitz et al., 1996)
Vasopressin Vl1a Gq/11 Gis heterologous GTP-AA labeling, second (Abel et al., 2000)
messenger analysis, G antisense
Class B
Calcitonin Gs Gq/11, heterologous second messenger analysis, PTX (Offermanns, lida-Klein, Segre, & Simon, 1996)
G14/15/16
Corticotrophin-releasing Gs Gq/11,Gi, Go endogenous GTP-AA labeling (Grammatopoulos, Randeva, Levine, Kanellopoulou, &
hormone and Gz Hillhouse, 2001)
Glucagon Gs Gi endogenous GTP-AA labeling, second (Kilts et al., 2000)
messenger analysis
Glucagon like peptide Gs Gi/o, Gq/11 heterologous GTPS or GTP-AA labeling, second (Bavec, Hallbrink, Langel, & Zorko, 2003; Hallbrink et al.,
GLP-1 messenger analysis, PTX and CTX  2001; Montrose-Rafizadeh et al., 1999)
Parathyroid hormone Gs Gq/11, heterologous GTP-AA labeling, second (Offermanns et al., 1996; Schwindinger et al., 1998)
G14/15/16 messenger analysis, PTX
Gi,
Vasoactive intestinal Gs Gi endogenous second messenger analysis, Ga (Luo et al., 1999)
peptide antibody capture, PARK-ct, RGS4,
G15 knockout mice,
Class C
Calcium sensing CaSR Gi/o, G12/13,Gs endogenous/heterologous GTP+YS or GTP-AA labeling, second (Arthur, Collinsworth, Gettys, Quarles, & Raymond,
Gq/11 messenger analysis, PTX, RGS4, 1997; Huang, Hujer, Wu, & Miller, 2004; Mamillapalli &
p115RhoGEF-RGS Wysolmerski, 2010)
Metabotropic glutamate  Gq/11 Gi/o, Gs heterologous GTP+S labeling, second messenger (Hermans et al., 2000; Selkirk, Price, Nahorski, &
1a analysis, PTX Challiss, 2001; Thomsen, 1996)
Metabotropic glutamate  Gq/11 Gs heterologous second messenger analysis (Joly et al., 1995)

5

BARK-ct, 3-adrenergic kinase c-terminus; BRET, Bioluminescence resonance energy transfer; CRE, cAMP response element; CREB, CRE binding protein; FRET, Forster resonance energy
transfer; GTP-AA, alpha-32P-GTP-gamma-azidoanilido; GTPYS, 3°S-GTP-gamma-S; PTX, pertussis toxin; CTX, cholera toxin; RGS, regulator of G protein signaling; SRE, Serum Response

Element.

conformations beyond G protein/p-arrestin signaling is also reported
(Zhang et al., 2017). In fact, biased ligands can be used to direct the traf-
fic jam in receptor-transducer junction toward a specific road, though
we are still at the beginning of the path.

In this review, evidence for ligand-specific GPCR signaling toward
different transducers or pathways is elaborated. Furthermore, molecu-
lar determinants of biased signaling toward these pathways as well as
therapeutics potentials are presented.

2. Differential strength of signal, functional selectivity, and biased
signaling

It is well accepted that a particular GPCR agonist can activate multi-
ple signaling pathways through binding to different receptor subtypes.
For example, epinephrine can activate Gs, Gi, and Gq through binding
to 3, a; and o adrenoceptors, respectively. Another level of complex-
ity, however, arises from the capacity of the same receptor to activate
multiple pathways. Through evolutionary mapping of GPCR coupling
to G proteins, it is estimated that ~85% of receptors, at least once during
their evolution, have changed in their Ga selectivity (Flock et al., 2017).
Furthermore, GPCRs (of all classes) are capable of coupling to multiple
Ga proteins in heterologous or endogenous expression systems

(Table 1). In addition, GPCR interaction with [-arrestins has
been shown to have active roles in cell signaling (Peterson & Luttrell,
2017).

GPCRs may activate non-cognate pathways, particularly when re-
ceptor density or agonist concentration becomes high enough to per-
turb the fidelity of their interaction, implying ‘differential strength of
signal’ (Tucek, Michal, & Vlachova, 2002). In this case, the rank order
of agonist potency is expected to be similar across all pathways
(Bonhaus, Chang, Kwan, & Martin, 1998). However, some agonists
show greater efficacy and potency to activate one pathway among all
downstream repertoire of the same receptor, indicating 'ligand bias'.
For instance, the relative order of potency for the pituitary adenylyl
cyclase-activating polypeptides (PACAP-27 and -38) in terms of activa-
tion of adenylyl cyclase (AC) and phospholipase C (PLC) is reversed. The
former is more potent for activation of AC, while the latter displays
greater potency for the PLC pathway (Spengler et al., 1993). Likewise,
structurally diverse o, adrenoceptor (a;AR) agonists, catecholamines
and phenolamines, display different orders of potency for Gi, Gs or Gq
activation (Airriess, Rudling, Midgley, & Evans, 1997). Such ligand-
specific divergence in receptor-mediated activation of downstream
pathways are also reported for class B (Gesty-Palmer et al., 2009) and
class C (Davey et al., 2012) members of GPCR superfamily.
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In this regard, ligand bias is defined as a property of the ligand-
receptor complex highlighting ligand-specific receptor conformations
that induce/select a subset of, but not necessarily all, transducer mole-
cules. Meanwhile, 'functional selectivity' is a broad term characterizing
any difference between two ligands in terms of pharmacological effects,
and includes differences in pharmacokinetics, molecular target(s), in-
trinsic efficacy, and target receptor conformation (Violin, Crombie,
Soergel, & Lark, 2017). Thus, ligand bias is ultimately demonstrated by
biophysical or structural data highlighting a difference between two
ligands in terms of receptor conformation, leading to different pharma-
cological readouts. However, biochemical assays can also be exploited
to study ligand bias even in the absence of structural data. In fact, the
diversity of pharmacological profile of two ligands may stem from li-
gand bias (the ability of a ligand to favor signaling to one pathway
among all possible receptor pathways), system bias (difference in rela-
tive efficacy of receptor for distinct pathways), or observational bias
(difference in receptor, transducer or effector expression characteristics
of the experimental platform in which the assays are conducted) (van
der Westhuizen, Breton, Christopoulos, & Bouvier, 2014).

Since the first description of this concept (Kenakin, 1995), most re-
lated studies have focused on characterization of (3-arrestin biased li-
gands (Wisler, Xiao, Thomsen, & Lefkowitz, 2014). However, biased
signaling is not limited to the bimodal G protein vs. 3-arrestin path-
ways. Rather, biased ligands may show subtle differences in terms of
magnitude or rate of activation of preselected pathways (Fig. 1). Inter-
estingly, endogenous ligands acting at a single receptor may not activate
all signaling pathways of the receptor to the same extent at the same
time with similar potency, a phenomenon called ‘natural bias’ (Kohout
et al., 2004, Zidar, Violin, Whalen, & Lefkowitz, 2009). Furthermore,
post-translational modification of endogenous ligands of a select recep-
tor may create ligands with different bias profiles (Teixeira et al., 2017;
Vacchini et al., 2018).

Allosteric modulators may also reshape the pharmacological profile
of neutral (demonstrating equal activity in all downstream pathways)
and/or biased agonists. In fact, allosteric ligands can ‘impose’ biased sig-
naling on natural agonists, through ‘biased antagonism’ of agonist

5
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signaling (Kenakin & Miller, 2010). In this regard, a non-linear shift in
signaling repertoire of agonist-occupied receptors by allosteric modula-
tors has been reported for cholecystokinin CCKg (Pommier et al., 1999),
tachykinin NK; (Maillet et al., 2007), prostanoid DP, (Mathiesen et al.,
2005), and cytokine receptors such as interleukin 1 receptors (Quiniou
et al., 2008). It is also noteworthy that some competitive antagonists
can induce biased signaling per se independent of the agonist through
biased inverse agonism. For instance, atropine acts as a low efficacy par-
tial agonist, an inverse agonist, or a neutral antagonist of muscarinic Ms
receptor (Ms;R)-mediated activation of G12, Gq, and Giy , respectively
(Stewart, Sexton, & Christopoulos, 2010). Likewise, naloxone acts as a
pure antagonist for 6 opioid receptor (60R), but induces pLopioid recep-
tor (LOR) -mediated activation of Go and Gz (but not Gi,, Gi,, Giz or
G15) as well as k opioid receptor (KOR) -mediated activation of Gi/o
(but not G15) proteins (Masuho, Ostrovskaya, et al.,, 2015). Thus, atro-
pine and naloxone display receptor- and signal-dependent activity as
biased agonists, biased inverse agonist, or antagonists. Understanding
the signaling bias of receptor ligands is important since they may be
used to differentiate beneficial vs. adverse receptor-mediated effects.
To further identify on-target vs. off-target effects that are independent
of the receptor, specific antagonists or systems in which the receptor
is knocked-down, knocked out or absent can be used to block the
ligand-induced signal.

3. Quantification of bias

GPCR signal transduction involves multi-step pathways leading to a
specific response. Thus, when comparing ligand efficacy across different
signaling pathways several confounding factors need to be considered
(Fig. 2). To determine true ligand bias, the system and observational
biases need to be controlled for. System and observational bias are espe-
cially evident for protean agonists, which produce positive agonism in
quiescent receptor systems or inverse agonism in constitutively-active
systems (Kenakin, 2001). Furthermore, different systems demonstrate
different levels of signal amplification. In particular, Saccharomyces
cerevisiae platforms expressing chimeric mammalian/yeast G offer a

B @biased ligand x
@biased ligand 3
@biased ligand 2
@biased ligand 1

d

pathway 1
100

pathway 2 pathway n

pathway 3 pathway 4

Fig. 1. GPCRs signaling toward multiple pathways. A: GPCRs relay signals through cognate/non-cognate G proteins, 3-arrestins, and G protein/3-arrestin-independent pathways. Signaling
toward each of these pathways can activate different effector molecules, resulting in different cellular responses. B: Different ligands acting at the same receptor may induce distinct
receptor conformations favoring one among all downstream pathways. Signaling is not a matter of YES/NO bimodal system; rather, different ligands may display subtle differences in
terms of the magnitude or rate of activation downstream repertoire of a single receptor. Thus, presuming a balanced ligand which activates all pathways with similar efficacy and
potency, biased ligands (a-x) induce a different pattern of activation of signaling pathways (1-n) compared to that of the balanced ligand, as described in a radar graph. AC, adenylyl
cyclase; AP2, activating protein 2, GIRK, G protein inward rectifying K channel; GRK, GPCR kinase; MAPK, mitogen-activated protein kinase; PED, phosphodiesterase; PLC,

phospholipase C; PKD, protein kinase D; PLC, phospholipase C; PP2A, protein phosphatase 2A;
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Fig. 2. Schematic presentation of selectivity determinants of receptor/transducer interaction. The interaction of GPCRs to G proteins, 3-arrestins or other GIPs depends on several factors in
the receptor, G protein, and agonist. Furthermore, GPCR/transducer selectivity is influenced by a number of scaffolds (PDZ or non-PDZ) as well as membrane content and other proteins
involved in localization and compartmentalization of interacting molecules. GIPs, GPCR-interacting molecules; RAPMs, receptor-activity-modifying proteins (RAMPs).

simple, fast and inexpensive screen for GPCR/G protein signaling. Be-
cause signaling of mammalian receptors can be assayed from one Ga
at a time, this system shows good alignment of concentration-
response and concentration-occupancy curves, but its low sensitivity
is not optimal for low-efficacy ligands (Stewart et al., 2010). For exam-
ple, the A; receptor agonist VCP-189 exhibits bias toward Gai, in yeast,
but in CHO cells it activates both Gi, and Go when examined with sec-
ond messenger or GTPYS assays (Stewart et al., 2009). Also, different
cellular pathways may display distinct levels of signal amplification.
For example, second messenger levels are intensively amplified by en-
zymatic catalysis, whereas little amplification occurs for enzyme-
based B-arrestin recruitment assays (Rajagopal et al,, 2011). In addition,
GPCR/G protein coupling can be altered depending on the time of expo-
sure to agonist, and platforms considering the kinetic parameters
provide additional information about agonist/GPCR/G protein signaling
cascade (Masuho, Martemyanov, & Lambert, 2015; Masuho,
Ostrovskaya, et al., 2015).

This issue of confounding factors in biased signaling becomes critical
given that GPCR signaling in physiological or pathological conditions is
not determined solely by the agonist and the receptor. In fact, a variety
of contextual factors come to play. For example, the chemokine CCR; re-
ceptor ligands (CCL19 and CCL21) showed different patterns of -
arrestin recruitment, receptor internalization, and MAPK activation,
suggesting ligand bias (Kohout et al., 2004). However, these differences
disappear when all pathways are analyzed in the same system
(Corbisier, Galés, Huszagh, Parmentier, & Springael, 2015). Given that
a single phenomenon can be modulated through different processes in
different cells, the clinical efficacy of a given functionally selective ligand
must be verified in physiological/pathological contexts that closely
resemble the condition in which the drug is to be used. Of particular
note, disease states may influence the stoichiometry of signaling mole-
cules as well as other parameters, eventually altering the pharmacolog-
ical readout of a given agonist (discussed in Sections 6.2 to 6.6). In this
regard, the potential of using human induced pluripotent stem cells as
screening platforms may provide a sufficiently relevant system that
could be scaled for high-throughput analysis (Horvath et al., 2016).

Initially, ligand bias was determined through distinct ligand behav-
iors in terms of maximal effects (Ea.x) or potencies (ECsqg; the

concentration at which half maximal effect is achieved) for different
pathways (Galandrin & Bouvier, 2006). However, these parameters
fail to account for confounding factors such as receptor reserve or signal
amplification, sometimes leading to erroneous conclusions. This is espe-
cially true when a partial agonist is compared to a full agonist, or when
bias is evaluated between pathways with different degrees of signal am-
plification, e.g. second messenger vs. 3-arrestin assays (Rajagopal,
Rajagopal, & Lefkowitz, 2010). Similarly, equimolar approaches, com-
paring the responses across different pathways at the same concentra-
tion for a single ligand, can be highly system- and assay-dependent
(Rajagopal et al., 2011).

The alternative equi-active approach compares concentrations of li-
gands that induce equal response in two pathways. This is done utilizing
the relative intrinsic activity (RA), which can be calculated from maxi-
mal effects and potencies of the test and reference ligands, i.e. RA =
(Emax,testx ECSO,reference)/ECSO,testX Emax,reference) (Figueroa, Grifﬁn, &
Ehlert, 2009). The RA of test and reference ligands are then normalized
across pathways to give the bias factor (Rajagopal et al., 2011). The for-
mula is strengthened by using the maximal response (max) expressed
as the fraction of maximal capacity of the system, and not as the fraction
of response to the most effective ligand in the assay. For instance, if
forskolin induces more cAMP production than any other tested receptor
agonist, maximal response to a given agonist must be expressed as pro-
portional to the maximal effect of forskolin, and not to that of the full ag-
onist in the assay. When compared to a reference agonist, i.e. Alog
(max/ECs0) = log (max/ECsg)reference - (Max/EC50)ess, ligand bias can
be measured as antilog of AAlog (max/ECs)j1-j> values between the
pathways (j1 and j2). The reference agonist must be the same so that
the data can be used to compare bias in signaling. However for valid
comparison, the slope of concentration-response curve must be >0.5
and the maximal response >35% (Kenakin, 2017). This approach pro-
vides a more accurate assessment of signaling bias than the equimolar
approaches by taking into account both potency and efficacy.

