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G-protein-coupled receptors (GPCRs) represent important drug targets with complex pharmacological
characteristics. Biased signaling represents one important dimension, describing ligand-dependent
shifts of naturally imprinted signaling profiles. Because biased GPCR modulators provide potential

therapeutic benefits including higher efficiencies and reduced adverse effects, the identification of such
ligands as drug candidates is highly desirable. This review aims to provide an overview of the challenges
and strategies in the discovery of biased ligands. We show different approaches for biased ligand
discovery in the example of G-protein-biased opioid analgesics and discuss possibilities to design biased
ligands by targeting extracellular receptor regions.

Introduction

G-protein-coupled receptors (GPCRs) represent complex and high-
ly dynamic signaling systems, which transfer chemically encoded
information from the extracellular space to intracellular compart-
ments [1,2]. Owing to their omnipresence in human tissues and
their relevance in regulating the majority of (patho-)physiological
processes, it is not surprising that 35% of all currently marketed
drugs directly bind to GPCRs [3]. Many other drugs act indirectly
on GPCR functionality by interfering with production (e.g., an-
giotensin-converting enzyme inhibitors), transport (e.g., seroto-
nin reuptake inhibitors) or metabolism (e.g., acetylcholinesterase
inhibitors) of endogenous ligands. GPCR-modulating drugs cover
a broad range of therapeutic fields including cardiovascular and
metabolic diseases, central nervous system (CNS) disorders, pain
and pulmonary diseases, among others [3,4].

Most of the currently marketed drugs were developed under the
assumption that GPCRs are simple on-off switches, which is also
reflected by the naming of many drug classes (e.g., beta-blockers or
dopamine agonists) [5]. In the past decade, X-ray crystallography
and novel approaches for pharmacological and biophysical charac-
terization of receptor functions unveiled the functional complexity
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of GPCRs [6-8]. This includes partial receptor activation, allosteric
modulation, receptor oligomerization and biased signaling — also
referred to as functional selectivity. The latter phenomenon results
from the fact that GPCRs can bind to and signal through various
intracellular binding partners such as several G proteins and
[3-arrestins (Fig. 1) [1]. Every receptor has a naturally imprinted
signaling profile, referred to as receptor bias and includes the prefer-
ence of a receptor for a certain pathway (e.g., the M, receptor
preferentially couples to G; and the M3 receptor to Gq proteins).
Biased signaling can further be controlled by the relative expression
ofintracellular transducers resulting in system bias. The term ‘ligand
bias’ describes how chemically defined ligands shift a receptor’s
signaling repertoire toward one or a set of distinct pathway(s) [9].
Based on the model of the ternary complex formed by the receptor, a
ligand and an intracellular binding partner [10,11], GPCRs can be
seen as allosteric systems connecting extra- and intra-cellular
regions. On the one hand, agonist binding to the receptor increases
the affinity for intracellular transducers but, on the other hand, the
fully active receptor conformation requires stabilization by coupling
to intracellular binding partners [12,13]. This allosteric coupling
mechanism renders GPCRs flexible proteins with dynamic proper-
ties that can be controlled and shifted by chemically defined entities.
Because different active receptor states exist in a conformational
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FIGURE 1

Activation, intracellular binding partners and downstream signaling of G-protein-coupled receptors (GPCRs). Abbreviations: A, agonist; AC, adenylyl cyclase;
cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; ERK, extracellular signal-regulated kinase; GDP, guanosine diphosphate; GTP, guanosine
triphosphate; ITP3K, inositol-trisphosphate 3-kinase; MEK, mitogen-activated protein kinase kinase (also known as MAP2K); Mdm2, mouse double minute 2
homolog; PLC[3, phospholipase C[3; PKA, protein kinase A; PKC, protein kinase C; Raf-1, RAF proto-oncogene serine/threonine-protein kinase; RhoA, Ras

homolog family member A.

equilibrium [14-16], agonists do not necessarily activate GPCRs
through the stabilization of only one active state but stabilize a
unique ensemble of active states in a ligand-dependent manner
resulting in a signal that can be biased toward a specific subset of
pathways [17]. Many types of ligand bias exist. In most cases the term
‘biased signaling’ is used to distinguish between G-protein activa-
tion and B-arrestin recruitment (G protein vs [3-arrestin); however,
shifts in the preference of the G-protein subtype (e.g., G; over Gs) or
with regard to GPCR kinases can also represent cases of biased
signaling [1]. Because some of the abovementioned pathways medi-
ate therapeutically desired effects whereas others are linked to
adverse drug reactions, biased signaling offers an enormous poten-
tial to render pharmacological therapies more effective and reduce
adverse effects [18]. However, it is still elusive whether biased
signaling effects discovered in vitro can be transferred to clinical
use [19-21]. Inany case, more-specificligands with tailored signaling
bias are needed as pharmacological tools to evaluate the potential
therapeutic benefits.

