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Abstract

G protein-coupled receptors (GPCRs) are targeted by about a third of clinically used drugs. Many
GPCRs couple to more than one type of heterotrimeric G proteins, become phosphorylated by any
of several different GRKSs, and then bind one or more types of arrestin. Thus, classical
therapeutically active drugs simultaneously initiate several branches of signaling, some of which
are beneficial, whereas others result in unwanted on-target side effects. The development of novel
compounds to selectively channel the signaling into the desired direction has the potential to
become a breakthrough in health care. However, there are natural and technological hurdles that
must be overcome. The fact that most GPCRs are subject to homologous desensitization, where
the active receptor couples to G proteins, is phosphorylated by GRKSs, and then binds arrestins,
suggest that in most cases the GPCR conformations that facilitate their interactions with these
three classes of binding partners significantly overlap. Thus, while partner-specific conformations
might exist, they are likely low-probability states. GPCRs are inherently flexible, which suggests
that complete bias is highly unlikely to be feasible: in the conformational ensemble induced by
any ligand, there would be some conformations facilitating receptor coupling to unwanted
partners. Things are further complicated by the fact that virtually every cell expresses numerous G
proteins, several GRK subtypes, and two non-visual arrestins with distinct signaling capabilities.
Finally, novel screening methods for measuring ligand bias must be devised, as the existing
methods are not specifically for one particular branch of signaling.

1. Introduction

The classical paradigm of G protein-coupled receptor (GPCR) signaling posited that GPCRs
communicate with the cell via heterotrimeric G proteins, and their signaling is terminated by
receptor phosphorylation followed by arrestin binding (reviewed in (Carman & Benovic,
1998)). However, in the last two decades, numerous studies have suggested that receptor-
bound arrestins initiate a second round of signaling, which is quite different from the G
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protein-mediated one (reviewed in (E. V. Gurevich & V. V. Gurevich, 2006; Peterson &
Luttrell, 2017)). This phenomenon suggested the idea that GPCR signaling can be biased
towards either G proteins or arrestins by using ligands that promote receptor interaction with
one type of signal transducer but not with the other. Although the first reported examples of
bias of a ligand or a GPCR described differential activation of different G protein subtypes
(Eason, Jacinto, & Liggett, 1994; Spengler, et al., 1993), in recent years discussions of
GPCR signaling bias have mostly focused on the G protein-arrestin dichotomy (DeWire &
Violin, 2011; Violin & Lefkowitz, 2007; Whalen, Rajagopal, & Lefkowitz, 2011; Wisler,
Xiao, Thomsen, & Lefkowitz, 2014). In many cases, it has been proposed that one signaling
branch is responsible for the therapeutic effects of drugs, while the other mediates unwanted
side effects. Therefore, the idea that biased drugs will be therapeutically superior to the
traditional unbiased ones has become popular (extensively reviewed in (DeWire & Violin,
2011; Khoury, Clément, & Laporte, 2014; Luttrell, Maudsley, & Bohn, 2015; Rankovic,
Brust, & Bohn, 2016; Whalen, et al., 2011; Wisler, et al., 2014)). For a number of
pathological conditions, drugs that might specifically direct GPCR signaling to G protein- or
arrestin-mediated pathways have been identified, and their beneficial effects have been
demonstrated (reviewed in (Whalen, et al., 2011)). Here we consider the issue of GPCR
signaling bias from a structural and mechanistic perspective, discussing the possibilities
opened by this approach and its inherent limitations. We do not attempt to provide a
comprehensive review of all reported cases where signaling bias has been documented, as
this has already been done in the excellent reviews cited above.

2. Conformational heterogeneity of GPCRs

The classical view of GPCRs considered these receptors as on-off switches that oscillate
between two conformations, active and inactive. Agonists were believed to shift the
equilibrium towards the active conformation, inverse agonists — towards the inactive one,
thereby suppressing constitutive activity — whereas neutral antagonists occupy the ligand
binding site without affecting the conformational equilibrium. The classical extended ternary
complex model of GPCR signaling (Samama, Cotecchia, Costa, & Lefkowitz, 1993) was
based on this binary on-off concept (Fig. 1, classical paradigm). The idea that receptor
signaling can be biased towards a particular G protein subtype or a particular arrestin implies
that there must be several “active” GPCR conformational states, some of which are
conducive to coupling to one signal transducer, while others facilitate the coupling to
another (Fig. 1, biased signaling paradigm). Indeed, biophysical studies of the p2-adrenergic
receptor (B2AR) (Manglik, et al., 2015) and rhodopsin (Van Eps, et al., 2017) have shown
that the receptor exists in an equilibrium of several conformations in the inactive state, and
activation (agonist in the case of B2AR or light in the case of rhodopsin) shifts this
equilibrium, but conformational heterogeneity persists. Even the binding of the cognate G
protein or G protein-mimicking nanobody in combination with receptor activation does not
collapse this equilibrium to a single conformation. The documented conformational
flexibility of activated GPCRs (Manglik, et al., 2015; Van Eps, et al., 2017) is consistent
with the idea that the receptor can exist in several “active” states, which is a prerequisite for
signaling selectivity: some of these states might be more conducive to coupling to a
particular G protein, whereas others could lead to coupling to a different G protein or to
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arrestin. It has also been shown that the binding of different agonists induces distinct
conformational equilibria, suggesting that agonist-specific conformations in an active GPCR
can translate into signaling specificity (Fig. 1, biased signaling paradigm; also see (Wisler, et
al., 2014) and references therein).

Several biophysical studies provide indirect evidence that distinct conformations of GPCRs
correspond to preferential coupling to G proteins and arrestins. A study using fluorescently
labeled purified Arg-vasopressin receptor type 2 and different agonists revealed that ligand-
induced changes in the fluorescence of the label placed in transmembrane helix 6 (TM6)
correlated with the ability of the ligand to activate G protein: the native unbiased agonist
vasopressin and the synthetic G protein-biased agonist MCF14 induced changes in
fluorescence, whereas the arrestin-biased agonist SR121463 did not (Rahmeh, et al., 2012).
In contrast, the arrestin-biased agonist changed the fluorescence of the labels attached to
TMY7 and to cytoplasmic a-helix 8, but not the labels attached to TM6 (Rahmeh, et al.,
2012). However, the receptor in this study was reconstituted into neutral amphipol, not into
its native environment of the lipid bilayer. Similarly, a 1°F-NMR-based study of purified
B2AR suggested that G protein-biased agonists affect the position of TM6 in the active
receptor, arrestin-biased agonists preferentially affect the position of TM7, and unbiased
agonists affect both (Liu, Horst, Katritch, Stevens, & Wdthrich, 2012). However, the p2AR
used in the latter study was modified by the deletion of the C-terminus (containing all the
phosphorylation sites necessary for high-affinity arrestin binding (Fredericks, Pitcher, &
Lefkowitz, 1996; Seibold, et al., 2000)), removal of part of the third intracellular loop, and
introduction of the stabilizing mutation E122W (Liu, et al., 2012). In addition, the receptor
in these experiments was in detergent (a mix of dodecyl maltoside and cholesterol
hemisuccinate), rather than in the lipid bilayer (Liu, et al., 2012). It has been shown that
arrestins do not interact with GPCRs in detergent micelles (Q. Chen, et al., 2015; Zhuang, et
al., 2013), and that the conformational equilibrium of rhodopsin, a prototypical GPCR, in
micelles and in lipid bilayer-containing nanodiscs is quite different (\an Eps, et al., 2017).
Although it remains to be elucidated whether the findings are relevant for unmodified
GPCRs in their native lipid environment, these data are suggestive.