Based on operational models of pharmacological agonism (Black &
Leff, 1983), several indices can be derived from concentration-
dependence curves for bias analysis. Of particular note is transduction
efficacy (7/Ka), where T is the total number of receptors (Ry) divided
by the coupling efficacy of agonist-occupied receptor to a specific
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pathway (Kg), and Ka represents the agonist binding affinity. Given that
T encompasses both the ligand's intrinsic efficacy as well as system-
dependent factors such as receptor density and coupling efficiency,
the transduction efficacy of the test ligand is first adjusted to that of a
reference ligand, i.e. ALog (T/Ka) = [Log (T/Ka)test - LOg (T/Ka)reterencel»
and then this normalized coefficient is adjusted across pathways (j1 and
j2),1.e. AALog (7/Ka)ji-i2 = [ALog (7/Ka)j1 - ALog (T/Ka)j2]. In fact, stim-
ulus bias is demonstrated only when the pattern of activation/inhibition
of different pathways does not follow that of the reference compound
normalized across different pathways, i.e. AALog (T/Ka) is significantly
different from zero (Kenakin, Watson, Muniz-Medina, Christopoulos,
& Novick, 2012). For example, comparing the transduction ratios of
the M, receptor agonist arecoline for ERK;, activation (log 7/KA:
7.08) and GTP+S binding (log T/KA: 6.46), one may conclude that arec-
oline is biased toward the former pathway (Gregory, Hall, Tobin, Sexton,
& Christopoulos, 2010). However, normalization for a reference agonist
has revealed that arecoline, compared to ACh, has 2.8-fold bias toward
GTPvS binding over ERK;,, activation (Gregory, Sexton, Tobin, &
Christopoulos, 2012). Alternatively, effective signaling (o) for both li-
gand and reference agonists in one pathway is calculated using only T
from the operational models, i.e. Oest = 10g (Ttest/Treference), and then
is normalized across pathways (j1 and j2), i.e. bias factor () = [(0j1 -
0;2) V2] (Rajagopal et al,, 2011).

These methods, however, assume that the transduction machinery
of a select pathway, as well as the maximum system responsiveness,
are equal for all agonists (Gregory et al., 2012) and that the assay condi-
tion influences the kinetics of ligand-receptor interaction and signaling
processes equally in all experiments (Violin et al., 2017). However, a
single event may involve different pathways depending on the receptor
or experimental context (Charfi et al., 2014; Rajagopal et al., 2013).
While some research groups have found good overall consistency be-
tween different analytical methods (Brust, Hayes, Roman, Burris, &
Watts, 2015), others have reported significant discrepancies. Of particu-
lar note, analysis of a single set of data with seven methods including T,
T/Ka, Emax/ECs0, and equi-effective approaches has revealed huge incon-
sistencies between the resultant bias factors for [3; adrenoceptor (3,AR)
agonists toward Gs, Gi or p-arrestin pathways. Furthermore, these
models demonstrated bias for signaling steps downstream of the same
receptor with the same ligand, for which no biased efficacy is theoreti-
cally plausible, as well as false positive bias for neutral ligands
(Onaran et al., 2017). Therefore, model-independent strategies are pro-
posed based on relative intrinsic activity (RA) from concentration-
response curves. In fact, a reference trajectory is drawn based on the
normalized response to a reference full agonist in each pathway, on
which the RA of all unbiased ligands should theoretically lie and biased
agonists display deviations from this line. These methods generate less
false positive outcomes, and seem more robust and reliable, but cannot
quantify the extent of biased efficacy (Onaran et al., 2017).

4. Revisiting the receptor/transducer interaction

Understanding the molecular mechanism of receptor-mediated
transducer activation is a rapidly progressing topic in current pharma-
cological research. Given that GPCRs respond to a large variety of li-
gands, conformational reorganization in the ligand binding site is
undoubtedly diverse. Upon activation, however, these receptors seem
to share conserved receptor domain interaction networks and structural
rearrangements at the transducer binding site (Venkatakrishnan et al.,
2013). In particular, displacement of TM3, TM6 and TM7 in class A
GPCRs allows interaction with subdomains of Ga, mainly carboxy-
terminal of a5 helix (Venkatakrishnan et al., 2016). Given that o5
helix as well as a1 helix are in direct contact with GDP, transition
from disorder to order in a5 helix upon recruitment to the receptor per-
mits more flexibility to the a1 helix, resulting in GDP release. This
would allow displacement of a5 helix and full engagement with the

receptor (Dror et al., 2015). It is, however, noteworthy that additional
contacts between the receptor and G protein can occur, some of which
are involved in selective coupling to a specific G protein (Flock et al.,
2017). Moreover, coupling with the transducer seems to be necessary
for GPCRs to adopt fully active state (Nygaard et al., 2013). Interestingly,
G proteins can form contacts with the non-cognate receptors and can
prime the signaling of a given receptor through its cognate pairing
(Gupte, Malik, Sommese, Ritt, & Sivaramakrishnan, 2017).

Class B GPCRs are characterized by a large extracellular domain at
their N-terminal, which adopts a conserved 3D structure to interact
with their peptidergic ligands. Peptide agonist binding causes reorgani-
zation of extracellular loop (ECL) 2 and outward movement of extracel-
lular ends of TM6 and TM7 as well as inward movement of extracellular
end of TM1. This conformational rearrangement is then translated to a
sharp kink in the middle of TM6 and an outward shift of its intracellular
half, which accommodates interaction with a5 helix of the Ras-like do-
main of G (Hollenstein et al., 2013; Liang et al., 2017; Zhang, Sun, et al.,
2017) for G protein activation.

Class C GPCRs are obligate dimers, characterized by a very large ex-
tracellular domain that adopts a conserved ‘venus fly trap’ (VFT) struc-
ture. Although no crystal structure of the full-length protein is available
for this family, current evidence indicates a conformational change in
VFT domain upon ligand binding that is transmitted to reorganize the
TM domains to initiate signaling (Geng et al., 2016; Geng, Bush,
Mosyak, Wang, & Fan, 2013). In support of this, cross-linking of TM4
and TM5 in metabotropic glutamate receptor 2 (mGIuR;) prevents
agonist-mediated activation, while crosslinking of TM5 and TM6 con-
fers constitutive activity (Xue et al,, 2015).

Given the capacity of GPCRs from class A, B and C to engage with
multiple transducers (Table 1), GPCR activation models should incorpo-
rate multiple active states. In this regard, the simple ‘two-state’ model is
limited since it describes only two receptor conformations as active (R*)
and inactive (R), where the signal is determined by the efficacy of ligand
toward either of the states. Agonists have higher affinity for R*, inverse
agonists for R, and partial agonists have intermediate affinities; neutral
antagonists have equal affinity for both states and do not shift the equi-
librium. In contrast, rhodopsin activation in a native-like lipid environ-
ment does not follow the simple R/R* binary conformation; rather, the
activated receptor is in equilibrium between multiple conformers
(Van Eps et al., 2017), underpinning the fact that receptors can interact
with multiple partners.

Given that different transducer molecules tend to have distinct re-
ceptor binding sites at the cytosolic plate (Zhang, Han, et al., 2017),
the model can be extrapolated to assume ‘multiple states’, each favoring
a specific transducer pathway. In this regard, biased signaling is defined
as the capacity of ligands to induce or select distinct active conforma-
tions (R*1,R*2, ..., R"N), each associated with different functional read-
outs (Kobilka & Deupi, 2007; Woo, Song, Zhu, & Xiao, 2015). In this
model of multiple receptor states, the sum of free energies (o) gained
from residual movements due to ligand or transducer binding define
the signal efficacy and functional selectivity. Ligand bias is observed
when «a values of an agonist for two transducer pathways are different
(Onaran, Rajagopal, & Costa, 2014). A clear relationship between a dis-
tinct receptor structure and coupling to a specific transducer pathway
remains to be elucidated. In this regard, the crystal structures of adren-
ergic P,AR-Gs (PDB code: 3SN6), adenosine A;R-Gi, (PDB code: 6D9H),
opioid HOR-Gi; (PDB code: 6DDE), serotonin 5-HT;5-Go (PDB code:
6G79), and rhodopsin-R-arrestin (PDB code: 4ZW]) complexes from
class A as well as glucagon like peptide-1 receptor (GLP;R)-Gs com-
plexes from class B when bound to endogenous (PDB code: 5VAI) or bi-
ased (PDB code: 6B3]) ligands, and inactive/active (PDB codes: 5K5T
and 5K5S) states of calcium sensing receptor (CaSR, extracellular do-
main) from class C along with other biophysical and structural data
have provided new insights into structure function relationships at a
molecular level (discussed in section 6).
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5. GPCR biased signaling pathways
5.1. Biased signaling between G protein and (3-arrestin pathways

The arrestin family of adapter molecules, consisting of visual arrestin
(arrestin1), cone arrestin (arrestin4), as well as two nonvisual arrestins,
PB-arrestin1 (arrestin2) and -arrestin2 (arrestin3) were first identified
in receptor desensitization, endocytosis and degradation. In fact,
agonist-mediated activation of GPCRs recruits and stimulates GPCR ki-
nases (GRKs), which thereby phosphorylate multiple serine or threo-
nine residues within the C-terminus or third intracellular loop,
producing high-affinity arrestin binding sites, and causing steric hin-
drance of G protein coupling (Benovic et al., 1987). Furthermore, The
carboxy-tail of 3-arrestin directly interacts with the clathrin-adapter
protein-2 (AP-2) complex, promoting receptor endocytosis. The inter-
nalized receptor is either recycled to the membrane or subjected to
ubiquitination-dependent degradation depending on the stability of
receptor-arrestin complexes (Oakley, Laporte, Holt, Caron, & Barak,
2000).

5.1.1. Arrestins take active roles in signal transduction

In addition to receptor desensitization and endocytosis, arrestins
were found to mediate cell signaling as scaffold proteins, linking the
agonist-occupied [3;AR and c-Src, resulting in mitogenic signaling
(Luttrell et al., 1999). Later on, it was shown that p-arrestins can form
a ‘signalosome’ to connect 7TMRs to extracellular signal- regulated ki-
nase 1,2 (ERK;,2), p38 mitogen-activated protein kinas (MAPK), c-jun
N-terminal kinase (JNK), tyrosine kinas c-Src, phosphatidylinositol-3 ki-
nase (PI3K)/Akt, Ser/Thr protein phosphatase (PP)2A, phosphodiester-
ases (PDEs), E3 ubiquitin ligases and deubiquitinases, and nuclear
factor-<B (NF-xB) (Peterson & Luttrell, 2017). Furthermore, p-
arrestins may relay signals even independently of the GPCR-agonist
complex, possibly due to heterologous receptor phosphorylation (Toth
etal., 2018). Their realm of activity extends beyond GPCRs, and includes
atypical 7TMRs such as frizzled and smoothened receptors, receptor ty-
rosine kinases (RTKs), cytokine receptors, and ion channels (Lefkowitz,
Rajagopal, & Whalen, 2006).

Arrestins contain two beta-sheet sandwiches, namely at the N- and
C- domains, the interface of which generates the finger loop (residues
G68-S78), the key receptor-binding element, the middle loop (residues
Q133-5142), and the C-loop (residues V247-Y254). The structure of in-
active arrestin is stabilized by interactions between different regions, in-
cluding hydrophobic or polar interactions between the N- and C-
domains or between C-tail and N-domain. Upon recruitment to the
receptor, the phosphorylated tail of the receptor displaces the acidic
C-tail, gaining access to several residues of the N-domain, and inducing
a conformational rearrangement, resulting in a high-affinity receptor-
arrestin complex (Scheerer & Sommer, 2017). Two GPCR/B-arrestin
conformations have recently been described. In ‘tail conformation’, 3-
arrestin mainly engaged with the phosphorylated C-terminus and in-
duced GPCR internalization and p-arrestin-mediated signaling but
failed to interrupt receptor/G protein engagement. In ‘core conforma-
tion’, however, (3-arrestin formed additional interactions with the
receptor transmembrane core resulting in desensitization of G protein
signaling (Cahill et al,, 2017). This finding helps distinguish -arrestin
functions, and may explain why in some reports different ligands dis-
criminated between [-arrestin recruitment or signaling, receptor de-
sensitization and internalization (Table 2).

Formation of receptor complexes beyond the traditional ternary
complex of agonist/receptor/G protein has also been reported. Class-A
and B GPCRs may form megaplexes, in which the receptor simulta-
neously interacts with G proteins and R-arrestin. These megaplexes
are implicated in sustained receptor signaling, where G protein activa-
tion occurs from internalized compartments, Gs binds to the receptor
transmembrane core and, concurrent with G protein coupling, -
arrestin binds to the receptor C-terminal tail (Thomsen et al., 2016).

Likewise, activated parathyroid hormone receptor (PTH;R) produces a
ternary complex including the GRvy dimer and [3-arrestin, resulting in
an accelerated rate of Gs activation and prolonged cAMP formation
(Wehbi et al., 2013). These studies suggest that a single receptor may
signal to multiple transducers simultaneously. However, to date the
GPCR-G protein-arrestin supercomplex has been reported only for mu-
tant and chimeric GPCRs, but not for native receptors.

Given the potential of B-arrestins for signal transduction, a number
of ligands were identified that differentiate between G protein and 3-
arrestin pathways (Table 2). For example, the 3,AR inverse agonists
for Gs-mediated cAMP synthesis, propranolol and ICI118551, induced
[>-arrestin-dependent phosphorylation of ERK; ,, even in cells with
compromised Gs or Gi functioning (Azzi et al., 2003). Furthermore, car-
vedilol (Galandrin & Bouvier, 2006; Wisler et al., 2007) and SR121463B
(Azzi et al,, 2003) also had opposite actions on different pathways, an-
tagonizing the Gs/cAMP pathway while promoting p-arrestin-depen-
dent MAPK activation through [3,AR and vasopressin receptor 2 (V,R),
respectively. These examples show that biased ligands can have mark-
edly different signaling properties compared to the endogenous ligand
which activates both pathways.