In this review, we focus on drug design strategies for the
discovery of biased GPCR ligands. After giving an overview of
current challenges in identifying bias, we use G-protein-biased
opioid analgesics as a prominent example to describe different
approaches for the development of such ligands. Furthermore, we
discuss a novel concept for the rational design of biased ligands by
extending the molecular ligand structure toward extracellular
receptor regions. Finally, we reflect on current and future direc-
tions in biased ligand design.

Challenges in studying biased signaling
Owing to the complexity of GPCR functionality, the identification
and characterization of biased signaling represents a challenging

and multidimensional effort [22]. One of the key steps in early
drug discovery is reliable target validation [19]. It was shown in vivo
that G-protein-biased p-opioid receptor (MOR) ligands could pave
the way toward analgesics with reduced adverse effects [23,24]. By
knocking out [3-arrestin in mice, Raehal et al. reported enhanced
and prolonged morphine-mediated analgesia with attenuation of
respiratory depression and acute constipation [25]. In another
study, Yang et al. demonstrated that morphine showed enhanced
analgesia in rats that were pretreated with siRNA against 3-arrestin
without showing naloxone-induced withdrawal symptoms [26].
These data resulted in several different attempts to design G-
protein-biased opioid analgesics as effective and safer drugs as
outlined in the chapter below. However, for most therapeutic
GPCR targets, reliable target validation is still incomplete, which
is mainly because of the lack of well-characterized biased ligands as
pharmacological tools.

Among the major challenges for generating such pharmaco-
logical tools is the limited knowledge about the underlying
mechanisms for biased signaling. Recent advances in structural
determination of GPCRs bound to different signaling proteins
(e.g., B2-adrenoceptor with G5, MOR with G; or rhodopsin with
arrestin-1) or biased ligands (e.g., 5-HT,p receptor with co-
crystallized LSD) could help to get insights in the structural
basis of ligand bias (Fig. 2) [6,27-30]. Complementarily, for
many receptors molecular triggers were identified that contrib-
ute to biased signaling [31-37]; but a general mechanistic ex-
planation of this effect that can be implemented in drug design
is still missing.

Because several signaling pathways exist, many more types of
bias can theoretically occur. A major limitation in detecting
biased signaling is the challenge to measure and compare as
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Structural insights from G-protein-coupled receptor (GPCR) complexes with different intracellular binding partners or biased ligands provide a valuable source

for studying the phenomenon of biased signaling [27-30].

many pathways as possible. Naturally, only bias types can be
detected and subsequently characterized, if the participating
pathways were investigated before. The selection of assays used
is essential for the detection of biased ligands. An excellent recent
review by Smith et al. provides an overview about assays com-
monly used to investigate biased signaling [11], and a compara-
tive analysis of bias detection methods is given by Onaran et al.
[38]. A theoretical framework for describing GPCR agonism is
provided by the operational model from Black and Leff, including
a system-independent transduction coefficient 7/Ka [17,39]. By
selecting two pathways of interest and a reference ligand, the
ratio of transduction coefficients (AAlog(T/K,) is probably the
soundest method to quantify ligand bias in vitro [17]. This shows
that the selection of a suitable reference ligand is essential and
not trivial, because it should be an ‘unbiased’ ligand in theory. In
many cases, the endogenous ligand is used as the reference,
because it is assumed to be unbiased. However, most GPCRs have
multiple endogenous ligands, for example epinephrine and nor-
epinephrine physiologically bind to adrenergic receptors. For
chemokine receptors, it was demonstrated that several chemo-
kines bind to a set of receptors (e.g., CCR2, CCR5 and CCR7) and
activate different pathways, which underlines that signaling bias
exists for natural ligands [40]. Recently, it was reported for several
chemokine receptors that fine-tuning chemokine receptor signal-
ing could provide beneficial therapeutic effects [41]. Further-
more, many GPCRs are recognized and regulated by
metabolites in an allosteric manner [42]. Finally, allosteric mod-
ulators can also induce biased signaling, but the type of bias can
change depending on the orthosteric ligand [43]. Despite these
challenges, several strategies were successfully applied to discover
novel GPCR modulators with biased properties.