3. Structures of GPCR complexes with signal transducers

The first solved structure of a GPCR bound to a cognate G protein (B2AR complex with Gs
(Rasmussen, et al., 2011)) was followed by several GPCR-Gs structures in which the
receptor-G protein interfaces looked remarkably similar (Carpenter, Nehmé, Warne, Leslie,
& Tate, 2016; Liang, et al., 2017; Y. Zhang, et al., 2017). These structures confirmed the
activation-dependent outward movement of the cytoplasmic ends of the transmembrane
helices V and VI earlier described in rhodopsin (Farrens, Altenbach, Yang, Hubbell, &
Khorana, 1996). Since all these structures involved the Gs, complexes of GPCRs with other
G protein subtypes were necessary to test whether the receptor conformations conducive to
coupling to a particular type of G protein are different. Rhodopsin has a somewhat different
conformation in the structure of its complex with visual arrestin-12, with a much smaller
movement of the transmembrane helices (Y. Kang, et al., 2015; Zhou, et al., 2017). This was
interpreted by some as an arrestin-specific conformation of the receptor; however, this
interpretation relied on comparing two different types of receptors: Gs-coupled receptors,
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such as p2AR, and rhodopsin, which couples to transducin, a member of the Gi subfamily.
Indeed, subsequent structures of rhodopsin in complex with Gi (Y. Kang, et al., 2018), as
well as the p-opioid receptor-Gi complex (Koehl, et al., 2018), revealed that the smaller
outward movement of the transmembrane helices V and VI is a common feature of active
Gi-coupled receptors. In fact, the structures of rhodopsin in complex with arrestin-1 and Gi
are virtually identical (He, et al., 2017). So far, there are no structures of GPCRs in complex
with the other major types of G proteins, Gg/11 or G12/13, so we do not know whether these
G proteins prefer receptor conformations different from those preferred by Gs or Gi. Most
importantly, many GPCRs couple to more than one type of G protein (Gesty-Palmer, et al.,
2006; Violin & Lefkowitz, 2007). To test whether the selection of a partner depends on a
particular conformation, we need to compare the structures of the same receptor in complex
with different G proteins and arrestins, which is not possible with currently available data.

Aurrestins preferentially bind active phosphorylated GPCRs (reviewed in (V. V. Gurevich &
Gurevich, 2004)), so receptor phosphorylation by G protein-coupled receptor kinases
(GRKs; see (E. V. Gurevich, Tesmer, Mushegian, & Gurevich, 2012) for review) is a
prerequisite for arrestin binding to most GPCRs. If the receptor has a mutation precluding its
phosphorylation by GRKSs, it does not engage arrestins (Choi, et al., 2018). Thus, in order to
make an arrestin-preferring conformation of a GPCR actually bind arrestin, in most cases
the receptor must assume a conformation conducive to its phosphorylation by GRKs. GRKs
are activated by physical interaction with the active receptor (C. Y. Chen, Dion, Kim, &
Benovic, 1993; Palczewski, Buczylko, Kaplan, Polans, & Crabb, 1991) and engage the same
cavity between the transmembrane a-helices (He, et al., 2017; Komolov, et al., 2017), which
opens upon receptor activation (Farrens, et al., 1996), that is engaged by G proteins
(Carpenter, et al., 2016; Y. Kang, et al., 2018; Koehl, et al., 2018; Liang, et al., 2017;
Rasmussen, et al., 2011; Van Eps, et al., 2018; Y. Zhang, et al., 2017), as well as arrestins
(Huang, et al., 2020; Y. Kang, et al., 2015; Staus, et al., 2020; Yin, et al., 2019; Zhou, et al.,
2017). Generally, it is conceivable that a distinct set of conformations (e.g., affecting the
extent of the opening of the inter-helical cavity in a GPCR), might be specific for GRKSs, and
that these conformations do not necessarily overlap with those favored by G proteins or
arrestins.

Overall, the structures of GPCR complexes with G proteins, arrestins, and GRKs show that
all three classes of proteins that preferentially bind active GPCRs use at least one common
“clue”: engage the cavity that emerges between the cytoplasmic tips of the GPCR
transmembrane a-helices (V. V. Gurevich & Gurevich, 2018c), which is a hallmark of
GPCR activation (Farrens, et al., 1996; Rasmussen, et al., 2011). This is consistent with the
experimentally observed competition of these proteins for active GPCRs (Krupnick,
Gurevich, & Benovic, 1997; Pan, Gurevich, & Gurevich, 2003; Wilden, 1995), but does not
necessarily mean that these three classes of GPCR binding partners prefer exactly the same
conformation(s) of active receptors.

1duosnuep Joyiny

aWe use the systematic names of arrestin proteins, where the number after the dash indicates the order of cloning: arrestin-1 (historic
names S-antigen, 48 kDa protein, visual or rod arrestin), arrestin-2 (B-arrestin or B-arrestinl), arrestin-3 (B-arrestin2 or hTHY-ARRX),
and arrestin-4 (cone or X-arrestin).
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4. What does the mechanism of GPCR desensitization tell us about biased
signaling?

Let’s recall the classical paradigm of two-step GPCR desensitization (Carman & Benovic,
1998). It posits that active GPCRs are phosphorylated by GRKSs, and then active
phosphorylated receptors bind arrestins. The original concept assumed that the same active
conformation of the receptor activates G proteins, is recognized and phosphorylated by
GRKSs, and then binds arrestins (Fig. 1, classical paradigm). Since GRK/arrestin-mediated
desensitization has been demonstrated by numerous labs working with many different
GPCRs, we cannot doubt its existence. The concept of biased signaling implies that the
GPCR conformations that are preferred by G proteins and arrestins are distinct (Fig. 1,
biased signaling paradigm). Thus, the concept of homologous desensitization must be
modified to accommodate this idea.