In addition, it was found that MAPK phosphorylation can be trig-
gered via both G protein and p-arrestin pathways (Pierce, Luttrell, &
Lefkowitz, 2001). For example, the 3;AR (Galandrin et al., 2008),
PTH{R (Gesty-Palmer et al., 2009) and bombesin/gastrin-releasing pep-
tide receptor (MacKinnon, Waters, Jodrell, Haslett, & Sethi, 2001) acti-
vated ERK; , through G protein-mediated or G protein-independent
B-arrestin pathways depending on the agonist. These pathways seem
to converge at src protein kinase, which is implicated in ERK; , phos-
phorylation by both pathways (Galandrin et al., 2008). Similarly, a par-
allel study of G protein, p-arrestin and ERK; , pathways revealed that
KOR agonists can display differences in biased activity for the ERK; ,
pathway while preserving bias for G protein over 3-arrestin activation,
underpinning the fact that MAPK activation can occur through either
of the pathways (Lovell et al., 2015). While earlier observations sug-
gested differences in kinetics and spatiotemporal parameters for the de-
termination of the source of such converging G-protein and [3-arrestin
dependent ERK;,, signals (Ahn, Shenoy, Wei, & Lefkowitz, 2004;
Gesty-Palmer et al., 2006; Pierce et al., 2001), this could not be extrapo-
lated to other GPCRs (Goupil et al., 2012; Zheng, Loh, & Law, 2008). Re-
cent evidence using genome editing, conditional gene deletion, and
small interfering RNAs (siRNAs) has revealed that 3-arrestins 1 and 2
as well as receptor internalization are dispensable for 3,AR-mediated
ERK; » phosphorylation, whereas for Gas and GPy-mediated ERK; 5, sig-
naling, src, sos, ras, raf, and MEK were required (O'Hayre et al.,, 2017).
Accordingly, selective depletion of G proteins or R-arrestins via clus-
tered regularly interspaced short palindromic repeats (CRISPR)/Cas
technology has revealed that p-arrestin recruitment to the receptor
can occur in the absence of active G proteins. However, G proteins but
not arrestins dictate ERK;,, activation, even with prototypical p-
arrestin biased ligands acting on [3;AR or angiotensin A; receptors
(AT;R). Although the arrestin scaffold constrains ERKj , activity and de-
termine signal amplitude and duration, arrestin action is downstream
from, but not independent of, G proteins (Grundmann et al., 2018;
Wang et al.,, 2017). This implies that ligands previously characterized
as B-arrestin-biased based on indirect assays such as MAPK phosphory-
lation likely also activate G proteins and need be re-evaluated using di-
rect assays. Furthermore, some ligands may differentiate between {3-
arrestin isoforms (Pradhan et al., 2016), or induce distinct active confor-
mations in B-arrestin (Zimmerman et al., 2012), which can result in dif-
ferent pharmacological readouts.

5.1.2. Therapeutic potential of bias between G protein or [-arrestin
pathways

An array of physiological and pathophysiological roles is suggested
for the -arrestin pathway (Whalen, Rajagopal, & Lefkowitz, 2011).
Thus, biased ligands discriminating between 3-arrestin and G protein
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Table 2
Non-exhaustive list of GPCR ligands showing biased activity and their potential clinical benefits*.
Receptor Biased activity Potential clinical benefits Ref.
Class A
5-HT, Some arylpiperazine derivatives display bias unknown (Stroth et al., 2015)
toward G protein activation over B-arrestin
recruitment
5-HT, LSD, bromocriptine and pergolide displayed bias Gq/11 biased signaling may be associated with (Cussac et al., 2008; Wacker et al., 2013)

Adenosine Al

Adenosine A3

Adrenergic

P1/B2

Adrenergic 3

Angiotensin
ATqa

Apelin AP]

Cannabinoid
(B,

Cannabinoid
(B,

Chemokine
CCR

Chemokine
CXCR

Dopamine D,

Dopamine D,

toward Gq/11 activation than calcium release;
ergotamine showed strong bias for 3-arrestin via
5-HT,g but no bias via 5-HTp

VCP746 and capadenoson showed significant bias
for cAMP inhibition relative to ERKj »
phosphorylation and calcium mobilization
MRS5679 display bias toward survival over ERKj »
pathway compared to IB-MECA

bisoprolol and metoprolol activated Goi/o but not
Gas; Carvedilol was a partial agonist for 3-arrestin
signaling but an antagonist for Gs signaling;
Epinephrine, norepinephrine and isoprenaline
activated B-arrestin pathway at much higher doses
than that required for Gs-pathway activation;
**Salmeterol behaved as an antagonist for
{3-arrestin pathway but as a full agonist for Gs
pathway, **Salmeterol and formoterol compared to
epinephrine were biased toward [>-arrestin
pathway

CL316243 and SR59230A displayed bias
toward/away from cAMP accumulation or P38
MAPK phosphorylation

TRV120027 displayed bias toward 3-arrestin and
antagonizes angiotensin Il mediated G protein
signaling; SII activated Gq, Gi, and p>-arrestin with
different signaling module to angiotensin Il

MMO07 and CMF-019 displayed significant bias
toward G protein pathway over B-arrestin pathway

WIN-55212 was equally efficacious in Gi and Gs
pathways, while anandamide favored Gi over Gs;
2-arachidonoylglycerol and anandamide displayed
bias toward Gi/o over B-arrestin, while CP-55940
and tetrahydrocannabinol favored (3-arrestin
pathway

the Gi-biased LY2828360 inhibited cAMP synthesis,
and activated ERKj 5, but failed to induce arrestin
recruitment, IP signaling, or receptor
internalization

CCR; receptor ligand CCL8 activated Gai; and Gaip
more efficiently than Ga12, and displayed
significant bias for Goop activation relative to
arrestin; The CCRs ligand CCL5 showed bias in
terms of G protein activation; The CCR; ligands
CCL19 and CCL27 displayed difference in terms of G
protein activation, 3-arrestin recruitment, receptor
internalization and ERK; , phosphorylation; The
CCRyp ligand CCL28 displayed significant bias
toward G protein pathway over [3-arrestin
recruitment

CXCR3 receptor ligands FAUC1036 and FAUC1104
displayed bias toward G protein and [3-arrestin
pathways, respectively; the CXCR, receptor ligand
ATI-2341 displayed functional selectivity for Gi and
negative bias for G13 or the [-arrestins

A-77636 induced profound internalization;
dihydrexidine and N-propyl-apomorphine were
full agonists for Gs but partial agonists for Golf
signaling; PF-8294 and PF-6142 induce
Gi-mediated inhibition of CAMP synthesis with
impaired 3-arrestin recruitment

“**bifeprunox and/or aripiprazole showed bias in
terms of ERKj » phosphorylation, Go activation,
cAMP synthesis, receptor internalization,
arachidonic acid release and cellular impedance;
S-(—)-3-PPP and p-tyramine activated Gi3 and Go
but not Gi, and Giy; Some ligands differentiated
Goy, Giy, and B-arrestin2; FAUC350 was antagonist

hallucinogenic activity

biased agonists may protect against ischemic
injuries without causing bradycardia

unknown

signaling toward B-arrestin may explain
therapeutic benefits of carvedilol in chronic heart
failure; Signaling toward Gs may explain longer
duration of action of salmeterol

modulation of P38 MAPK activity may produce
positive effects in cardiac disorders

TRV120027 preserved pro-contractile effects of
angiotensin and inhibits apoptosis without causing
vasoconstriction and cardiac hypertrophy;
however, it did not produce a composite clinical
benefit in acute heart failure in a phase IIb trial

G protein-biased agonists increase myocardial
contractility and vasodilation without detrimental
cardiac hypertrophy

Gi/o biased activity is correlated with cell viability
and may be useful in Huntington's disease

the Gi biased agonists induced analgesia with less
potential for tolerance

biased ligands may display different effects in
immune function or cancer invasion

biased ligands may display different effects in
chemotaxis and receptor internalization

long-lasting internalization may explain A-77636
inefficiency in parkinsonism; dihydrexidine may
be effective in the treatment of negative symptoms
of schizophrenia devoid of locomotor activation; G
protein biased agonists may show
antiparkinsonian properties without
desensitization

the biased ligands showed better efficacy in terms
of improving the negative symptoms of
schizophrenia; selective antagonism of 3-arrestin
pathway may provide antipsychotics without
extrapyramidal side effects

(Baltos, Gregory, et al., 2016; Valant et al., 2014)

(Baltos, Paoletta, et al., 2016)

(Carter & Hill, 2005; Malik et al., 2013; Onfroy
et al.,, 2017; Rajagopal et al.,, 2011; Wisler et al.,
2007)

(Sato et al., 2007)

(Pang et al., 2017; Sauliére et al., 2012; Violin
et al,, 2010)

(Brame et al.,, 2015; Read et al., 2016)

(Bonhaus et al., 1998; Laprairie, Bagher, Kelly, &
Denovan-Wright, 2016)

(Lin, Dhopeshwarkar, Huibregtse, Mackie, &
Hohmann, 2017)

(Corbisier et al., 2015; Kohout et al., 2004;
Rajagopal et al., 2013)

(Milanos et al., 2016; Quoyer et al., 2013)

(Gray et al., 2018; Ryman-Rasmussen et al., 2007;
Yano et al., 2018)

(Bonifazi et al., 2017; Chen et al., 2012; Gazi,
Nickolls, & Strange, 2003; Klein Herenbrink et al.,
2016; Moller et al., 2014; Moller et al., 2017;
Tschammer et al., 2011; Urban, Vargas, von
Zastrow, & Mailman, 2007; Weiwer et al., 2018)
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Table 2 (continued)
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Receptor

Biased activity

Potential clinical benefits

Ref.

Dopamine D3

Endothelin

Formyl peptide
FPR,
Ghrelin 1A

Gonadotropin
releasing
hormone

Histamine H1

Histamine H4

Leukotriene
OXE

Melanocortin
MC,

Muscarinic M,

Muscarinic M,

Muscarinic M3

Neuropeptide
Y2

Neurotensin
NTR;

Niacin
GPR109a

Opioid p

Opioid Kk
Opioid &

Opioid N/OFQ

Oxytocin

for AC inhibition and partial agonist in pERKj
pathway; UNC9975, UNC9994, UNC9995 potently
induced PR-arrestin recruitment without G protein
activation; BRD5814 display selective antagonistic
activity in B-arrestin pathway.

some ligands differentiated between Gop, Gip, and
B-arrestin2

certain agonists produced distinct profiles of
coupling to Gi and Gq/11

F2Pal;o was G protein-biased compared to
WKYMVM

compared to Ghrelin which induced Gi/Gq
activation and R-arrestin recruitment, JMV 3002
and JMV 3018 were partial agonist for Gq
activation and failed to induce Gi activation or
B-arrestin recruitment

Ant135-25 displayed bias toward Gi and away from
Gq activation

trans-PAT enhanced AC/cAMP but not PLC/IP
signaling

very closely related isothiourea derivatives
VUF9107, VUF5222, and VUF5223 behaved as
neutral antagonist, G protein-biased and
3-arrestin-biased agonists, respectively
Gue1654 inhibited Gy but not Gai signaling

agouti-related protein inhibited Gs but induced
Gi/o activation

the bitopic ligands AC-42 and 77-LH-28-1 failed to
support Gi/o activation; VCP794, 77-LH-28-1 and
xanomeline showed bias toward pERK; , pathway
McN-343 activated G15 ~ 10 folds more than Gi;
**Ach, CCh, and arecoline showed bias toward
PERKj 2, whereas 77-LH-28-1, AC-42, McN-A-343
and NDMC showed bias toward G protein pathway;
pilocarpine appeared to be balanced agonist for
these pathways; “*Compared to ACh, arecoline and
NDMC showed significant bias toward G protein
activation relative to pERK , and internalization;
pilocarpine, AC-42, 77-LH-28-1, and McN-A-343
failed to induce internalization

atropine was a low efficacy agonist for coupling to
G12, an inverse agonist for Gq, and a pure
antagonist for Gi; Pilocarpine was biased toward
{3-arrestin and pERK; ,, but did not induce Ca™*?
mobilization or insulin secretion

NPY13-36 increased GTPYS binding to Gq and Gi,
but not to Gi; or Gis

ML314 displayed significant bias toward [3-arrestin
over Gq-mediated Ca®>* mobilization

MK-0354 activated Gi pathway but did not induce
B-arrestin-mediated MAPK activation

DAMGO, morphine, fentanyl and other agonists
induced different pattern of G protein activation,
B-arrestin recruitment and receptor
internalization; herkinorin, TRV130, and PTI-609,
displayed bias toward Gi compared to
B-arrestin2/internalization; Naloxone was biased
toward Go and Gz

Nalfurafin and 6’-GNTI display bias toward Gi over
B-arrestin pathway; Naloxone activated Gi/o
SNC-80 and UFP-512 showed bias toward AC
inhibition compared to receptor internalization
RTI-4229-816 and RTI-4229-856 display bias
toward G protein activation away from R-arrestin
pathway

the majority of ligands activated Gq, Gi,, and Gis
but not Gi;, Goa, and Gog; DNalOVT and atosiban
were entirely biased toward Gi; or Gis activation

D,/Ds biased ligands preferentially activating Goa
may induce neurite outgrowth and improve
negative symptoms of schizophrenia

{3-arrestin signaling may be involved in NF-«B and
3-catenin signaling

F2Palyo induced less receptor internalization and
neutrophil chemotaxis

unknown

Gi-biased ligands may promote pro-apoptotic
signaling in peripheral reproductive tumor cells

trans-PAT may offer benefits in neuropsychiatric
and neurodegenerative disorders devoid of
cardiovascular, respiratory or gastrointestinal side
effects

biased ligands may display benefits in allergic
diseases

Gue1654 may become useful in a variety of
diseases where Gy plays a role
Gi-biased agonists may induce orexigenic effects

biased ligands may show pro-cognitive effects in
Alzheimer's disease or schizophrenia

biased ligands may show pro-cognitive effects in
Alzheimer's disease or schizophrenia

bias away from G12 may provide benefit in a
number or immune-related diseases

unknown

ML314 may be helpful in methamphetamine abuse
treatment

The Gi biased agonists decreased plasma
triglycerides devoid of vasodilation and flushing.
However, MK-0354 produced only a weak effect
on serum lipids compared with niacin

The Gi biased agonists induced analgesia with less
potential for tolerance, respiratory suppression
and

constipation

biased agonists away from B-arrestin may produce
less dysphoric effects
unknown

The G protein biased agonists may produce
analgesia with less potential for tolerance

biased ligands may show different effects in labor
induction or neuropsychiatric disorders

(Moller et al., 2014)

(Cianfrocca et al., 2014; Rosano et al., 2013;
Shraga-Levine & Sokolovsky, 2000)
(Gabl et al., 2017)

(Mary et al., 2012)

(Maudsley et al., 2004)

(Moniri, Covington-Strachan, & Booth, 2004)

(Nijmeijer, Vischer, Rosethorne, Charlton, & Leurs,
2012)

(Blattermann et al., 2012; Smrcka, 2013)

(Biich et al., 2009)

(Keov et al., 2013; Keov et al., 2014; Masuho,
Ostrovskaya, et al., 2015; Thomas et al., 2008)

(Gregory et al.,, 2010; Gregory et al., 2012; Griffin,
Figueroa, Liller, & Ehlert, 2007)

(Pronin, Wang, & Slepak, 2017; Stewart et al.,
2010)

(Misra et al., 2004)
(Barak et al., 2016)

(Boatman et al., 2012; Semple et al., 2008)

(Burns & Wang, 2010; Chen et al., 2013; Masuho,
Ostrovskaya, et al., 2015; McPherson et al., 2010;
Tidgewell et al., 2008; Varadi et al., 2016)

(Masuho, Ostrovskaya, et al., 2015; Schattauer,
Kuhar, Song, & Chavkin, 2017; Schmid et al., 2013)
(Charfi et al., 2014)

(Chang et al., 2015)

(Busnelli et al., 2012)

(continued on next page)
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Table 2 (continued)

Receptor Biased activity

Potential clinical benefits Ref.