Strategies for identifying biased ligands

Despite the multitude of challenges, the number of newly identi-
fied biased ligands constantly increases. For their identification,
three main approaches were followed and represent a promising
toolset for drug design. Here, we focus on dopamine receptor
studies as examples to highlight the different approaches.

Characterization of existing ligands

The characterization of existing ligands in multiple assays pro-
vides a valuable source to identify ‘old’ drugs or molecules as
biased ligands. Only a few studies focus on clinically used ligands
with regard to biased signaling (e.g., ligands for the 3,-adreno-
ceptor by van der Westhuizen et al.) [44]. Because most existing
GPCR ligands were identified without prior knowledge about (or
without the focus on) signaling bias, many of them are likely to
be characterized as biased modulators once tested in several
pathways. This could be applied to small ligand sets but also
in the form of a high-troughput screening (HTS). Weiwer et al.
performed an HTS of 57 000 compounds for (3-arrestin signaling
that led to the identification of 609 active compounds, which
were subsequently tested for G-protein activation. This resulted
in the identification of BRD5814-a [3-arrestin-biased D, receptor
antagonist [45].

Structure-based drug design

Structure-based drug design (SBDD) represents a powerful tech-
nique to identify biased ligands. A strength of SBDD approaches is
the possibility to discover novel scaffolds, which broaden the
chemical ligand space. Structural information on GPCRs in dis-
tinct conformations is constantly increasing (Fig. 2), which will
foster virtual screening campaigns aimed at identifying ligands
with a desired function. Importantly, several GPCR crystal struc-
tures in complex with biased ligands have been resolved (e.g., 5-
HT1BR and 5-HT2BR in complex with ergotamine), providing
valuable insights into structural features causing biased signaling
[47]. Increasing structural information is also helpful for the
generation and validation of homology models to access structur-
ally undetermined GPCRs [48]. In a recent study a homology
model of the D, receptor was used to virtually screen a focused
library consisting of ~13 000 compounds, all of which consisted of
a 2,3-dichlorophenylpiperazine headgroup virtually connected
with fragments from the ZINC database via an oxybutyl or an
amidopropyl spacer. From 18 selected and synthesized com-
pounds, 16 were active and three showed a bias toward [3-arrestin
signaling [49].
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Synthesis-driven SAR

Synthesis-driven structure-activity relationship (SAR) of biased li-
gands can explore the chemical space of biased ligands to gain some
mechanistic insights that can help to rationally design new mole-
cules based on previously used SAR. Following this approach, Chen
et al. discovered a partial D, receptor agonist with G-protein bias by
systematically modifying the well-characterized aripiprazole scaf-
fold [46]. One advantage of thisapproach is that it provides potential
starting points for subsequent lead optimization.

Safe analgesics by biased agonism at opioid receptors
The severe side effects of MOR ligands, such as respiratory depres-
sion, constipation and addiction, are a major concern during the
development process of new analgesics. Currently marketed drugs
show reliable analgesic efficacies, but still express the risk of
potentially lethal adverse effects. The correlation of adverse effects
with the activation of MOR [3-arrestin downstream signaling could
be shown in several mouse models [25,26]. Results unveiled en-
hanced analgesic effects of morphine with reduced constipation,
respiratory depression and tolerance in mice. These findings sug-
gested a new path in the development of safer analgesics based on
pathway-specific ligands. In the following, we highlight three
main approaches for the discovery of biased ligands taking G-
protein-biased opioid analgesics as examples (Fig. 3).