During the time that the receptor remains active, it encounters and sequentially activates
numerous G protein molecules, ensuring signal amplification at this step. The greatest
amplification is achieved in rod photoreceptors, where light-activated rhodopsin activates a
molecule of the visual G protein transducin (which belongs to the Gi subfamily) every 2-3
milliseconds (Heck & Hofmann, 2001). Thus, activated rhodopsin must exist in the
conformation(s) capable of G protein coupling most of the time. This requirement might be
less strict in the case of non-visual GPCRs, where the rate of G protein activation is much
lower. However, this slower G protein activation is partly determined by a much lower
concentration of the cognate G proteins, as the concentration of transducin in the rhodopsin-
containing rod outer segment is orders of magnitude higher than the concentration of any
other G protein in any “normal” cell. Rods contain ~1 transducin molecule per 10 rhodopsin
molecules (Hamm & Bownds, 1986), which translates into ~200 uM transducin in the
rhodopsin-containing rod outer segment in the dark.

The active receptor binds GRK, thereby activating it, and is phosphorylated by the bound
GRK (C. Y. Chen, et al., 1993; Palczewski, et al., 1991). Several phosphates must be
attached to the receptor to make it a good binding partner for an arrestin (Azevedo, et al.,
2015; V. V. Gurevich, et al., 1995; Mendez, et al., 2000; S.A. Vishnivetskiy, et al., 2007).
Thus, GRKSs could be processive, attaching several phosphates to the GPCR in one “sitting”,
which would imply high-affinity binding of a GRK to a particular conformation of the active
GPCR. Alternatively, agonist-activated GPCR might “sample” GRK-favoring conformations
often enough to bind GRKs more than once within a fairly short time span, which is several
seconds in the case of B2AR (Pitcher, Lohse, Codina, Caron, & Lefkowitz, 1992) and is
likely to be similar for other non-visual GPCRs. In the case of rhodopsin, the time required
for its sufficient phosphorylation to promote arrestin binding appears to be significantly
shorter, about 30-40 milliseconds (Gross & Burns, 2010).

Arrestins bind to the active phosphorylated form of their cognate receptors, blocking G
protein access to a GPCR, thereby terminating G protein-mediated signaling. Arrestin
binding must also be fairly rapid, within a few dozen milliseconds of activation in the case
of rhodopsin (Gross & Burns, 2010). Again, this means that the receptor samples arrestin-
favoring conformations pretty often.
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A recent study suggested that receptor phosphorylation facilitates its transition into arrestin-
favoring conformation(s) (Shiraishi, et al., 2018). However, this study was performed with
B2AR, which binds arrestins only transiently (Barak, Ferguson, Zhang, & Caron, 1997).
Unlike many GPCRs, B2AR does not have the complete “phosphorylation code” (three
precisely spaced phosphates) necessary for high-affinity arrestin binding (Zhou, et al., 2017).
While the phosphates that “attract” arrestins can be localized in the receptor C-terminus (as
in many GPCRs, such as p2AR (Fredericks, et al., 1996; Seibold, et al., 2000), vasopressin
receptor (Shukla, et al., 2013), or Y2 neuropeptide Y receptor (Walther, et al., 2010)), they
can be in other receptor elements, such as the third (Pals-Rylaarsdam, et al., 1997; Pals-
Rylaarsdam & Hosey, 1997) or the second (Celver, Lowe, Kovoor, Gurevich, & Chavkin,
2001; J. Lowe, J. Celver, V. V. Gurevich, & C. Chavkin, 2002) cytoplasmic loop. While the
phosphates attached to B2AR by non-GRK protein kinases do not attract arrestins
(Hausdorff, et al., 1989), in some receptors they appear to do so (Téth, et al., 2018), further
increasing the variability of the receptor elements carrying the phosphates that attract
arrestins. It is hard to imagine how phosphorylation in these different regions can push the
receptor into the same arrestin-preferring set of conformations, as was proposed for f2AR
(Shiraishi, et al., 2018). Moreover, different GRKs appear to phosphorylate the same
receptor at different sites (Nobles, et al., 2011), yet arrestins bind all of these differentially
phosphorylated GPCRs, albeit with distinct functional consequences (Kim, et al., 2005; Ren,
etal., 2005).

Conceptually, the model of biased G protein- or arrestin-mediated GPCR signaling is not
easily reconcilable with the well-established mechanism of GRK- and arrestin-dependent
homologous desensitization. Evolution honed most GPCRs to work with unbiased native
ligands and undergo efficient homologous desensitization. The simplest way to reconcile
existing data with the idea of biased signaling is to assume that the GPCR conformations
preferred by G proteins, GRKSs, and arrestins significantly overlap. This does not necessarily
mean that conformations that do not couple to G proteins, yet couple to GRKSs, arrestins, or
any combination of these partners, do not exist. It just means that conformations truly
specific for a particular signal transducer likely represent a minor fraction of the
conformational ensemble of active GPCRs (Fig. 2).

Is there G protein-independent arrestin-mediated signaling?

The ERK pathway is the second, after c-Src, signaling mechanism identified as activated via
arrestin-dependent scaffolding (Luttrell, et al., 2001). It is arguably the best studied arrestin-
dependent signaling pathway and often serves as a classic example of arrestin-mediated
signaling. ERK is activated by a variety of mechanisms, some of which are GPCR-
dependent (Luttrell, 2003), while others involve growth factor receptors (Garrington &
Johnson, 1999; McKay & Morrison, 2007), death receptors (Sabio & Davis, 2014), and
integrins (Stupack & Cheresh, 2002). ERK activation by many GPCR agonists peaks within
a few minutes and then persists for up to 30-60 min. Ever since the demonstration that rapid
ERK activation via some GPCRs is mediated by G proteins, whereas the later phase is
arrestin-dependent (Ahn, Shenoy, Wei, & Lefkowitz, 2004; Gesty-Palmer, et al., 2006;
Shenoy, et al., 2006), persistent ERK activation has been widely used as a readout for
arrestin-mediated signaling. Yet it turned out that prolonged ERK signaling in response to
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GPCR activation can also be G protein-dependent (e.g., (Alvarez-Curto, et al., 2016; Luo,
Busillo, & Benovic, 2008)). Thus, the timing of ERK activation cannot be used to
discriminate between the mechanisms that depend on G proteins or arrestins.