Prostanoid EP, Prostacyclin analogues differentiate between G
protein and (3-arrestin pathways
angiogenesis
Prostanoid FP PDC113.824 induced a shift of receptor signaling
toward Gq/PKC/ERK; , at the expense of
G12/Rho/Rock
Sphingosine BMS-986104 displayed significant bias for cAMP
1-phosphate  over ERK;; and internalization compared to
S1P, fingolimod
Thyrotropin NCGC00379308 induced p3-arrestin1 recruitment
but did not activate Gs/cAMP pathway

G protein-biased analogues may provide
neuroprotection devoid of tumorigenesis and

PDC113.824 may offer tocolytic properties
BMS-986104 may produce less bradycardia when
used for multiple sclerosis

NCGC00379308 enhanced TSH-induced
differentiation of a human pre-osteoblast as a

(Ogawa et al., 2016)

(Goupil et al., 2010)

(Dhar et al., 2016)

(Neumann et al., 2018)

positive allosteric modifier

Vasopressin V, MCF14 was Gs agonist and 3-arrestin antagonist; ~ unknown
SR121463 was Gs inverse agonist and (-arrestin

partial agonist; amphipol was neutral

Class B
Glucagon like
peptide 1 to pERKj , and weaker relative bias for pERK; »
over Ca™2 mobilization; Oxyntomodulin was
weakly biased toward cAMP formation relative to  effects
PERKj », and was poorly coupled to Ca*?2
mobilization;
GLP-1(7-36)- NH2 displayed strong bias toward
cAMP synthesis relative to either pERKj , or Cat?
mobilization, and only weak bias for the pERKj >
relative to Ca™?;
EXENDIN-P5 displayed significant bias toward Gs
and Gq activation over B-arrestin pathway
Parathyroid (D-Trp'2,Tyr>*)-PTH(7-34) displayed bias toward
hormone B-arrestin pathway
Class C
Calcium Strontium, barium, spermine, tobramycin and

sensing CaSR  neomycin displayed bias in terms of activation of
Gi/o, Gq/11 and ERK; , pathways; AC-265347 and
R,R-cacimimetic were biased for ERKj/; and IP,
accumulation away from ca?* mobilization

Glutamate Quisqualate and DHPG were G protein biased,
mGlu, whereas glutamate, glutaric acid and succinic acid
were R-arrestin biased
Glutamate VU0409551 induced robust Gq-mediated Ca®*
mGlus mobilization without enhancing NMDA receptor

currents excitotoxicity

-arrestin biased agonists promoted bone
formation without bone resorption

B-arrestin-biased ligands may be neuroprotective

Bias away from NMDA receptor currents may
provide antipsychotic effects devoid of

(Rahmeh et al., 2012)

exendin-4 showed bias for cAMP synthesis relative EXENDIN-P5 was a weak insulin secretagogue, but (Koole, Wootten, Simms, Miller, et al., 2012; Koole,
more effective in long-term glycemic control;
-arrestin biased ligands may offer anti-apoptotic

Wootten, Simms, Savage, et al., 2012; Quoyer et al.,
2010; Zhang et al., 2015)

(Gesty-Palmer et al., 2009)

Bias toward ERKj , may help avoid hypocalcaemia (Cook et al., 2015; Thomsen et al., 2012; Thomsen,
and hyperphosphatemia which restricts cinacalcet Hvidtfeldt, & Brauner-Osborne, 2012)
application in secondary hyperparathyroidism

(Emery et al., 2012)

(Rook et al., 2015)

*the table contains examples of receptors for which a bias ligand is present, and studies experimenting the behavior of neutral or endogenous ligands in systems lacking (3-arrestin or G
proteins are not included; also, bias is described as reported in the original papers without any attempt to re-analyze data with other analytical methods; **performed with two different

Hk

analytical methods;
phorylated ERKj .

pathways may offer potential clinical benefits (Table 2). For instance,
adenosine A{aR activation is protective against cardiac or cerebral
ischemic-reperfusion injury, possibly through MAPK, Akt/PKB and cer-
tain protein kinase (PKC) isoforms. However, clinical trials with AjsR
biased agonists have displayed limited success, in part because of sub-
optimal dosing due to undesirable hemodynamic side effects (Ross,
Gibbons, Stone, Kloner, & Alexander, 2005). In this regard, the A;sR
bitopic agonists VCP746 and capadenoson, which display bias away
from G-protein mediated Ca*? mobilization (Baltos et al., 2016),
retained cytoprotective signaling in the absence of bradycardia, pro-
viding a rationale for clinical trials with these B-arrestin biased agents
(Albrecht-Kupper et al., 2012; Sabbah et al.,, 2013). Likewise, the an-
giotensin AT;R biased agonist TRV120027, which potently directs sig-
naling toward p-arrestin, decreases blood pressure and improves
myocardial contractility (Violin et al., 2010). However, in a phase IIb
trial (BLAST-AHF), TRV120027 did not produce a composite clinical
benefit in acute heart failure compared with placebo (Pang et al.,
2017). Meanwhile, adjustment to baseline systolic blood pressure re-
vealed beneficial effects for 1 mg/h dose of TRV120027 on 180-day
all-cause death and cardiovascular mortality in patients with high
blood pressure, while low blood pressure patients experienced more
adverse effects (Cotter et al., 2018). Hence, biased ligands may target

note a kinetic bias; AC, adenylyl cyclase; ERK; ,, extracellular regulated kinas 1; IP, inositol phosphate; MAPK, mitogen activated protein kinase; pERK; ,, phos-

more specific types of physiological functions for clinical benefit of
specific symptoms.

In some cases, however, favorable outcomes have been associated
with increased G protein-mediated signaling. Of particular note, HOR ag-
onist TRV130 (oliceridine) displayed significant bias toward Gi activa-
tion and was devoid of pB-arrestin recruitment (Chen et al., 2013).
Interestingly, in a phase II trial TRV130 produced comparable or greater
pain relief than morphine in patients following bunionectomy (Viscusi
et al., 2016) or abdominoplasty (Singla et al., 2017), while having
fewer side effects (nausea, vomiting and respiratory dysfunction). Sim-
ilarly, the Gi-biased agonists of the GPR109a receptor show promise to
reduce plasma triglycerides without inducing vasodilation or flushing
(Semple et al., 2008). Meanwhile, the Gi-biased ligand MK-0354 pro-
duced only a weak effect on serum lipids compared with niacin, indicat-
ing that beneficial effects of niacin may be independent of GPR109a
receptor (Boatman et al.,, 2012). These examples suggest that the
greater potential specificity of a biased ligand, while minimizing ad-
verse or off-target effects, may also be its “Achilles heel” to limit its ef-
fectiveness to only certain subsets of patients. Thus, the biased agonist
approach may be optimal when a clear signaling process is implicated,
while in other cases such as mental illness, targeting a diversity of
GPCRs may be more effective (Roth, Sheffler, & Kroeze, 2004).
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While biased agonists may offer better therapeutic responses devoid
of unfavorable effects (Table 2), it is usually difficult to attribute a partic-
ular clinical response to either G protein or 3-arrestin mediated path-
ways, given that a single physiological phenomenon may be regulated
by multiple pathways. For example, the seemingly analgesic (decrease
of lactic acid-induced stretching) and antipruritus (decreased of
serotonin-induced scratching) properties of the G protein-biased KOR
agonist, nalfurafine, may reflect nonselective reduction in motivated be-
havior rather than actual decrease of pain and itch (Lazenka et al.,
2018). In some cases, bias in G-protein rather than effector signaling is
a better predictor of outcome. For example, bias toward GTPvyS-
binding was found to be a better predictive factor than cAMP assays
for greater analgesic activity and reduced potential for respiratory sup-
pression with HOR agonists (Varadi et al., 2016). In other cases, both G
protein and B-arrestin pathways have been implicated, such as for che-
mokine receptor (CCXR3)-mediated chemotaxis (Fong et al., 2002;
Milanos et al., 2016). Similarly, while blockade of dopamine D,; recep-
tor (D, R) interaction with R-arrestin2 was initially reported as a com-
mon property of clinically effective antipsychotics (Masri et al., 2008), it
was subsequently discovered that both G protein and 3-arrestin -biased
ligands of D,R demonstrate antipsychotic properties (Allen et al., 2011;
Moller et al., 2017). Recently, a G protein-biased D,R agonist, BRD5814,
with antagonistic properties in B-arrestin pathway has shown signifi-
cant antipsychotic activity devoid of extrapyramidal side effects in ani-
mal models (Weiwer et al.,, 2018). Thus although biased ligands
appear to target more specific physiological processes, it is not always
clear whether G-protein, -arrestin, or both pathways mediate this
specificity. This underpins the necessity for more research to elucidate
the relationship between a specific pathway and a physiological or
pathological event.

5.2. Biased signaling between G protein families

Canonical G protein signaling is dictated by the G protein o subunits,
which are divided into four families according to their sequence homol-
ogy and function. The stimulatory G protein family includes Gas and
Goolf which are positively coupled to AC, and stimulate cCAMP synthesis
(Sunahara, Dessauer, Whisnant, Kleuss, & Gilman, 1997). Gas is also
shown to modulate a number of other effector molecules such as tubu-
lin and Src family kinases (Wettschureck & Offermanns, 2005). The per-
tussis toxin (PTX) sensitive inhibitory G proteins (Gail, Gai2, Gai3,
Goaol and Gowo2) as well as the PTX-insensitive Gz inhibit AC
(Birnbaumer, 2007). Furthermore, some isoforms of this family can
also relay signals to tubulin, Src, ras1 GTPase activating protein, K* in-
ward rectifier (GIRK) channels or voltage operated Ca?™ channels
(VOCC) (Kinoshita et al., 2001; Ma, Huang, Ali, Lowry, & Huang, 2000;
Peleg, Varon, Ivanina, Dessauer, & Dascal, 2002; Roychowdhury,
Panda, Wilson, & Rasenick, 1999). Other members of this family,
transducin (Gat) and gustducin (Gog), modulated phosphodiesterase
(PDE) activity and cyclic nucleotide-gated channels in specific sensory
neurons (Wettschureck & Offermanns, 2005). The Gq/11 family (Gaq,
Gal1, Gal4, Gal6, and its murine homologue Ga15) activate PLCR,
which in turn hydrolyzes phosphatidylinositol (4,5)-bisphosphate
(PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG),
resulting in PKC activation and Ca?" mobilization (Rhee, 2001). The
Ga12/13 primarily activate Rho family GTPases (Rho, Rac, and Cdc42)
and regulate cytoskeletal polymerization and gene expression
(Kozasa, Hajicek, Chow, & Suzuki, 2011). Once believed to only act as
a negative regulator and/or membrane anchor for Ga subunits, the
GPy dimer has been shown to interact with an array of effector mole-
cules, including AC, PLC, GRKs, PI3K, and ion channels (Dupré,
Robitaille, Rebois, & Hébert, 2009).

5.2.1. GPCRs of all classes can couple to multiple G protein families
The selectivity of GPCRs for distinct G proteins is supported by sev-
eral experimental approaches including second messenger analysis,

receptor/transducer cross-linking and co-precipitation (Hu et al.,
2010; Wang, Friedman, Olmstead, & Burns, 2005), agonist-induced in-
corporation of radiolabeled GTP analogues (Milligan, 2003), chimeric
mammalian/yeast Ga (Stewart et al., 2010), and energy transfer ap-
proaches. The latter approach has seen several developments contain-
ing energy transfer between the receptor/Ga, receptor/Gp, receptor/
Gy (Gales et al., 2005) as well as chimeric probes consisted of truncated
receptor/Ga C-termini (Malik et al., 2013), and energy transfer between
Got/Gy (van Unen et al., 2016), Ga/GR (Janetopoulos, Jin, & Devreotes,
2001) or GPy/GRK3 (Masuho, Ostrovskaya, et al., 2015). Likewise, sev-
eral approaches are employed to distinguish the activity of Ga and
Gfy subunits. In this regard, cholera toxin (CTX) (Eason, Kurose, Holt,
Raymond, & Liggett, 1992), PTX (Locht, Coutte, & Mielcarek, 2011), reg-
ulator of G protein signaling (RGS)-4 (Hains, Siderovski, & Harden,
2004) and the RGS homology domain of p115RhoGEF (Kozasa et al.,
1998) have been used for functional studies of Gs, Gi/Go/Gz, G11/Gq
and G12/G13 proteins, respectively. Furthermore, the C-terminus of
PAR kinase (BARK-ct or GRK2-ct) (Ghahremani, Cheng, Lembo, &
Albert, 1999; Koch, Hawes, Inglese, Luttrell, & Lefkowitz, 1994) as well
as small molecules such as gallein (Bonacci et al., 2006) can inhibit sig-
naling from GP+y subunit. Also, transfection of PTX-insensitive Gi/Go
protein mutants as well as expression of Gy-insensitive AC subtypes
(Dittman et al., 1994) or selective knockdown using siRNA, antisense ol-
igonucleotides, or CRISPR/Cas9 technology (Alvarez-Curto et al., 2016)
are used to discriminate signaling from a specific transducer.
However, the results of different biosensor approaches are not al-
ways consistent in assessing G protein selectivity. For instance, 3;AR
failed to cause subunit dissociation in Gij, and only slightly dissociated
Gi, and Gis subunits (van Unen et al., 2016), nor did it couple to Giy,
Gi, and Gis in experiments using GBy/GRK3 BRET sensors (Masuho,
Ostrovskaya, et al., 2015). In contrast, truncated receptor/Go sensors re-
vealed an increase in FRET ratio between [3;AR and both Gs and Gi, de-
pending on the ligands employed (Malik et al., 2013). These
incongruous findings may be explained by the fact that a negative re-
sponse in GTPyS or RET does not always imply absence of interaction,
given that low sensitivity of the GTP+yS assay or loss of energy transfer
in RET stemming from inappropriate orientation of donor/acceptor mol-
ecules may result in false negative outcomes (Marullo & Bouvier, 2007;
Milligan, 2003). Furthermore, receptor-mediated activation of G pro-
teins does not necessarily result in subunit dissociation and may occur
through conformational rearrangement (Bai, Jiang, Cai, & Chen, 2014;
Gales et al., 2006). Another drawback of these interaction assays is the
reliance on tagging with protein tags that are sometimes larger than
the targeted subunits, and may interfere with normal interactions.
Thus, variations in receptor-G protein selectivity may stem from the
system or assay conditions and need to be carefully considered in
order to demonstrate the true GPCR functional selectivity or ligand bias.
Given the pleiotropic nature of GPCR coupling to G proteins
(Table 1), biased agonists can also stabilize distinct receptor conforma-
tions favoring one among several G protein families (Table 2). For in-
stance, SB242084 is a 5-HT,cR inverse agonist for the Gi/
phospholipase A2/arachidonic acid pathway but an agonist for the Gq/
PLC/inositol phosphate pathway (De Deurwaerdere, Navailles, Berg,
Clarke, & Spampinato, 2004). Of particular note, allosteric or bitopic ag-
onists, that link orthosteric and allosteric pharmacophores, can also dis-
tinguish downstream G protein-mediated pathways (Lane, Sexton, &
Christopoulos, 2013). For example, muscarinic M;R bitopic (AC-42 and
77-LH-28-1) and orthosteric (OXO-M, arecoline and pilocarpine) ago-
nists induce GTPvS binding to Gq/11 and Gs, while only the latter en-
hanced nucleotide binding to Gi;, (Thomas, Mistry, Langmead, Wood,
& Challiss, 2008). Similarly, the prostanoid FP receptor allosteric agonist
PDC113.824 inhibited basal, prostaglandin F2a- or lipopolysaccharide-
induced parturition due to a shift of receptor signaling toward Gq/
PKC/ERK; » and away from the G12/Rho/Rock pathway (Goupil et al.,
2010). Intriguingly, even subtle differences in ligand structure can result
in shift of preference toward one G protein pathway over another. For
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instance, stereoisomers of the 3,AR agonist fenoterol demonstrated sig-
nificant differences in bias for activation of Gs and Gi (Woo et al., 2009).

Biased agonists not only distinguish between G protein/3-arrestin
pathways or paralogue G proteins members, but they may also discrim-
inate between orthologous G proteins. In this regard, the D,R ligand S-
(—)-3-PPP was a partial agonist in terms of GTPyS binding to Goo,,
but was an antagonist/inverse agonist for Gaiy, G, and Gaiz activa-
tion (Lane, Powney, Wise, Rees, & Milligan, 2007). Similarly, the neuro-
peptide Y, receptor agonist NPY;3.35 as well as cannabinoid CB;
receptor (CB{R) agonists desacetyllevonantradol and R-
methanandamide discriminated between Gi family subtypes (Misra,
Murthy, Zhou, & Grider, 2004; Mukhopadhyay & Howlett, 2005).

Given that GPy subunits have distinct effectors from Go
(Birnbaumer, 2007; Dupré et al., 2009), and that several combinations
of o>y heterotrimers are possible (Albert & Robillard, 2002), coupling
to a distinct apy trimer may activate specific signaling pathways
(Schwindinger et al., 2003). In addition, a strong body of evidence indi-
cates signaling specificity among GBy subtypes, as well as distinct roles
for different G or G-y subunits (Dupré et al., 2009; Yim et al., 2019).
However, little is known about which G protein a3y assemblies actually
exist in vivo or about how GPCRs discriminate between different a3y
combinations (Hillenbrand, Schori, Schéppe, & Pliickthun, 2015). In
this regard, biased ligands have been identified that direct signaling to
either Ga or Gy subunits. For example, the leukotriene OXE receptor
(OXER) is a Gi-coupled receptor controlling a number of immune cell
responses including chemotaxis (Grant, Rokach, & Powell, 2009). The
OXER antagonist Gue1654 selectively inhibited agonist-stimulated
GPy but not Gai signaling. In more detail, Gue1654 or G+ inhibitors
antagonized OXER-induced PTX-sensitive Ca™? responses and GIRK
opening to inhibit chemotaxis. In contrast, these treatments did not in-
fluence Gaii-mediated inhibition of CAMP synthesis (Bldttermann et al.,
2012). This indicates that Gy not only couples to its own effectors, but
may also be the main transducer for some receptor-mediated events
(Konya et al., 2014; Surve, Lehmann, & Smrcka, 2014). This finding
opens up a new window for biased ligands as therapeutic agents to se-
lectively activate/inhibit Got or GRy signaling or even differentiate be-
tween distinct GPRy subunits downstream of the same receptor.
However, the structural basis for selective Gy signaling over Ga signal-
ing remains unclear.

5.2.2. Therapeutic potential of bias between G protein families

Functional selectivity of ligands across G protein families may offer
potential clinical benefits (Table 2). For example, biased ligands shifting
vasopressin Vi and gastrin-releasing peptide (GRP) receptors away
from Gq/11 and toward Gi/ERKj , inhibit the growth of small-cell lung
cancer cells (MacKinnon et al., 2005). However, more research is re-
quired to precisely determine the consequences of signal direction to-
ward a given pathway. In this regard, 3,AR antagonist, ICI-118551,
actively reduces myocyte contraction in the failing heart through Gi-
biased signaling (Gong et al., 2002), whereas Gs signaling increased
chamber contractility. This suggests potential application for Gs-biased
ligands in heart failure (Woo, Song, Xiao, & Zhu, 2015), but enhanced
32AR coupling to Gs and/or inhibition of Gi coupling resulted in ventric-
ular arrhythmia in experimental models of heart failure (Wang et al.,
2015). Conversely, a B-arrestin-biased pepducin improved cardiomyo-
cyte contractility, yet the Gi/ 3-arrestin biased 3,AR agonist carvedilol
failed to induce cardiomyocyte contractility (Carr et al., 2014; Carr III
et al., 2016). Thus, mapping biased signaling to physiology is not
straightforward. Similarly, melanocortin receptor 4 (MC4R) agonist
melanotan II produced its anorectic effects through coupling to Gq/11
and its adverse cardiovascular effects through Gs coupling, suggesting
potential therapeutic benefit in obesity for Gq/11-biased ligands (Li
et al., 2016). However, several phenotypes of mutant MC4R with loss
of function, increased Gs signaling, increased Gi/o signaling or no alter-
ation of function have been isolated from obese patients (Hinney et al.,
2003). Thus, a direct correlation between heart failure or obesity and

PAR or MC4R coupling to certain G proteins is premature, and further
studies of these pathways in vivo, are required.

Ligand-mediated discrimination of orthologue G proteins may also
offer potential clinical benefits. For instance, oxytocin activates Gq and
all Gi/o family members, whereas, DNalOVT and atosiban are entirely
biased toward Gi, or Gis activation, and do not activate Gq or Giy, nor
do they induce B-arrestin recruitment to the oxytocin receptor (OTR)
(Busnelli et al., 2012). Given that OTR signaling toward Gi inhibits cell
proliferation (Reversi et al., 2005) and migration (Zhong, Boseman,
Millena, & Khan, 2010), Gi-biased ligands acting at this receptor such
as atosiban may produce beneficial effects for tumor regression and me-
tastasis (Busnelli et al., 2012). In the same manner, dihydrexidine and
N-propyl-apomorphine are full agonists for D;R-mediated Gs activation
but partial agonists for Golf activation. Since Golf and Gs are predomi-
nant in the striatum and in the cortex, respectively, Gs/Golf biased D;R
ligands provide the opportunity for the treatment of cortex- or
striatum-specific neuropsychiatric dysfunction. In particular,
dihydrexidine may be useful for the treatment of cognitive deficits
without adverse locomotor effects (Yano et al., 2018). It is, however,
noteworthy that different receptors may require distinct G protein sub-
units to elicit a single phenomenon. For instance, Do R required Go for
inhibition of prolactin synthesis, whereas 5-HT; 4R and somatostatin re-
ceptors required Gi, and Gis, and the effect of muscarinic receptors was
resistant to depletion of any Gi/Go protein. Also, these receptors exhib-
ited distinct G protein requirements for inhibition of lactotroph DNA
synthesis (Albert, 2002).

5.3. Biased signaling beyond G protein/B3-arrestin pathway

Biased signaling is not limited to G protein or 3-arrestin, but can af-
fect downstream signaling pathways. In fact, some ligands may display
pronounced bias toward/away from one pathway, i.e. they activate or
fail to activate one pathway. In the majority of cases, however, biased li-
gands do not display a bimodal ON/OFF signaling phenotype (Table 2).
Rather, they may induce subtle differences in potency, magnitude or
rate of activation of one among all signaling repertoire (Fig. 1). Also, a
biased agonist may not be restricted to one among several downstream
pathways activated by the endogenous ligand. Indeed, biased ligands
can sometimes induce new signaling pathways not observed with the
endogenous agonist. For example, the angiotensin AT;4R ligand SII
(*sar* Ile® Ile-angiotensin II), once characterized as a biased agonist to-
ward B-arrestin pathway (Violin et al., 2010), was later discovered to
also activate Gi and Gq (Sauliére et al., 2012). Moreover, fingerprinting
of angiotensin II, SIl and TRV120027 revealed signaling profiles in com-
mon to all three, as well as downstream effector molecules unique to
each peptide (Santos et al., 2015).

Furthermore, bias toward G protein or 3-arrestin pathways does not
necessarily correlate with bias toward the cognate downstream path-
way (internalization, cAMP, ERK; , etc.), i.e. a ligand displaying bias to-
ward B-arrestin does not necessarily demonstrate bias toward ERKj 5,
given that these pathways may receive signals from multiple sources
(Fig. 1). This indicates that a receptor’s functional selectivity to multiple
signaling outputs needs to be tested in order to identify ligand bias for
activation of different pathways. As an example, GLP-1 analogues con-
taining 3-amino acid residues were initially described as 3-arrestin bi-
ased ligands (Hager, Johnson, Wootten, Sexton, & Gellman, 2016).
However, further investigation in a different cell line revealed biased ac-
tivity beyond p-arrestin recruitment, to include calcium mobilization
and ERK;, phosphorylation (Hager, Clydesdale, Gellman, Sexton, &
Wootten, 2017). Therefore, some investigators have decided to study
the bias profile in terms of specific pharmacological readouts in a
more global manner which cannot necessarily be attributed to either
G protein or 3-arrestin pathways. In this regard, Namkung et al., have
developed pathway-selective BRET biosensor to monitor the activation
of effector molecules such as PKC, PLC, p63RhoGEF, and Rho, and inves-
tigated the correlation between bias profile of different ligands for these
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pathways and upstream transducers (Namkung et al., 2018). Such bio-
sensors are very useful for precise delineation of ligand-receptor behav-
iors as well as the involvement of a specific pathway in the
pathophysiology of a given clinical event. Given that G proteins and (3-
arrestins are not the only molecules that directly interact with the re-
ceptor, ligand-specific receptor conformations beyond these pathways
can be presumed.

Many GPCRs contain a PDZ (PSD-95/Dlg/Z0-1)-binding domain at
the C-terminus which can interact with PDZ domain-containing pro-
teins (Dunn & Ferguson, 2015). Interaction with these proteins opens
a new window of effector molecules beyond G protein or (3-arrestins.
For instance, KOR interact with sodium-hydrogen exchanger regulatory
factor-1 (NHERF-1)/Ezrin-radixin-moesin-binding phosphoprotein-50
(EBP50) to stimulate Na*/H" exchange independent of the G proteins
(Huang et al., 2004). Similarly, other PDZ-scaffolds can interact with
the C-terminus of GPCRs, and connect them to a variety of effector mol-
ecules (kinases or phospholipases) or ion channels (Table 3). Also, these
scaffolds alter receptor-G protein selectivity, receptor internalization
and desensitization (Walther & Ferguson, 2015). Importantly, selective
expression of GPCR effectors and interacting proteins, like PDZ domain
proteins, in different cell types or tissues can result in cell-specific sig-
naling readouts of a given ligand (discussed in Sections 6.2 to 6.6).

Non-PDZ scaffold proteins such as A kinase anchoring proteins
(AKAPs), RGS proteins and other scaffolds can also interact with the cy-
toplasmic domains (ICL3 and C-terminus) of the receptor (Table 3), and
assist in activation of kinases, phosphatases, IP3 receptors and a variety
of other cytosolic or nuclear elements (Maurice et al,, 2011). Scaffolding
proteins provide a docking site for interacting molecules, holding them
in close proximity with the appropriate orientation to ensure the selec-
tivity of interaction as well as spatiotemporal control of signaling pro-
cesses. For example, AKAP-bound PKA can cause a Gs/Gi switch in
32AR signaling through receptor phosphorylation, whereas 3-arrestin
holds PDE-4D5 in the vicinity of receptor and reverses the coupling of
the receptor to Gi via cAMP degradation and inactivation of PKA
(Baillie & Houslay, 2005). Similarly, Filamin A binding to different
GPCRs plays a central role in receptor localization and functional selec-
tivity toward cAMP, ERK; , and serum response element (Maurice et al,,
2011). Interestingly, a high affinity binding site at the C-terminus of
filamin A is found for naloxone and naltrexone, disruption of which in-
creased non-cognate HOR/Gs coupling (Wang & Burns, 2009; Wang,
Frankfurt, & Burns, 2008). Hence, filamin A binding compounds such
as PTI-609, are capable of binding to opioid receptors, and are under de-
velopment as analgesics with less potential for tolerance than other opi-
oids (Burns & Wang, 2010).

Given the plethora of GPCR interacting proteins (GIPs) (Table 3), a
huge diversity of receptor conformations favoring binding to each of
these molecules is presumable. Alternatively, these molecules can
alter receptor-G protein selectivity through lateral allostery (Kenakin,
2017). Interestingly, the crystal structure of the angiotensin AT,R re-
vealed a non-canonical position for helix-8 (Fig. 3), in which it stabilized
the active conformation, but simultaneously prevented receptor inter-
action with G proteins and p-arrestin (Zhang, Han, et al.,, 2017). How-
ever, further research is required for precise delineation of molecular
mechanisms of receptor interaction with each of these scaffolds.

6. Molecular determinants of transducer selectivity and biased
signaling

6.1. Receptor conformations and biased signaling

Several residues at both the receptor and transducer are involved in
selective signaling, but no single obligatory structural element or se-
quence can be generalized for all GPCRs (Moreira, 2014). For the deter-
mination of residues that are critical in selective coupling, the majority
of studies have focused on conserved residues at the receptor/G protein
interface. Nonetheless, residues at the binding pocket ought not to be

neglected. While residues at the GPCR-transducer interface directly in-
fluence coupling selectivity, residues at the ligand binding pocket can
alter the bias fingerprint of certain agonists and alter the equilibrium
of receptor conformational states. Interestingly, naturally occurring ge-
netic polymorphisms can significantly influence GPCR signaling toward
different pathways (Hauser et al., 2018). This gene-induced shift in
GPCR signaling may negate the binding or signaling biased ligands to-
ward their preferred signaling pathway. Failure to detect confounding
genetic parameters in vivo may result in significant adverse effects to
the patient or may perturb the results of clinical trials for the discovery
of therapeutic biased ligands.