Some early studies using siRNA knockdown led to the conclusion that arrestin signaling via
ERK is G protein-independent (Shenay, et al., 2006). The main advantage of protein
knockdown is that it’s transient; therefore, the selection of atypical cells adjusted to the
absence of the targeted protein, which might represent only a small fraction of the total cell
population, does not occur during the course of the experiment. However, knockdown using
siRNA or similar tools targeting messenger RNA has the disadvantage of being incomplete,
so that functions that require a small fraction of the normal complement of a particular
protein in the cell remain unaffected by the knockdown even when the protein in question
plays a critical role. Therefore, any conclusion based on this approach that a protein is not
required for a specific function remains doubtful. Several recent studies using CRISPR/Cas9
knockout, which eliminates targeted proteins with 100% efficiency, have challenged the idea
that ERK activation is G protein independent. It was shown that fatty acid receptor FFA4
(Alvarez-Curto, et al., 2016) and numerous other GPCRs, including p2AR and the
angiotensin 1 receptor — two GPCRSs that are often used to demonstrate arrestin-mediated
signaling (Grundmann, et al., 2018), do not activate ERK1/2 in the absence of functional G
proteins. Furthermore, B2AR, which is often used as a model ligand-sensitive GPCR, has
been shown to activate ERK1/2 in cells lacking both non-visual arrestins (Grundmann, et al.,
2018; O’Hayre, et al., 2017), suggesting that arrestins are dispensable for the GPCR-driven
ERK activation. These data led to questioning of the whole concept of G protein-
independent arrestin-mediated signaling (Gutkind & Kostenis, 2018). However, the
CRISPR/Cas9 approach also has a disadvantage: because this technique is genetic, it could
lead to inadvertent selection of atypical cells that can survive in the absence of the targeted
protein. In line with this notion, it was recently demonstrated that three lines of HEK293
cells that underwent CRISPR/Cas9-mediated knockout of the two non-visual arrestins
independently in three different labs are quite different (Luttrell, et al., 2018). In particular,
in one line arrestin-2/3 knockout resulted in more than two-fold increase in B2AR-
stimulated ERK1/2 activation relative to the parental line where both arrestins were present,
whereas in the other two it did not significantly change ERK1/2 activation stimulated by
B2AR (Luttrell, et al., 2018). As far as GPCR signaling is concerned, the binding of arrestins
to the receptor has dual function: it suppresses G protein coupling, while creating at the
same time the arrestin-receptor complex that serves as a scaffold for certain branches of
signaling. Thus, the most parsimonious mechanistic explanation of the observed differences
is that in one cell line G protein-mediated ERK1/2 activation predominated, so that
enhancing G protein signaling by arrestin elimination increased ERK1/2 activation. In
contrast, it appears that in the other two lines both G protein signaling and arrestin-
dependent scaffolding contributed to the ERK1/2 activation, so that simultaneous increase of
one and abrogation of the other by arrestin knockout balanced each other, yielding no
significant change.

It has traditionally been considered that arrestin has to interact with a GPCR in order to
transition into an “active” conformation capable of assembling the signaling proteins such as
the ERK cascade (Fig. 3A). Recently, the structural analysis of arrestin activation by GPCRs
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demonstrated that arrestins could be activated by transient interaction with active GPCRs
and become competent to activate ERK after dissociation from the receptors, which are
clustered in clathrin-coated endosomes (Kelsie Eichel, et al., 2018; K. Eichel, Jullié, & von
Zastrow, 2016). Taking these data into account, Gutkind and Kostenis (Gutkind & Kostenis,
2018) proposed that arrestins do not activate ERK independently of G proteins but act as
rheostats regulating the parameters of the ERK activity via receptor desensitization/
internalization and scaffolding of signaling components. However, it remains unclear how
the requirement for G protein activation could fit into this model from the mechanistic
standpoint, for neither desensitization/internalization processes nor arrestin-mediated
scaffolding require active G proteins.

It has been suggested that G protein activity might play a role in the activation of the
upstream-most kinases in the MAP kinase cascade — MAP3Ks — such as Raf (V. V. Gurevich
& Gurevich, 2018b). These kinases are activated via a set of complex mechanisms, and this
is unlikely to be accomplished by a simple arrestin-based scaffolding. In fact, arrestin-
dependent activation of MAP3KSs has never been demonstrated experimentally. It appears
much more likely that these kinases are scaffolded by arrestins in the active form and have to
be pre-activated via some arrestin-independent pathways, including those involving G
proteins. In the absence of other activating mechanisms (which tend to be excluded by the
standard experimental procedures), the activity of the entire cascade becomes dependent on
the G protein activation, which may not necessarily be the case under more natural
circumstances. Today, the role of G proteins in arrestin-mediated ERK activation remains
controversial. There is currently no data on whether and how G protein activity affects other
branches of signaling regulated by arrestins. However, if G protein activation by GPCRs
proves to be indispensable for arrestin-dependent regulation of at least some signaling
pathways, the necessity of both G protein and arrestin activity is hard to reconcile with the
idea of G protein- or arrestin-biased signaling.

6. Diversity of arrestin and GRK subtypes

Another issue routinely ignored in the discussion of bias is the existence of arrestin
isoforms: all vertebrates, including mammals, have two non-visual arrestins (bony fish that
underwent an extra whole genome duplication have three) (E. V. Gurevich & V. V. Gurevich,
2006; Indrischek, Prohaska, Gurevich, Gurevich, & Stadler, 2017). While they are highly
homologous (Attramadal, et al., 1992; Indrischek, et al., 2017; Sterne-Marr, et al., 1993), the
fact that vertebrate evolution kept them for millions of years suggests that they are not
identical. In fact, several functional differences have been reported. Arrestin-3 (a.k.a. p-
arrestin2) has higher affinity for many GPCRs (Barak, et al., 1997; Santini, Penn, Gagnon,
Benovic, & Keen, 2000), although there are GPCRs (Pera, et al., 2015; D. L. Zhang, et al.,
2018) and other membrane proteins (Lipsky, et al., 2008) that prefer arrestin-2 (a.k.a. p-
arrestinl). Arrestin-3 has higher affinity for clathrin (Goodman, et al., 1996) and, in contrast
to the closely related arrestin-2, facilitates JNK3 activation in cells (McDonald, et al., 2000;
Miller, et al., 2001; Perry, et al., 2019; Seo, Tsakem, Breitman, & Gurevich, 2011; Song,
Coffa, Fu, & Gurevich, 2009; Zhan, Kaoud, Dalby, & Gurevich, 2011). Interestingly,
arrestin-2 also binds many of the kinases of the ASK1-MKK4/7-JNK3 cascade (Seo, et al.,
2011; Song, Raman, Gurevich, Vishnivetskiy, & Gurevich, 2006; Zhan, et al., 2011), so it
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can serve as a dominant-negative subtype in this pathway, similar to the arrestin-3 mutant
deficient in JNK3 activation (Breitman, et al., 2012). In fact, a dominant-negative effect of
arrestin-2 on arrestin-3-mediated signaling has been reported (Ahn, Wei, Garrison, &
Lefkowitz, 2004). Arrestin-2 was selectively implicated in the activation of Rho GTPase
(Barnes, et al., 2005), apparently by suppressing the GTPase-activating function of
ARHGAP21 (Anthony, et al., 2011). In some cases, both non-visual arrestins are needed for
full response, which also suggests that their functions are non-redundant (Ge, Shenoy,
Lefkowitz, & DeFea, 2004).