6.1.1. Selectivity barcodes

Recent research has provided significant breakthroughs for general-
ization of mechanisms of receptor-transducer selectivity. Specifically,
analysis of structural data from 3,AR-Gs (PDB code: 3SNG), Adenosine
AzaR-mini Gos (PDB code: 5G53), and RhR-Gat C-terminal (PDB
codes: 2X72, 3DQB, 3PQR, 4A4M) complexes as well as sequence align-
ments within GPCR families and within orthologue/paralogue G protein
families has identified the conserved residues at the interface, which are
more likely to contribute to selective coupling, i.e. ‘selectivity barcodes’.
In this way, notable interactions between ICL3, TM5, ICL2, DRY motif,

Table 3
Non-exhaustive list of GPCR interacting proteins and their effects on receptor function.

PDZ proteins

NHERFs G protein coupling, AC/cAMP (Broadbent et al., 2017)
signaling, PLC3/IP3/Ca®*
signaling, MAPK activation,
B-arrestin-2 recruitment,
receptor expression,
desensitization and trafficking
PIST (CAL, MAPK activation, receptor (Bauch, Koliwer, Buck, Honck, &
GOPC) expression and trafficking Kreienkamp, 2014; Zhang et al.,
2008)
GIPC G protein coupling, MAPK (Hu et al., 2003; Jeanneteau,
activation Diaz, Sokoloff, & Griffon, 2004)
SAP-97 cAMP signaling, IP5 signaling, (Hu et al., 2003; Jeanneteau
MAPK activation, receptor et al., 2004)
phosphorylation
MAGI-3 MAPK activation (Zhang, Wang, Sun, Hall, & Yun,
2007)
Sorting Receptor recycling (Nakagawa & Asahi, 2013)
Nexin27
Spinophilin  Ca®* signaling, MAPK signaling, ~ (Charlton et al,, 2008; Wang
receptor expression, et al,, 2004; Wang et al., 2005)
phosphorylation and trafficking
MUPP-1 G protein coupling, AC/cAMP (Guillaume et al., 2008)
signaling
PICK1 cAMP signaling, receptor (Katsushima et al., 2013)
expression
Non-PDZ
proteins
14-3-3 cAMP signaling, Ras/Raf (Cohen, Nechamen, & Dias,
signaling, receptor expression, 2004; Okamoto & Shikano, 2011;
desensitization, and trafficking Wang & Limbird, 2007)
AKAPs cAMP signaling, receptor (Appert-Collin, Baisamy, &
phosphorylation and trafficking ~ Diviani, 2006)
Filamin A G protein coupling, receptor (Wang et al.,, 2008; Wang &
trafficking Burns, 2009).
Jak2 STAT phosphorylation (Ali, Sayeski, & Bernstein, 2000)
RAMPs G protein coupling, receptor (Hay & Pioszak, 2016)
expression and trafficking
RGSs AC/cAMP signaling, PLCP/IP3/Ca®>  (Woodard, Jardin, Berna-Erro,

* signaling, MAPK activation,
receptor trafficking

Salido, & Rosado, 2015)

AC, adenylyl cyclase; AKAP, A kinase anchor proteins; CAL/PIST/GOPC, Golgi-associated
PDZ and coiled-coil motif-containing protein; IPs, inositol 1,4,5-trisphosphate; Jak, Janus
kinase; MAGI, membrane-associated guanylate kinase, WW, and PDZ domain-containing
proteins; MAPK, mitogen activated protein kinase; MUPP-1 multiple PDZ domain protein;
NHERF, Na*/H™" exchanger regulatory factor; PLC, phospholipase C; RGS, regulator of G
protein signaling; SAP97, synapse-associated protein 97; STAT, signal transducers and ac-
tivators of transcription.
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and TM6 from the receptor with a4, a5, aN helices, and segment 1/3
from the G protein alpha subunit were mapped. Although selectivity
signatures are largely divergent for the receptor groups, a subset of
closely related receptors that engage a given G family share a distinct
set of signatures, that is absent in those members of the same family
that are incapable of coupling to that G protein (Flock et al., 2015;
Flock et al., 2017). Comparison of data from this database (http://
gpcrdb.org/signprot/ginterface) with structural data from two class B
GPCRs that were solved subsequently, human calcitonin receptor
(CTR)-Gs (5UZ7) and rabbit GLP;R-Gs (5VAI) complexes, indicates re-
ceptor interfaces with some common key Ga residues as well as a num-
ber of different receptor contacts in these structures (Furness & Sexton,
2017). This suggests potential sites to probe whether such differences
are involved in receptor engagement with non-cognate transducers,
given that 3,AR promiscuously interacts with Gas and Gai, while CTR
and GLP;R interact with Gas, Gaq and Gai. Also, transducer selectivity
seems to be mediated by mechanisms beyond a specific epitope or a
conserved linear sequence (discussed in Section 6.1.6). Nonetheless,
comparison of the crystal structures of GPCRs in complex with different
G proteins or 3-arrestin as well as with biased or unbiased ligands have
provided significant insights to understanding the mechanisms of trans-
ducer selectivity.

6.1.2. Conformation of ECLs

Comparison of the structures of ergotamine-bound 5-HT;g and 5-
HT,g receptors, where ergotamine behaves as unbiased or 3-arrestin-bi-
ased ligand respectively, has revealed an extra helical turn in ECL2 of the
5-HT,p receptor. This allows ergotamine to contact with several

A B

residues in TM5, TM6 and TM7 of 5-HT,g, and is possibly involved in
[-arrestin-dependent signaling (Wacker et al.,, 2013). Furthermore, mu-
tagenesis of the ECL2 in class B GLP; (Koole et al., 2012; Koole et al.,
2012) as well as class A muscarinic M; (Keov et al., 2014) and M,
(Gregory et al., 2010; Gregory et al., 2012) receptors has revealed a crit-
ical role for this segment in terms of signal transduction in a ligand- and
pathway- dependent manner. While some residues were of global im-
portance for receptor signaling and bias direction, other residues influ-
enced explicitly the binding and/or signaling of a distinct agonist in a
specific pathway. In this regard, comparison of the cryo-electron mi-
croscopy structures of class B GLP;R when bound to endogenous GLP-
1 (Zhang, Sun, et al., 2017) or G protein-biased ligand exendin-P5
(Liang et al.,, 2018) revealed key structural differences in the conforma-
tion of ECL3 and the proximal TM1 segment. Also, class C mGlu;R mu-
tants having different residues in the ligand binding domain displayed
biased signaling explicitly toward G protein or p-arrestin pathways
(Emery et al., 2012).

6.1.3. Conformation of ICLs

Study of GPCR-G protein complexes has revealed that the aN helix
and aN-P1 junction/loop of G interacts with ICL2 of the receptor.
Therefore, agonist-induced alteration of receptor conformation trans-
mits from ICL2 to aN helix, disrupting the P-loop interaction with the
nucleotide's 3-phosphate, and resulting in GDP dissociation (Mahoney
& Sunahara, 2016). This may explain why a difference in ICL2 can result
in a change of G protein selectivity (Table 4). The importance of this loop
for selective coupling is also noted in members of class A (Erlenbach
et al,, 2001; Hamamoto, Kobayashi, & Saito, 2015) as well as class B

C

Fig. 3. Distinct GPCR conformations in complex with different transducers. Schematic representation of an inactive GPCR (A), GPCR-Gs complex (B), GPCR-Gi complex (C), GPCR-Gq (F),
GPCR-p-arrestin (E), and active states beyond G protein and 3-arrestin pathways (D). Note that the position of TM6, TM7 and helix 8 differ when the receptor is bound to different

transducers.
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Table 4
examples of receptor chimeras for the evaluation of coupling selectivity.

Receptor Intervention Effect

Ref.

Adrenergic o, exchange of TM5, TM6 and ICL3
with p2AR

exchange of ICL3N with 5-HT;5
exchange of ICL2 with 5-HT;5
exchange of ICL2 with 32AR

exchange of ICL3N with o

gain of AC stimulation

loss of AC stimulation
loss of AC stimulation

Adrenergic atxc10
Adrenergic o

Adrenergic 3, gain of PI hydrolysis

Angiotensin AT;,  exchange of ICL3C with 32AR

exchange of ICL3C with AT, mobilization

suppression of AC inhibition

gain of AC activation, reduction of PI hydrolysis and Ca®*

(Kobilka et al., 1988)

(Eason & Liggett, 1995)
(Eason & Liggett, 1996)

(Cotecchia, Ostrowski, Kjelsberg, Caron, &
Lefkowitz, 1992)

(Conchon, Barrault, Miserey, Corvol, &
Clauser, 1997)

loss of AC stimulation, PI hydrolysis and Ca?>* mobilization

Calcitonin CT replacement of ICL1 with human gain of AC stimulation, loss of PI hydrolysis
(porcine) CT,

Cholecystokinin replacement of 5 residues in ICL1 gain of PI hydrolysis, AC stimulation
CCKs, with CCK;

Muscarinic M, exchange of the whole ICL3 or
ICL3N with M3

exchange of ICL2 or ICL2N with EP,
exchange of ICL2, ICL3 and CT with
CB;

replacement of ICL1 and ICL2 with
CB,

exchange of ICL3N with V,
exchange of helix 8 with D2

Prostanoid EP3p
Cannabinoid CB, gain of PLC activation

Cannabinoid CB, loss of AC activation

Vasopressin Vi
Dopamine D1

gain of AC stimulation

on Gs/Gi selectivity

M, gained PI hydrolysis; M5 lost PI hydrolysis

EP3; gained AC stimulation, EP, lost AC stimulation

(Nussenzveig et al., 1994)
(Wueet al., 1997)
(Wess, Brann, & Bonner, 1989)

(Sugimoto et al., 2004).
(Ho et al., 2002)

(Calandra et al., 1999)

(Erlenbach & Wess, 1998)

Lower 3-arrestin-mediated internalization without significant effect (Yang et al., 2019)

AC: adenylyl cyclase, ICL: intracellular loop, ICLN: ICL N-terminus, ICLC: ICL C-terminus, PI: phosphatidylinositol, PLC: phospholipase C.

PTH;R (lida-Klein et al., 1997) and class C mGlu,R and mGluyR
(Havlickova et al., 2003). Of particular note, chimeric CB; receptors con-
taining ICL2 of the CB,R displayed a switch from Gs to Gi (Chen et al.,
2010). In more detail, crystal structure of the HOR-Gi; complex demon-
strates key ionic interactions between D177 [class A numbering sys-
tem (Ballesteros & Weinstein, 1995)] and especially R179'“"2 with N or
a5 helices of Gow. Given that most Gi-coupled receptors contain a basic
residue (arginine or lysine) at R179 position compared to varied equiv-
alents in Gs-coupled receptors, and that mutations at this site display
loss of function, a role for this residue is suggested for Gi coupling
(Koehl et al., 2018). Conversely, the bulky aromatic F139'“*? of 3,AR
forms a deep hydrophobic pocket with Gs, whereas the equivalent res-
idue in adenosine A;R (L113'“"?) does not contribute much to its inter-
action with Gi, (Draper-Joyce et al., 2018). Given that mutation of
equivalent residues of F139'“*? to alanine or hydrophilic amino acids
significantly alters G protein selectivity in a number of GPCRs (Arora,
Sakai, & Catt, 1995; Berg, Dunlop, Sanchez, Silva, & Clarke, 2008; Chen
et al., 2010; Moro, Lameh, Hogger, & Sadée, 1993; Sugimoto et al.,
2004; Wacker et al., 2008), a role for this residue is suggested for Gs cou-
pling. This indicates the possibility of signal direction toward Gs or Gi
proteins based on the residues at these regions. Moreover, mutation of
the highly conserved E/DRY''? motif of angiotensin AT;sR (DRY/AAY)
generated receptors that do not couple to G proteins but display -
arrestin-mediated signaling (Wei et al., 2003).

Receptor chimeras indicate a critical role for ICL3 in transducer selec-
tivity (Table 4). In addition, the complete ICL3 of the GLP;R, a member of
class B GPCRs, activated both CTX- and PTX-sensitive G proteins,
whereas its N-terminal segment only activated Gs and its C-terminal
half exclusively activated Gi (Hallbrink et al., 2001). Of particular note,
amino acids at the C-terminus of ICL3 differ significantly in Gs-coupled
receptors from those in Gi- or Gq- coupled receptors. For instance, (> ad-
renergic and dopamine DR have the sequence ALKTL in this region. In
the majority of Gi-coupled receptors, however, this region begins with
a nonpolar/uncharged amino acid (alanine, valine, or phenylalanine)
followed by a threonine. Interestingly, the corresponding amino acids
in the 5-HT4R are shuffled, and this region begins with threonine
followed by valine; mutations at these sites (T343A/V344E) resulted
in a shift from AC inhibition toward AC stimulation (Malmberg &
Strange, 2000). Also, inversion of L341'°"® and A342'®® reduced CB;R-
mediated activation of Gaiy, and caused a shift in preference toward

Gs (Abadji, Lucas-Lenard, Chin, & Kendall, 1999; Ulfers et al., 2002). In
this regard, ICL3 of pOR forms similar hydrophobic interactions with
Gi; compared to 3;AR-Gs complex as well as unique polar interactions
with 36 sheet of Gae which are absent in the latter. These polar interac-
tions along with mutational assays suggests a difference between Gi and
Gs —coupled receptors in terms of nucleotide exchange (Koehl et al.,
2018).

6.1.4. Conformation of TM helices

Evolutionary trace analysis of GPCRs has revealed critical residues
for transducer activation. In particular, 3,AR mutant (T68F>3°,
Y132G351, Y219A%58) does not couple to G proteins but displays -
arrestin-mediated signaling (Shenoy et al., 2006). Likewise, structural
(Ring et al., 2013), mutagenesis (Ambrosio, Molinari, Cotecchia, &
Costa, 2000) and NMR (Isogai et al., 2016) studies indicate a fundamen-
tal role for $>42, $°43 and $°6 in 3;AR and 3,AR-mediated G protein ac-
tivation. These residues were also found to be critical for functional
selectivity of D, receptors (Fowler, Bhattacharya, Urban, Vaidehi, &
Mailman, 2012). In this regard, indole-piperazine derivatives of
aripiprazole displayed comparable activity toward both Gi/o and {3-
arrestin2 pathways via dopamine D,R. Introduction of a N-methyl
group to the aripiprazole structure significantly precluded hydrogen
bonding interaction with $>42 and promoted hydrophobic interactions
with ECL2, resulting in remarkable loss of activity toward G protein ac-
tivation while preserving 3-arrestin2 recruitment (McCorvy et al.,
2018).