While the interactions of both arrestin-2 and -3 with numerous trafficking and signaling
proteins are similar, some binding partners are subtype-specific (Xiao, et al., 2007). Thus, a
generic “arrestin bias” does not really describe a biological function: a specific bias toward
arrestin-2 or —3 needs to be determined. The consequences of GPCRs recruiting one arrestin
subtype or the other can be as different as the consequences of the recruitment of distinct G
protein subfamilies. Moreover, both arrestin-2 and —3 have at least two splice variants
(Sterne-Marr, et al., 1993). An element that is present in the longer isoform of arrestin-2 but
is spliced out in the shorter one has been shown to participate in clathrin binding (D. S.
Kang, et al., 2009).

For the great majority of GPCRs, arrestins bind with high affinity only to phosphorylated
receptors (reviewed in (V. V. Gurevich & Gurevich, 2004)). Thus, before the question of
arrestin binding arises, GRKs must do their part. Most cells express at least four different
GRK subtypes, and many GRKSs also have splice variants (E. V. Gurevich, et al., 2012), so
that the number of distinct GRK forms in every cell is quite large. Even though GPCR
phosphorylation by all GRKSs results in arrestin recruitment (Kim, et al., 2005; Ren, et al.,
2005; Zidar, Violin, Whalen, & Lefkowitz, 2009), bias toward a particular GRK subtype
could also exist and have functional significance (Fig. 3B). Unfortunately, GPCR
phosphorylation, which is a prerequisite for arrestin binding, was not investigated in most
studies of biased signaling. Although there is direct (Nobles, et al., 2011) and indirect (Kim,
et al., 2005; Ren, et al., 2005) evidence that different GRKs target different phosphorylation
sites in the same GPCR, the level of receptor phosphorylation and the sites targeted were not
determined in most studies. While arrestins require three receptor-attached phosphates
(some might be substituted by negatively charged residues) (Galliera, et al., 2004; Mendez,
et al., 2000; Mukherjee, et al., 2002; S.A. Vishnivetskiy, et al., 2007; Zhou, et al., 2017) for
high-affinity binding, most GPCRs have a lot more potential GRK phosphorylation sites.
Some sites appear to be more important for arrestin recruitment than others (Azevedo, et al.,
2015), which is reflected in different rates of receptor internalization when certain sites are
missing or remain unphosphorylated (Lau, et al., 2011).

The idea that different patterns of phosphorylation might result in distinct signaling
outcomes was suggested in 2008 (Tobin, Butcher, & Kong, 2008). Indeed, the consequences
of GPCR phosphorylation by different GRKs could be strikingly different (Kim, et al., 2005;
Ren, et al., 2005; Zidar, et al., 2009). In the case of p2AR, it was experimentally
demonstrated that GRK2 and GRK6 phosphorylate different sites, and their phosphorylation
differentially affects arrestin-dependent signaling (Choi, et al., 2018; Nobles, et al., 2011).
Based on these data, it was proposed that GPCR phosphorylation by different GRKs
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establishes patterns (termed “barcodes”), each leading to arrestin recruitment in different
conformations and, consequently, to distinct downstream signaling events (barcode
hypothesis) (Nobles, et al., 2011) (Fig. 3B). The different conformations assumed by
arrestins upon binding to differentially phosphorylated receptors is the simplest mechanistic
explanation of the available data. This idea was first suggested in 2006 (V. V. Gurevich & E.
V. Gurevich, 2006). Recent structures of the arrestin-receptor complex, in which arrestins
were found in different “poses” relative to the receptor they bind (Huang, et al., 2020; Y.
Kang, et al., 2015; Staus, et al., 2020; Yin, et al., 2019), support this notion, although in
these cases the issue of the effect of differential phosphorylation of the same receptor on the
mode of arrestin binding was not addressed. Existing data suggest that the nature of the
GRK that phosphorylates the receptor and the resulting phosphorylation pattern are crucial
for the control of the G protein signaling, as well as of the signaling bias (Choi, et al., 2018;
Kim, et al., 2005; Ren, et al., 2005). This important aspect is routinely missing from the
discussion of biased signaling, which is presented as a G protein vs arrestin dichotomy,
while the critical role of the GRKSs is often ignored. Yet in view of the existing data, however
fragmentary, the bias toward a particular GRK could be the key bias that predetermines the
direction of arrestin-mediated signaling.

7. How typical is the ERK pathway for arrestin-dependent signaling?

Aurrestins are known to regulate a large and extremely diverse set of signaling pathways
(Peterson & Luttrell, 2017). It is hardly conceivable that all these pathways depend in a
similar fashion on the arrestin interactions with GPCRs. However, the dependence of a
particular signaling function of arrestins on their interactions with GPCRs is rarely studied
or discussed. Even though both ERK1/2 and JNK1/2/3 are MAP kinases activated by three-
tiered MAP kinase cascades, the modes of activation of these two types of MAP kinases by
arrestins differ in an important way. The activation of ERK1/2 sends a pro-proliferative, pro-
survival signal. So far, all studies agree that arrestin-mediated ERK activation requires the
formation of the arrestin-receptor complex (Breitman, et al., 2012; Coffa, Breitman, Hanson,
et al., 2011; Coffa, Breitman, Spiller, & Gurevich, 2011; Luttrell, et al., 2001). Moreover,
ERK binding to arrestins in the absence of GPCR activation cannot be detected without
cross-linking, whereas upon receptor activation it is easily detectable by co-
immunoprecipitation (Coffa, Breitman, Hanson, et al., 2011; Luttrell, et al., 2001; Song, et
al., 2009), suggesting that the affinity of ERK1/2 for free non-visual arrestins in the
cytoplasm is much lower than its affinity for the GPCR-associated arrestins or for arrestins
“activated” by their previous transient interactions with active GPCRs (Kelsie Eichel, et al.,
2018; K. Eichel, et al., 2016; Latorraca, et al., 2018). Importantly, arrestins are considered
“activated” when they assume a conformation resembling that in the complex with a GPCR.
Thus, while receptor-bound or activated arrestins certainly serve as scaffolds for the cRaf-
MEK1-ERK1/2 cascades, as originally proposed (Luttrell, et al., 2001), free “inactive”
arrestins cannot fulfill this function.