Conformational changes in 3,AR or 3;AR detected by quantitative
mass spectrometry, site-specific NMR spectroscopy, or X-ray crystallog-
raphy have revealed distinct patterns of reactivity even between func-
tionally similar ligands. Despite the overall similarity of their
conformations, p-arrestin-competent ligands interacted with additional
residues at ECL2, TM2, TM3 and TM7 helices (Kahsai et al., 2011; Kofuku
etal, 2012; Warne, Edwards, Leslie, & Tate, 2012). While 3,AR full ago-
nists in the G protein pathway caused a large shift in TM6 and TM7, 3-
arrestin biased ligands altered only the TM7 helix (Liu, Horst, et al.,
2012). Similar patterns of TM6 and TM7 conformations were also de-
tected when comparing G protein-biased ligands with (3-arrestin-biased
or unbiased ligands acting at vasopressin V,R (Rahmeh et al., 2012) and
ghrelin GHS 4 receptors (Mary et al., 2012). Moreover, comparison of
the crystal structure of 5-HT,cR bound to ergotamine or ritanserin
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highlighted multiple active states, where a “toggle switch” W°48 and a
“trigger motif” P>>0-240_F544 were essential for Gaq activation without
a significant role in p-arrestin recruitment (Peng et al., 2018). This indi-
cates the difference in TM6 and TM7 mobilization as a potential signa-
ture for the differentiation of receptor conformations that prefer either
B-arrestin or G protein as the primary transducer, at least in class A
GPCRs (Fig. 3).

Comparison of the structures of B,AR-Gs complex (Rasmussen et al.,
2011) with the recently solved adenosine A;R-Gi, complex (Draper-
Joyce et al., 2018), reveals that these receptors engage with their trans-
ducers in a different orientation. Despite their overall similarity of con-
formations more interactions between a5 helix (mainly residues GH5.8
to GH5.20, CGN system) and TM3 and TM5 were noted in the 3,AR-Gs
complex. Conversely, five C-terminal residues in a5 helix of Gi, demon-
strate stronger interactions with TM2, TM3, TM5-TM7 and helix 8 of the
A;R. Particularly, additional salt bridges (D351°15-22 and K294%4°) or
Van der Waals contacts (€352°M>23 and G353%">24 with R2917°° and
1292847) between the G protein and the receptor are formed in A;R-
Gi, complex. As such, a5 helix is rotated and translated toward TM7
and away from TMG, resulting in a smaller TM6 outward shift compared
with the 3,AR-Gs (10.5 A vs. 14 A) (Draper-Joyce et al., 2018). Interest-
ingly, a similar conformation of TM6 is noted in recently solved
rhodopsin-Gi; complex (Kang et al., 2018), HOR-Gi; complex (Koehl
et al., 2018), and 5-HT;gR-Go complex (Garcia-Nafria et al., 2018).
Also, the position of TM6 in these receptors is almost identical to that
of metarhodopsin II, activate state of rhodopsin (RhR*), in complex
with C-terminus of Gat (GatCT), which is consistent with previous
findings that five C-terminal residues in a5 helix confers selectivity to
receptor-transducer interaction (Stewart et al., 2009). Furthermore,
upon binding to the G protein, Gs-coupled calcitonin CTR (Liang et al.,
2017) and GLP{R (Zhang, Sun, et al., 2017) receptors from class B
GPCRs display even larger TM6 outward movements than that observed
in B,AR-Gs complex. Collectively, these findings suggest the positioning
of TM6 as a fingerprint for Gi vs Gs selectivity (Fig. 3). However, this
conformational signature may be due to differences in receptor activa-
tion regardless of G protein selectivity or because of peptides or muta-
tions that are required for protein crystallization.

Interestingly, MD simulations indicate two distinct TM6 positions in
>AR when bound to Gi or Gs. Given that 3,AR engages promiscuously
with Gs and Gi, and that bovine rhodopsin engages only with Gt, a
member of the Gi family, comparison of the structures of 3,AR-Gs com-
plex (Rasmussen et al., 2011) with RhR*-GatCT (Choe et al., 2011) is
performed to discover the mechanisms of receptor/transducer selectiv-
ity. Specifically, the C-termini of both Gas and Gat bind to the R**? in
the E(D)RY motif. Because the reverse turn in GasCT is bulkier than
that of Gai-CT or GatCT, cation—m interaction between R>°° and
Y3911523 in the B,AR-Gs complex demands a 5-6 A larger outward
movement of TM6 compared to the hydrogen bridge between the
R35% and CM>2% in RhR*-GatCT complex (Kang et al., 2018; Rose
et al.,, 2014). In fact, a broad range of tilts in TM6 of 3,AR is noted in
the absence of cytoplasmic partners with two peak distances of 28 A
and 23 A from TM2. Large tilts of TM6 were absent in RhR*, which
does not engage Gs, thus can be interpreted as crucial for the Gs cou-
pling state. The latter 23 A peak, however, characterizes another popu-
lation of B,AR with conformations similar to that observed in RhR*-
GotCT complex, capable of interaction with Gi family (Elgeti et al.,
2013; Rose et al., 2014).

Thus, designer ligands capable of biased signaling between G protein
and PB-arrestin pathways or distinguishing across G protein families may
be identified based on their capacity to interact with residues at these
segments. For example, FAUC350 was designed based on its interaction
with H393%%5 in TM6 of dopamine D, receptors, and demonstrated an-
tagonistic or partial-agonistic properties for cAMP and ERK; , pathways,
respectively (Tschammer, Bollinger, Kenakin, & Gmeiner, 2011). In con-
trast, the ortho CF3 moiety in BRD5814 seems to prevent the rotation of
H393555, resulting in stabilization of a G protein-preferred

conformation (Weiwer et al., 2018). In the same manner, amino acid
differences at 7.35 position between HOR (W’3%) and KOR (Y’%)
could explain why IBNtxXA robustly induced 3-arrestin recruitment to
KOR but not to POR (Che et al., 2018). Furthermore, DAMGO displayed
more activity toward R-arrestin2 activation at pOR W320A7°> mutant,
but lost its efficacy in this pathway at Y328F’*3. Conversely,
endomorphin-1 induced p-arrestin recruitment to the pOR at Y328F
mutant, but failed to do so at W320A mutant (Hothersall et al., 2017).
Similarly, agonist-induced conformational re-arrangement around
W42273% between the allosteric and orthosteric binding pockets in
muscarinic MR, as well as ligand-receptor interactions at Y3087 of
(3, adrenoceptors are proposed as the mechanism by which chemically
diverse agonists induce dual Gs and Gi signaling or display bias toward
either of the G proteins (Bock et al., 2012; Woo et al,, 2014).

6.1.5. Conformation of Carboxy-terminus

Given the lack of significant interactions between the C termini of
2AR (Rasmussen et al., 2011) and pOR (Koehl et al., 2018) in complex
with their nucleotide-free G proteins in contrast to the importance of
this region in selective engagement of muscarinic MsR with Gq (Qin,
Dong, Wu, & Lambert, 2011), a role for helix 8 is speculated in signaling
toward Gq (Fig. 3). Furthermore, the crystal structure of the angiotensin
AT,R revealed a non-canonical orientation for helix-8 (Fig. 3), in which
it stabilized the active conformation, but simultaneously prevented re-
ceptor interaction with G proteins and p-arrestin, indicating active
states beyond G protein and -arrestin pathways (Zhang, Han, et al.,
2017).In this regard, exchange of helix 8 in dopamine D;R (Gs-coupled)
with D,R (Gi-coupled) did not alter their G protein selectivity. Mean-
while, DR containing the D,R helix 8 or more hydrophobic residues at
this segment demonstrated enhanced Gs signaling due to lower {3-
arrestin-mediated desensitization (Yang et al., 2019).

6.1.6. Pocket complementarity

The position of TM6, TM7, and helix 8 can be used to distinguish ac-
tive receptor conformations having different affinities for G proteins, -
arrestins, or other potential transducers (Fig. 3). However, these differ-
ences are provided from a limited number of receptors and ligands, and
may not be extrapolated to other GPCRs. Furthermore, an array of other
structural alterations is reported for coupling to specific transducer
pathways. For instance, an outward movement of TM2 was a common
feature of adenosine AsR ligands displaying bias toward cell survival,
possibly through B-arrestin pathway (Baltos et al., 2016). Also, recep-
tors differing only in ICL; demonstrated distinct affinities for Gs and
Gq (Arora, Krsmanovic, Mores, O'Farrell, & Catt, 1998; Nussenzveig,
Thaw, & Gershengorn, 1994; Wu et al., 1997; Zhang, Yang, & Tiberi,
2015). Thus, much more structural data is required to precisely delin-
eate the relationship between the conformational state of a receptor
and its preference for a specific transducer.

Given the failure of predicting the transducer of interest for a given
GPCR based solely on primary amino acid sequence, other parameters
need to be considered. In this regard, a common structural feature
among recently elucidated GPCR-Gi/o complexes, especially 5-HTgR-
Go, is markedly small receptor-transducer interface with considerable
plasticity compared to the Gs-coupled 3,AR or adenosine AR confor-
mations, highlighting again that transducer selectivity is not necessarily
determined through conserved residues in a specific epitope or se-
quence motif. Rather, an ensemble of conformational rearrangements
on the cytoplasmic plate provides ‘pocket complementarity’ and may
mediate selective interaction with a given transducer (Capper &
Wacker, 2018). In fact, a regional 3D structure enabling interaction be-
tween certain domains of the interacting molecules confers selectivity
to receptor-transducer interaction. In the majority of cases, these 3D
structures involve multiple residues from different receptor domains.
As an example, a naturally occurring mutation R680G in class C CaSR
seems to disrupt the salt bridge between R680 in TM3 and E767 in
ECL2, and selectively enhances p-arrestin-mediated MAPK activation
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without altering G protein mediated Ca®>™ or cAMP response (Gorvin
et al.,, 2018). Moreover, GLP{R in complex with unbiased or biased li-
gands demonstrated a six-degree of difference in the angle of a5 helix
of Gas engagement with the receptor as well as different levels of flex-
ibility in the intracellular end of TM5 and ICL3 and different rates of con-
formational rearrangements, all of which can modulate the magnitude
or kinetics of transducer activation. Furthermore, selectivity can be de-
termined at an intermediate step in the formation of the receptor-
transducer complex, and these ‘initial encounter’ complexes may dis-
play different energy levels, ultimately determining whether or not a
given receptor engages with a specific transducer (Koehl et al,, 2018).

6.2. Stoichiometry of signaling molecules and biased signaling

GPCR function involves an array of signaling molecules beside the
receptor and transducer. A growing number of GPCR-interacting pro-
teins (GIPs) interact with receptors along their life cycle to assist proper
folding, localization and signaling (Maurice et al., 2011), and in some
cases influence ligand signaling. Receptor activity-modifying proteins
(RAMPs) are prototypical GIPs involved in receptor trafficking to the
cell surface and formation of the ligand binding pocket. Interestingly,
co-expression of human calcitonin receptors with RAMP3, but not
RAMP1 or RAMP2, reversed the rank order of potency of calcitonin
and amylin for change in cell transmittance (Armour, Foord, Kenakin,
& Chen, 1999), suggesting a role for these proteins in biased signaling.
In this regard, the molecular chaperone Ric-8 is required for Ga14,
Ga15, and Goolf to produce functional G protein complexes (Masuho,
Ostrovskaya, et al., 2015), and AGS3 produces a signaling complex
with Gaiy and the cell surface receptor in an agonist dependent manner
(Oner et al,, 2010). Also, RGS8 and AGS1 change the fingerprint of mus-
carinic M3R agonists for activation of different G proteins (Masuho,
Ostrovskaya, et al., 2015).

Given the marked disparities in mRNA and/or protein levels of sig-
naling molecules involved in GPCR function in different human cell
lines (Atwood, Lopez, Wager-Miller, Mackie, & Straiker, 2011; Geiger,
Wehner, Schaab, Cox, & Mann, 2012), these changes may influence
the pharmacological profile of ligands. In this regard, cell type depen-
dent GPCR coupling to exclusively cognate or to multiple non-cognate
G proteins has been reported for class A (Peters & Scott, 2009), class B
(Schwindinger et al., 1998) and class C (Hermans & Challiss, 2001)
GPCRs. In some cases, non-cognate G proteins are activated only at
high levels of receptor expression without significant change in the
rank order of potency of ligands, indicating ‘differential strength of sig-
nal’ (Allen, Neumann, & Gershengorn, 2011; Cussac, Newman-Tancredi,
Duqueyroix, Pasteau, & Millan, 2002; Michal, Lysikova, & Tucek, 2001).
In other cases, however, a change in the expression of receptor and
transducer or their stoichiometry induced non-linear changes in the po-
tency and/or efficacy of agonists toward different pathways, indicating
‘biased signaling’ (Cordeaux et al., 2000; Deng, Sun, & Fang, 2013;
Sato, Horinouchi, Hutchinson, Evans, & Summers, 2007; Watson et al.,
2000). Thus, in addition to distinct receptor conformations, ligand-
specific alterations in the expression of signaling molecules may also
cause biased signaling. For example, chronic opioid treatment produces
non-linear effects on G protein expression levels (especially Gaiz and
Ga12) as well as GTPYS binding and cAMP synthesis, depending not
only on the receptor subtype (1, & or &) but also on the ligand tested
(Xu et al.,, 2008). In this regard, the disparate relative activities of CT,R
agonists in cell backgrounds differing only in Gos levels is attributed
to stabilization of different active states (R*) having diverse relative af-
finities for Gois (Watson et al., 2000). Likewise, the levels of Got expres-
sion can reform the G protein fingerprint of 3,AR biased ligands
towards different effector molecules, possibly through a change in
membrane partitioning of the Ga and adrenoceptor (Onfroy et al.,
2017). Furthermore, cell type specific expression of effector molecules
(Federman, Conklin, Schrader, Reed, & Bourne, 1992), cell-cycle

dependent expression of regulatory proteins (Abel, Wittau, Wieland,
Schultz, & Kalkbrenner, 2000), or GPCR competition for available trans-
ducers (Jarrahian, Watts, & Barker, 2004) have been shown to alter re-
ceptor/transducer selectivity.

Collectively, the stoichiometry of signaling molecules may impose
bias to neutral agonists or change the pattern of bias for functionally se-
lective ligands. This can occur through a change in compartmentaliza-
tion, in the assembly of signalosomes, or simply by competition for
available partners. Thus, the selection of a physiologically relevant
GPCR expression level, cell system and signaling pathways are crucial
to distinguish system bias from ligand bias, and to enable better transla-
tion of experimental data to clinically meaningful events. Selecting the
appropriate assay conditions becomes critical given that the expression
of GPCRs and signaling proteins can significantly change in varying
physiological or pathological conditions, such as in circadian rhythms
(Doi et al.,, 2016), immune cell development and function (Chang
et al., 2007), pregnancy (Stilley et al., 2016), cancer (Yajima et al.,
2012), Parkinson's disease (Corvol et al., 2004) or cardiac disorders
(Onfroy et al., 2017). In this regard, switching from uterine relaxation
to prolabor contraction involves a change in follicle stimulating hor-
mone (FSH) and prostanoid EP, receptor signaling from the Gos/
cAMP to the Gaq/IP3 pathway due to alterations in receptor density
(Kandola et al., 2014; Stilley et al., 2016). Also, the clinical efficacy of
3-blockers (metoprolol and bisoprolol) in heart failure may be sup-
ported by their biased signaling being independent of PAR/Ga stoichi-
ometry (Onfroy et al,, 2017).