JNK family kinases are generally anti-proliferative; they facilitate differentiation and
sometimes apoptosis. JNKs are activated by death receptors (Sabio & Davis, 2014), stressors
(Fujino, et al., 2007), and other inputs. Arrestin-3, but not the closely related arrestin-2,
facilitates JNK3 activation via the ASK1-MKK4/7-JNK3 cascade (McDonald, et al., 2000).
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Although arrestin-dependent JNK3 phosphorylation was first demonstrated to occur in
response to GPCR activation (McDonald, et al., 2000), soon thereafter it was shown not to
require receptor action (Miller, et al., 2001; Seo, et al., 2011) (Fig. 3C). Moreover, an
arrestin-3 mutant with a 7-residue deletion in the inter-domain hinge, which precludes its
binding to GPCRs (Hanson, et al., 2007; S. A. Vishnivetskiy, Hirsch, Velez, Gurevich, &
Gurevich, 2002), was found to facilitate JNK3 activation as efficiently as wild type
arrestin-3 (Breitman, et al., 2012; Song, et al., 2009). In contrast, the arrestin-3—-3A mutant,
which binds GPCRs more avidly than wild type, fails to activate JNK3 (Breitman, et al.,
2012). In arrestin-3-3A, the mutations result in disengagement of the C-tail, which is
considered the main conformational requirement for arrestin “activation” upon binding to a
GPCR (Kelsie Eichel, et al., 2018; Latorraca, et al., 2018). Although arrestin-dependent
activation of the ERK cascade seems to require arrestin to assume a conformation similar to
the receptor-bound one, the structural requirements for arrestin-dependent activation of the
JNK pathway are apparently different.

Arrestin-3 has also been shown to promote the activation of at least some isoforms of the
ubiquitously expressed JNK1 and JNK2 (Kook, et al., 2014). The phosphorylation of
purified INK1, JINK2, and JNK3 in vitro by purified MKK4 and MKK?7 is facilitated by
purified arrestin-3 in the absence of receptors (Kook, et al., 2014; Zhan, et al., 2011),
indicating that GPCRs are not required for this process (Fig. 3C). Interestingly, a 25-residue
arrestin-3-derived peptide, but not its homolog derived from arrestin-2, was found to
facilitate JNK3 activation both in vitro and in cells (Zhan, et al., 2016). This peptide does
not have most of the receptor-binding elements of arrestin-3, so these data demonstrate yet
again that GPCRs are not required even in cells, where GPCRs are always present. While
there is experimental evidence that G proteins might be necessary for arrestin-dependent
ERK activation by some GPCRs (Alvarez-Curto, et al., 2016; Grundmann, et al., 2018),
there is no such evidence in the case of JNKSs, although there is no direct evidence to the
contrary. On that score, the jury is still out (V. V. Gurevich & Gurevich, 2018a, 2018b).
Direct experimental testing of the G protein dependence of JNK activation is needed.

Thus, in discussing the signaling function of arrestins, we should keep in mind the
differences in arrestin-dependent activation of different signaling pathways. First, such
activation may or may not require arrestin binding to a GPCR; second, it may or may not
require G protein activity. Although arrestins have been reported to interact with dozens of
signaling proteins (Xiao, et al., 2007), presumably regulating a variety of signaling
pathways, in most cases it has not been determined whether arrestin binding to a GPCR
and/or G protein activation is required for a particular downstream outcome. It is
conceivable that GPCR-independent arrestin functions play a role in the action of various
drugs, particularly in long-term adaptations to chronic drug use. However, this issue remains
to be investigated experimentally. Obviously, neither unbiased nor biased GPCR ligands are
likely to turn on GPCR-independent arrestin signaling (Fig. 3C).
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8. Can changes in the kinetics of G protein activation be confused with
arrestin-mediated signaling?

In many cases when ligand bias is discussed, arrestin-mediated signaling is proposed as an
alternative to the G protein-dependent signaling. However, it is critical to analyze what was
experimentally demonstrated in each study, rather than what was implied or assumed. Let us
consider some of the most recent examples. Accessory protein MRAP2 was shown to bias
ghrelin receptor GHSR1a towards G proteins (Rouault, et al., 2020). In this study, G protein-
mediated signaling was measured directly, whereas only arrestin recruitment to the receptor
was experimentally determined. The activation of RhoA was used as a readout of arrestin-
mediated signaling in this study (Rouault, et al., 2020). Yet it is well established that RhoA
can also be activated via G protein-mediated signaling (reviewed in (Siehler, 2009)). Thus,
this readout can be used only when its dependence on arrestins has been established (e.g., by
demonstrating the absence of this signaling in arrestin-2/3 knockout cells), which was not
done in this case. In a recent study of the role of GRKSs in the bias of B2AR ligands, arrestin
recruitment and receptor internalization were measured, but no measurements of any
signaling that might involve arrestins were performed (Choi, et al., 2018). In another study
of glucagon-like peptide receptor 1, ERK activation was used as a readout of arrestin-
mediated signaling (Lei, et al., 2018). As discussed above, this is a highly questionable
readout, as G proteins often play a key role in GPCR-dependent ERK activation (Alvarez-
Curto, et al., 2016; Grundmann, et al., 2018). Moreover, receptor-dependent ERK activation
was observed in the case of B2AR in arrestin-2/3 knockout cells (O’Hayre, et al., 2017). The
study by Lei et al. did not demonstrate the requirement for, or even the involvement of,
arrestins in the ERK activation observed in these experiments (Lei, et al., 2018). These
studies are representative: in dozens of previous studies, only arrestin recruitment and/or
GPCR internalization was directly measured to demonstrate bias. If any signaling readout
was used, its dependence on arrestins, as opposed to G proteins, was assumed rather than
experimentally demonstrated.

We must keep in mind that differences in arrestin binding to GPCRs and in the kinetics of
receptor internalization inevitably affect the time course of G protein activation, which can
yield different biological outcomes observed in vivo (e.g., like those described in (Gesty-
Palmer & Luttrell, 2011)). The phosphorylation of some GPCRs by GRKs (Arshavsky,
Dizhoor, Shestakova, & Philippov, 1985; Benovic, et al., 1987), as well as p2AR
phosphorylation by PKA (Benovic, et al., 1985; Daaka, Luttrell, & Lefkowitz, 1997; Martin,
Whalen, Zamah, Pierce, & Lefkowitz, 2004), has been shown to directly affect G protein
coupling. Moreover, GRK2 and GRK3 bind the free B-y-subunit of G proteins (Koch,
Inglese, Stone, & Lefkowitz, 1993; Tesmer, Kawano, Shankaranarayanan, Kozasa, &
Tesmer, 2005), thereby directly modulating the G protein-mediated signaling (Raveh,
Cooper, Guy-David, & Reuveny, 2010). Thus, in many cases we don’t even need to invoke
arrestin-mediated signaling to explain bias. The asymmetrical enhancement or reduction in
the GRK/arrestin function and the resulting changes in the canonical GPCR signaling via G
proteins would suffice. As far as the signaling role of arrestins goes, at the moment we have
many potential suspects (both non-visual arrestins interact with a wide variety of signaling
proteins (Xiao, et al., 2007)), but none of these signaling mechanisms are strictly arrestin-
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dependent. Furthermore, there is no reason to suppose that even if arrestin-mediated
signaling is the cause of the observed bias, it is the same signaling in all cases. Thus, if
arrestin-mediated signaling is suspected to have a therapeutically beneficial effect or,
conversely, to drive a pathological process, it is critically important to identify the specific
branch of signaling in question. Unless and until this is accomplished, we cannot simply
assume that in every case of a ligand or receptor bias, seen as the differential propensity to
recruit arrestins or to internalize the receptor, arrestin-mediated signaling is involved. To
summarize: ligand bias can be quite real and therapeutically beneficial simply due to
changes in the dynamics of G protein activation, even if no arrestin-mediated signaling is
involved.