6.3. Dimerization and biased signaling

GPCR dimerization or oligomerization is the simplest assembly of
interacting molecules, which has been shown to influence ligand bind-
ing, allostery, receptor trafficking, and transducer selectivity (Lane et al.,
2014; Ng et al., 2012). The most striking example is the class C GABA-B
receptor, which requires heterodimer formation for its function with R1
subunit required for ligand binding and R2 subunit for trafficking to the
plasma membrane (Bettler, Kaupmann, Mosbacher, & Gassmann,
2004). For other receptor classes, dimerization can affect signaling
bias. For example, monomeric thyrotropin receptors (TSHR) interacted
with Gs, whereas the receptor homodimer requiring two bound TSH
molecules can signal through the Gq/IP; pathway (Allen, Neumann, &
Gershengorn, 2011). Similarly, heterodimerization of 5-HT,,R/mGlu,R
(Fribourg et al.,, 2011), orexin receptor 1 (OX;R)/CB4R (Hilairet,
Bouaboula, Carriere, Le Fur, & Casellas, 2003), and HOR/60R (George
et al., 2000) modifies the efficacy and/or potency of ligands for different
signaling pathways.

Of particular note, asymmetric oligomers, consisted of a GPCR/cog-
nate G protein in complex with another GPCR/non-cognate G protein,
can enhance signaling from the cognate transducer, a process called
‘GPCR priming’. In this regard, the presence of non-cognate Gq potenti-
ated AC stimulation through 3,AR and D4R. Reciprocally, Gs enhanced
inositol phosphate formation through Gq-coupled vasopressin V4 re-
ceptor, but not a1-AR, highlighting the fact that GPCR priming is recep-
tor specific (Gupte et al., 2017). However, evidence for dimerization of
class A and B GPCRs remains controversial. For instance, initial reports
indicated D,R dimerization with D;R as a mechanism for SKF83959-
mediated Gq signaling from the heterodimer, otherwise having no effi-
cacy for Gs, Gi or Gq pathways through either of the monomers (Rashid
et al.,, 2007). Meanwhile, analysis of receptor/transducer expression and
localization along with behavioral studies have indicated the absence of
Gqg/11 engagement with D;R and D,R homomers or heteromers as well
as absence of D;R/D,R complexes even in neurons with active pro-
moters of both receptors, and possible explanation of SKF83959-
mediated behaviours via mechanisms other than receptor dimerization
(Frederick et al., 2015).
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6.4. Compartmentalization and biased signaling

Given the complex nature of physiological membranes, containing
many different types of lipids, a single receptor may produce different
responses to the same agonist when located in a different environment.
In fact, membrane composition and fluidity influences receptor traffick-
ing, compartmentalization and even structure, all of which can influ-
ence transducer selectivity resulting in different pharmacological
profile (Escriba, Wedegaertner, Goiii, & Vogler, 2007; Liu et al., 2012).
This becomes critical given that lipid content of membranes changes
in a number of metabolic disorders (Desai & Miller, 2018). In this regard,
long-term stimulation of CB;R (Paquette, Wang, Bakshi, & Olmstead,
2007) and pOR (Wang & Burns, 2009) decreased their engagement
with Gi/o but enhanced interaction with Gs, possibly due to a change
in receptor compartmentalization (Chakrabarti, Chang, Liu, & Gintzler,
2016; Halls et al., 2016). Furthermore, an inverse correlation between
the efficacy of agonists to induce caveolin-dependent receptor endocy-
tosis and activation of non-cognate pathways has been reported (Wang
et al.,, 2010; Zhao, Loh, & Law, 2006).

Ligands acting at the same receptor but causing different patterns of
compartmentalization, as well as other molecules influencing receptor
compartmentalization, can be of potential clinical importance. For ex-
ample, CB¢R ligands causing short endocytic ‘dwell times’, the time re-
ceptor clusters with (3-arrestins into clathrin pits before endocytosis,
elicited little or no P-arrestin signaling, while those stimulating
prolonged dwell times elicited strong signaling (Flores-Otero et al.,
2014). Given the role of B-arrestin in tolerance, longer analgesic efficacy
is predicted for ligands inducing short dwell time.

6.5. Receptor trafficking, ligand residence/exposure time and biased
signaling

Post-transcriptional or post-translational modifications can influ-
ence receptor trafficking, function and transducer selectivity. The earli-
est evidence suggesting this was from studies of the peptide
RRSSKFCLKEHKALK, corresponding to the ICL3-C terminus of 3,AR.
This peptide activates Gs at nanomolar concentrations in vitro and
weakly activates Gi. Whereas, PKA-mediated phosphorylation at the
conserved RRXS site dramatically reduced Gs activation, but enhanced
Gi activation (Okamoto et al., 1991). Phosphorylation-dependent
switch of coupling to non-cognate G protein pathways has also been re-
ported for many GPCRs including adrenergic 3, and 3, (Martin, Whalen,
Zamah, Pierce, & Lefkowitz, 2004; Zamah, Delahunty, Luttrell, &
Lefkowitz, 2002), prostanoid IP receptor (Miggin & Kinsella, 2002),
HOR and S0R (Kramer, Andria, Esposito, & Simon, 2000; Zhang, Zhao,
Qiu, Loh, & Law, 2009), CB{R (Paquette et al., 2007), and glutamate
mGluRs (Dupont, Loomekandja Lokenye, & Challiss, 2011). Likewise,
palmitoylation (Doi, Sugimoto, Arimoto, Hiroaki, & Fujiyoshi, 1999;
Okamoto et al., 1997), prenylation (O'Meara & Kinsella, 2005), or alter-
native splicing (Nussenzveig et al., 1994) can also enable signaling from
non-cognate G proteins. Furthermore, post-translational modifications
of the transducer may also enable them to interact with the non-
cognate receptors (Ammer & Schulz, 1997; Chakrabarti & Gintzler,
2007; Seyedabadi et al., 2012). In the same line, S-nitrosylation
(Daaka, 2012; Hayashi et al, 2018) or S-glutathionylation
(Gandhirajan et al., 2016) of either GPCRs and/or their associated effec-
tor molecules alter receptor signaling and may play important roles in
pathology-mediated alterations in signaling bias or in therapeutic re-
sponse to ligands acting at these receptor sites.

Different cells may express different levels of signaling molecules in-
volved in receptor trafficking such as PKA, GRK, B-arrestin, and so forth.
Cell-type specific phosphorylation and/or internalization has been re-
ported for a number of GPCRs (Daigle, Kwok, & Mackie, 2008; Koch
et al,, 2005; Liu, Bee, & Schonbrunn, 2009; Torrecilla et al., 2007). Inter-
estingly, both morphine and herkinorin induce weak or no 3-arrestin
recruitment and HOR internalization. Overexpression of GRK2, however,

enabled morphine to stimulate B-arrestin translocation to the pOR and
its internalization, but did not influence the herokinorin response
(Groer et al., 2007). Furthermore, recruitment of GRK2 but not GRK5
to the ay-AR/Gai 31y, complex induced conformational rearrange-
ment, resulting in a change in functional properties of the signaling
unit independent of kinase activity (Breton, Lagace, & Bouvier, 2010).
Also, GRK2 contains an RGS homology domain through which it seques-
ters Gq/11 and inhibits PLC-p activation (Carman et al., 1999). Given
that distinct roles have been attributed to different GRK subtypes (de-
sensitization to GRK2 and 3 and signalsome response to GRK5 and 6
(Reiter & Lefkowitz, 2006)), cell-type specific expression of these ki-
nases may impose system bias to a neutral agonist, or change the pat-
tern of bias for a functionally selective ligand. However, such
specification of GRK duties may not be extrapolated to all receptors in
all systems (Gaudreau, Le Gouill, Venne, Stankova, & Rola-
Pleszczynski, 2002). Furthermore, given the dynamic nature of receptor
trafficking, GPCR signaling of a given ligand may change in the same cell
over time. For instance, immune cells fine-tune the expression of GRK
and arrestins based on the severity of inflamation. Altered expression
of GRK2 and/or GRK6 is also reported in inflammatory disorders
(Vroon, Heijnen, & Kavelaars, 2006), hypertension and maladaptive fi-
brotic remodeling (Eckhart, Ozaki, Tevaearai, Rockman, & Koch, 2002;
Zhu et al,, 2012). One might, therefore, expect changes in GPCR signal-
ing concommitant with altered GRK levels.

Additional insights into the mechanisms of bias arise from the fact
that individual ligands may induce distinct patterns of receptor phos-
phorylation, i.e. ‘phosphorylation barcode’ (Jones & Hinkle, 2008;
Zidar et al., 2009). Ligand-specific activation of downstream pathways
may result in distinct patterns of receptor phosphorylation, resulting
in a shift toward different transducers. For example, isoproterenol and
carvedilol induced different patterns of 3,AR phosphorylation by
GRK2 and GRK®, respectively (Nobles et al., 2011). These changes corre-
late with distinct patterns of 3-arrestin recruitment and MAPK phos-
phorylation (Ren et al., 2005). Likewise, the CCR7 receptor
endogenous ligands, CCL19 and CCL21, both caused GRK6/B-arrestin2-
dependent phosphorylation of ERK; ,. However, only the former in-
duced additional phosphorylation of the receptor by GRK3, leading to
a more robust R-arrestin2 recruitment, redistribution of the receptor
into endocytic vesicles and desensitization (Zidar et al., 2009). This indi-
cates that the reciprocal signaling between the receptor and cytosolic
machinery plays a key role in functional selectivity.

Given that the natural agonist may activate only a subset of the sig-
naling repertoire in a time-dependent manner via the same receptor,
exogenous ligands may also engage signaling pathways with different
rates and amplitudes (Lane, May, Parton, Sexton, & Christopoulos,
2017). In this regard, muscarinic MsR, 32AR and bradykinin receptor 2
(BoR) discriminate between different G protein families, depending on
the agonist exposure time (Masuho, Ostrovskaya, et al., 2015). Further-
more, the pattern of bias may change over time or even reverse for some
agonists. For example, the dopamine D,R biased agonist bifeprunox was
more potent for Gog activation than for Gi-mediated AC inhibition at
early time points, while it displayed more potency toward AC inhibition
at later time points (Klein Herenbrink et al., 2016). Interestingly, the
discrepancies between earlier reports regarding the presence or ab-
sence of biased activity for aripiprazole toward AC/ERK;, pathways
(Szabo, Klein Herenbrink, Christopoulos, Lane, & Capuano, 2014;
Tschammer et al.,, 2011) could be explained by differences in time
points or temperatures at which the bias was measured (Klein
Herenbrink et al., 2016).

Drug-target residence time may also influence the signaling para-
digm of GPCRs (Guo, Hillger, IJzerman, & Heitman, 2014). For example,
the slow receptor association/dissociation rate of ergot derivatives at
5HT>pR was associated with lower potency in calcium assays relative
to inositol phosphate assays, even when normalized to system or obser-
vational bias. Ligand potencies for ERK; , phosphorylation were also
highly time-dependent (Unett et al., 2013). This can also be clinical
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importance, given that the binding kinetics of D,R ligands is associated
with motoric side effects of the antipsychotics (Sykes et al., 2017).

6.6. Ionic strength and transducer selectivity

The ionic content of the extracellular medium produces a significant
effect on GPCR function and biased signaling. Of particular note, a con-
served Na™ pocket in the middle of 7TM bundle is found in class A
GPCRs, which collapses upon receptor activation. Therefore, Na™ acts
as universal allosteric modulator for several class A GPCRs (Katritch
et al,, 2014). Furthermore, given the existence of both acidic and basic
residues in GPCRs sequence, these residues can be protonated in
media with pH values that differ from the isoelectric pH of protein
(Vickery, Machtens, & Zachariae, 2016). This becomes clinically impor-
tant given that the ionic strength as well as the pH of tissues can change
in physiological or diseases states. This indicates that the pharmacolog-
ical profile of a given agonist ultimately must be verified in a model
which resembles the physiological medium in which it is to be used.

7. Conclusion

The functional selectivity of GPCRs opens a new horizon for
pathway-selective drug discovery (Fig. 1). Some biased ligands have
shown promise in clinical trials for cardiovascular disorders or manage-
ment of pain. Moreover, some drugs already on the market may be
found to show biased properties. However, three major milestones re-
main to be addressed for further progress in targeting, designing and
validating biased ligands for clinical treatment.

Firstly, there is a need for more structural and conformational data
with respect to biased ligands. Recent findings indicate distinct GPCR
structures for 3-arrestin vs. G protein, or Gs vs. Gi complexes. Although
biased ligands tend to recognize distinct receptor conformations com-
pared to that of balanced agonists, much more structural data is re-
quired to precisely differentiate these conformations and for
extrapolation to other GPCR families and ultimately for rational,
structure-based drug design.

Secondly, the role of specific signaling pathways in the pathophysi-
ology of most human disorders has remained ill-defined. Given the
polygenic nature of most diseases, it is often difficult to attribute a single
signaling pathway to the pathophysiology of a specific disease. Hence,
from a clinical perspective, screening for newly designed compounds
showing bias on preselected pathways is useful only once preclinical ev-
idence shows the benefit of biased ligands in the selected signaling
pathways. Thus, developing ligands to bias signaling toward a specific
pathway is one step, but may not be useful unless there is evidence
that the pathways being targeted are clinically meaningful. With this
aim in mind, the inhibitors of signaling pathways (e.g., protein kinase
inhibitors, coupling inhibitors, etc.) could be first used to assess the
role of different signaling pathways in disease state. Furthermore, pre-
existing compounds with divergent pharmacological profile of on-
target efficacy or adverse effects can be examined to decrypt the missing
links in this puzzle.

The third milestone is development of appropriate screening plat-
forms to identify ligand bias and minimize system and/or observational
bias. An array of pharmacological and structural factors can influence
signaling toward/away from a specific pathway (Fig. 2). Of particular
note, the level of expression or localization of GPCRs, transducers, effec-
tors, regulatory molecules, and so forth vary in different cells at different
times, and may even change in different physiological or pathophysio-
logical conditions. In this regard, advancement in analytical methods
as well as well-controlled experimental platforms for robust differenti-
ation of what bias stems from is very helpful. Furthermore, given that a
single phenomenon can be modulated through different processes in
different cells, the clinical efficacy of a given functionally selective ligand
must be verified in physiological/pathological contexts that closely re-
semble the condition in which the drug is to be used.

Taken together, by directing GPCR signaling towards specific path-
ways, biased ligands have potential therapeutic benefits, especially in
conditions with a well-understood pathophysiology. However, biased
ligands may fail clinically due to a failure to demonstrate the same sig-
naling readout in patient tissues as seen in vitro, or due to disease com-
plexities such as multifaceted pathophysiology or genetic variation in
trial subjects. Care in assay conditions, ligand verification, and patient
and disease selection will be necessary to achieve successful biased li-
gand therapies.
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