9. The promise and limitations of biased GPCR ligands

Most GPCRs couple to more than one type of G protein and also bind one or more arrestin
variant upon phosphorylation by several distinct GRKSs. In quite a few cases, some branches
of GPCR signaling were shown to be therapeutically beneficial, whereas others caused
unwanted on-target side effects. Thus, the development of biased ligands that can initiate
certain branches of signaling, but not others, has an obvious value for therapy (reviewed in
(Gesty-Palmer & Luttrell, 2011; Luttrell, et al., 2015; Violin & Lefkowitz, 2007; Whalen, et
al., 2011; Wisler, et al., 2014)). As discussed above, it is most often assumed that the bias
stems from a ligand directing the GPCR signaling towards either G protein- or arrestin-
dependent signaling.

If GPCRs initiated two independent non-overlapping branches of signaling, one via G
proteins and the other via arrestins, functional screening of GPCR ligands, both orthosteric
and allosteric, for potential bias would be relatively straightforward. Several recent studies
suggested ingenious ways to determine ligand bias based on screening data (Costa-Neto,
Parreiras-E-Silva, & Bouvier, 2016; Kenakin & Christopoulos, 2013a, 2013b; Kenakin,
Watson, Muniz-Medina, Christopoulos, & Novick, 2012; Luttrell, et al., 2015), so this is not
the major hurdle today. This is, however, a rather artificial situation, and in all cases arrestin
recruitment/receptor internalization is measured in lieu of arrestin-dependent signaling. It is
acknowledged that translating the findings of ligand bias from such screens to the behavior
of these ligands in cultured cells, let alone in animals, is problematic (Kenakin &
Christopoulos, 2013b). The main difficulty is that the field lacks a readout of signaling
specific for arrestins in general, let alone for any particular arrestin species. While ERK
activation has been used for this purpose, it is clearly inadequate (Alvarez-Curto, et al.,
2016; Grundmann, et al., 2018; O’Hayre, et al., 2017). It is not even evident that there could
be such a readout, since the signaling cascades activated by G proteins and arrestins
significantly overlap. The ERK signaling, for example, is readily activated by GPCRs
independently of arrestins (O’Hayre, et al., 2017). Moreover, under physiological conditions,
GPCRs are certainly not the main drivers of MAPK activation: growth factor and death
receptors, integrins, and stressors are responsible for MAPK activation in most cases. While
in cell culture one can make MAPK activation dependent on GPCRs by eliminating other
inputs (serum starvation silences growth factor and death receptors; plating cells on poly-D-
lysine, which binds but does not activate integrins, excludes their role, etc.), this cannot be
done in patients, where biased drugs are meant to function. So far, no viable unambiguous
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readout for arrestin-dependent signaling has emerged even for screening purposes. This is
not surprising considering the multitude of signaling pathways activated by both G proteins
and arrestins, as well as the considerable overlap between these two sets (Fig. 3A).

Recent studies have revealed yet another potential difficulty of exploiting G protein vs
arrestin bias. Experiments with a chimeric GPCR having the seven transmembrane helices of
B2AR and the C-terminus of V2 vasopressin receptor revealed that a single activated
receptor can bind both G protein and arrestin simultaneously (Nguyen, et al., 2019;
Thomsen, et al., 2016) (Fig. 3D). The arrestin molecule in this complex only interacts with
the phosphorylated receptor C-terminus, rather than with both the phosphorylated elements
and the cavity between the TM helices, as in the crystal structure of arrestin-1 complex with
rhodopsin (Y. Kang, et al., 2015; Zhou, et al., 2017) and arrestin-2 complex with non-visual
GPCRs (Huang, et al., 2020; Staus, et al., 2020; Yin, et al., 2019). Nevertheless, arrestin in
this complex appears to be signaling-competent (Cahill, et al., 2017). Thus, this complex
seems to be able to signal in both directions at the same time (Fig. 3D). This suggests that
even ligands specifically inducing a biased subset of conformations of the 7TM GPCR core
conducive to G protein coupling cannot prevent arrestin-mediated signaling, if the receptor
is phosphorylated by GRKSs.

Another impediment to efficient biased signaling is that GPCRs are inherently flexible,
always existing in an equilibrium of multiple conformations. It is highly unlikely that any
ligand can shift the equilibrium to such an extent as to preclude receptor coupling to one of
the partners, while significantly facilitating the coupling to another. Thus, achieving
complete bias with any ligand structure does not seem feasible. While there is no doubt that
we can design mutant GPCRs that specifically couple to G proteins or arrestins (Choi, et al.,
2018; Hu, et al., 2016; Nakajima & Wess, 2012), we cannot replace native GPCRs in
patients with these mutants. Still, it appears entirely possible that, in complex with certain
compounds, some GPCRs can assume conformations conducive to G protein activation but
not to GRK phosphorylation and/or arrestin binding, or vice versa. Indeed, evolution has
actually used this tool: if a GPCR has multiple endogenous ligands, these ligands can show
signaling bias. For example, chemokine receptors can bind several ligands, and these ligands
have differential ability to trigger G protein activation and arrestin recruitment (Amarandi,
Hjorta, Rosenkilde, & Karlshgj, 2016; Zweemer, Toraskar, Heitman, & Ijzerman, 2014).
Another example of GPCRs with multiple endogenous ligands that also show ligand bias are
p-opioid and somatostatin receptors (Thompson, Canals, & Poole, 2014). Some GPCRs are
naturally “biased” towards G proteins, as their structure slows down (e.g., in the case of p-
opioid receptor (J. D. Lowe, J. P. Celver, V. V. Gurevich, & C. Chavkin, 2002)) or totally
precludes (e.g., in the case of g3-adrenergic receptor (Liggett, Freedman, Schwinn, &
Lefkowitz, 1993)) GRK- and arrestin-dependent homologous desensitization.

From the therapeutic standpoint, even partial bias has potential value. For example, the
ligands that change the probability of type 1 parathyroid hormone receptor coupling to Gs,
Gq/11, or arrestins have profoundly different biological effects in vivo than unbiased
agonists (Gesty-Palmer & Luttrell, 2011). Even partial reduction of the receptor’s propensity
to get phosphorylated and bind arrestins would greatly increase G protein-mediated
signaling and change its time course relative to that induced by unbiased agonists, as well as

Pharmacol Ther. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gurevich and Gurevich Page 15

reduce the effects of the arrestin-receptor complex (Luttrell, et al., 2015). The opposite bias
can reduce (although likely not eliminate) G protein signaling and potentially enhance the
signaling by the arrestin-receptor complex (Violin & Lefkowitz, 2007). Thus, biased
agonists, as well as biased allosteric modulators of GPCRs, should be developed and
explored, even though 100% bias is unlikely to be possible.

The screening of drugs has to be significantly modified, though. In most cases screening
methods measure G protein activation. To this end, chimeric G proteins with modified C-
terminus of the a-subunit are used to channel the signaling of any GPCR to the Gg/11
pathway; consequent increase in intracellular calcium can easily be measured in high-
throughput format using calcium-sensitive fluorescent dies (Coward, Chan, Wada,
Humphries, & Conklin, 1999). While this method has certainly contributed to drug
discovery efforts, its drawback is that the kinetics of the return of the calcium signal back to
baseline does not depend on receptor desensitization (i.e., the rate of phosphorylation and
arrestin binding) as much as on the GPCR-independent cellular mechanisms ensuring
calcium homeostasis. Thus, an agonist that favors G proteins over GRKs/arrestins would
produce essentially the same signal as an unbiased agonist. The screening for specific
arrestin-mediated signaling that cannot be attributed to G proteins will only be possible
when unambiguous readouts are established. The arrestin recruitment and/or GPCR
internalization is not an adequate indicator of the involvement, or lack thereof, of arrestin-
mediated signaling. Similarly, the changes in the activity of ubiquitous signaling pathways
responsive to a large variety of regulatory influences cannot simply be assumed to be
arrestin-dependent unless proven so. “Zero functional G” cells (Alvarez-Curto, et al., 2016;
Grundmann, et al., 2018) can be used to screen for arrestin-mediated signaling, but their
drawback is the potential selection of atypical cells that can survive without G proteins.
These cells might not faithfully recapitulate signaling mechanisms existing in “normal”
cells, i.e., those that are meant to be targeted in patients, which have the full complement of
G proteins.

10. Conclusions

Biased GPCR ligands that preferentially direct signaling to particular G proteins, GRKs,
and/or arrestins hold promise for better therapeutic outcomes. However, the bias is unlikely
to be absolute: other (unwanted) signaling pathways would likely be activated along with the
preferred one. Moreover, in the quest to reduce or eliminate the unwanted signaling, the
preferred pathway is also likely to be impaired. A huge technical hurdle in the development
of biased GPCR-targeting drugs is the issue of screening. Methods sensitive to the rates of
desensitization of G protein signaling and specific arrestin-dependent readouts that are
proven not to involve G proteins are necessary. Most cells express several GRK subtypes and
two non-visual arrestins with distinct signaling capabilities. Most GRKs and both non-visual
arrestins have splice variants, which are also functionally distinct. Thus, generic arrestin or
GRK bias is an oversimplification: in reality it matters which GRK phosphorylates a GPCR
and which arrestin subtype is recruited as a result. Matters are further complicated by the
fact that arrestins and GRKs participate in various signaling pathways independently of
GPCR inputs. Thus, while the development of biased GPCR ligands is a worthy goal, we
need to proceed down this path with our eyes open, keeping in mind the complexities of
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bias, the limitations of existing technologies, and possible alternative interpretations of
observed differences in biological outcomes.
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Fig. 1. Classical paradigm of GPCR activation and biased signaling.
Classical extended ternary complex model (Samama, et al., 1993) of GPCR activation was

based on the assumption that receptors have only two conformations, active (R*) and
inactive (R). Receptors activated by any agonist (shown as differently colored A1, Ay, A3)
were thought to couple to G proteins, become phosphorylated by GRKs, and then bind
arrestins. Arrestin binding terminated G protein-mediated signaling (Carman & Benovic,
1998). The paradigm of biased signaling is based on the idea that different agonists induce
distinct active receptor conformations (shown as differently colored R*), some of which are
equally good for G proteins and arrestins, whereas others differentially affect receptor
interactions with these signaling partners, demonstrating bias towards G proteins or

arrestins.
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Fig. 2. Conformational landscape of active GPCRs.
Active GPCRs exist in an equilibrium of multiple conformations. The great majority of

active GPCR conformations are conducive to their coupling to G proteins, GRKs, and
arrestins, i.e., are not biased toward a particular partner. Available data do not exclude the
existence of GPCR conformations preferentially coupling to one class of these signal
transducers. However, these “signaling-specific” conformations likely constitute a small
fraction of the total. This simplistic diagram suggests that there might be conformations
conducive to coupling to two out of three classes of these GPCR-binding proteins (gradient-
filled areas). Conformations “good” for G proteins and arrestins but not for GRKs, while
conceivable, do not make much biological sense: in most cases arrestin binding requires
prior receptor phosphorylation. Similarly, conformations conductive to interactions with G
proteins and GRKSs but not arrestins are unlikely, since receptor phosphorylation by a GRK
would favor arrestin binding. However, GPCRs likely do not stay in a single conformation
for a long time, but oscillate among many, so the receptor might arrive at one of these G
protein- + arrestin-preferring conformations after sampling the conformations “good” for
GRKs, where it would be phosphorylated.
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Fig. 3. GPCR signaling.

A. G protein-biased ligand (tri-colored ball with red in the middle) facilitates the activation
of numerous effectors. Arrestin-biased ligand (tri-colored ball with blue in the middle) also
facilitates the activation of many effectors, some of which are the same as those activated by
G protein-mediated signaling (common effectors). B. Different ligands (shown as balls of
different colors) might determine which particular GRK phosphorylates the receptor.
Different GRKs generate distinct patterns of receptor-attached phosphates (barcodes) which
might pre-determine the direction of arrestin-mediated signaling. Two non-overlapping sets
of effectors are shown. C. Arrestin-3-mediated scaffolding of ASK1-MKK4/7-JNK3
cascade does not require GPCR input. Scaffolding would only be productive when the
upstream-most MAP3K is active. Whether active GPCRs play any role in the regulation of
signaling by complexes scaffolded by free arrestins (like the JNK cascade shown here)
remains to be determined. D. An unbiased ligand (yellow ball) can promote the formation of
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the super-complex, where G protein and arrestin interact with the receptor simultaneously,
with the G protein engaging the inter-helical cavity and arrestin binding to the
phosphorylated receptor C-terminus. This would promote simultaneous activation of the G
protein- and arrestin-dependent effectors.
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