The first example TRV-130 (oliceridine) was discovered in 2013
by Chen and co-workers and is one of the first compounds to
exhibit the desired high analgesic potency and diminished adverse
effects with a high selectivity for MOR (Fig. 3, left) [50,51]. The

initial lead compound with G-protein activation in the nanomolar
range was discovered through HTS of the internal compound
library of Trevena measuring MOR G-protein activation and
[B-arrestin recruitment. In a campaign studying SAR it was possible
to enhance potency and lower (-arrestin recruitment. The lead
optimization considered different enantiomers, potential meta-
bolic effects, such as potential glucuronidation and avoiding hERG
inhibition, and resulted in the final compound: TRV-130. Studies
in mice showed, in equimolar concentration to morphine, similar
analgesic efficacies with less respiratory depression and constipa-
tion [12]. Hints from a Phase II clinical study suggest a fast and
potent pain relief without serious adverse effects [52]. Initial
results of Phase III clinical trials indicate positive trends in the
safety profile of equimolar TRV-130 compared to morphine sup-
porting the in vitro and in vivo results (unpublished).

In the second example, Manglik et al. utilized an in silico SBDD
approach for the development of the G-protein biased ligand
PZM21 (Fig. 3, center) [53]. Noteworthy, this approach cannot
yet reliably find lead structures with tailored signaling efficacies
but it can reliably identify entirely new scaffolds and chemotypes,
even if the biased properties of PZM21 were probably fortuitous, as
reflected by the authors. Three million compounds from the ZINC
lead-like set were docked into the inactive MOR crystal structure
and were evaluated based on a ligand-receptor complementary
score. The 2500 top-scoring compounds have been manually
inspected for novelty and key interactions. As an optimization
step, 500 analogs of the best three compounds were scored from
which the 15 best were tested. Seven out of the 15 tested showed K;
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FIGURE 3

Three main approaches for the discovery of biased ligands illustrated by three key examples for designing G-protein biased WOR analgesics [50,53,56].
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values from 42 nM to 4.7 uM. The best compound served as the
lead structure for further optimization resulting in the final com-
pound: PZM21. Remarkably, PZM21 not only shows low receptor
internalization and no detectable [3-arrestin recruitment but also
leads to KOR antagonism and no relevant activity during a count-
er-screen against 316 other GPCRs. High analgesic efficacy, which
surprisingly is only CNS and not spinally mediated, low constipa-
tion and low respiratory depression in mice support these findings.
Controversially, Hill et al. measured [3-arrestin recruitment of
PZM21 in vitro with no significant difference compared to mor-
phine [54]. Moreover, respiratory depression was found for PZM21
using the same strain of mice and the utilization of naloxone
during application of PZM21 could reverse the respiratory depres-
sion completely [54]. Similarly, TRV130 has been found to retain
undesirable constipating and abuse-related effects during repeated
treatment of mice despite its G-protein bias [55]. Owing to the
direct contrast of these studies, a final evaluation remains elusive
and indicates challenges of biased ligands used in in vivo systems.

Third, a study released in 2017 by Schmid et al. focuses on an
extensive characterization of newly synthesized analogs of 10 1-(1-
(1-phenylethyl)piperidin-4-yl)-1,3-dihydro-2H-benzo[d]imidazol-
2-one, morphine, fentanyl and sufentanyl (Fig. 3, right) [56]. They
addressed the context-based problems of bias factors through a
comprehensive comparison of different assay types (CAMP inhibi-
tion versus GTPyS assay) and cell-receptor systems (human MOR
versus mouse MOR). They observed that high bias factors are less
influenced by the assay types or cell systems, which was not the
case for low factors. Fentanyl depicts exactly this phenomenon
being [3-arrestin-biased when calculating the factor based on
GTPvS assay over [-arrestin recruitment (bias factor 0.18) but
being G-protein biased using cAMP inhibition over [3-arrestin
recruitment (bias factor 2.8). In general, the GTP+yS assay showed
a better correlation with in vivo data and the calculated therapeutic
window. Out of the ten novel and selective MOR analogs, SR-

17018 shows the strongest bias toward G-protein signaling (hu-
man MOR: GTPyS/[B-arrestin bias factor 85; CAMP/[3-arrestin bias
factor 40) and high analgesic efficacies combined with low respi-
ratory depression.

Although invitro and in vivo studies for new biased MOR agonists
have revealed promising results supporting the mechanism of
biased signaling, it has yet to be shown to what extent these
results translate to therapeutic benefits. However, the potential
of biased signaling for safe opioid analgesics is not exploited and
certainly has considerable therapeutic potential that has been
underestimated for decades.

Targeting extracellular receptor regions

GPCRs exist in a conformational equilibrium, including multiple
active receptor conformations of which some are specific for a
distinct signaling pathway. The ligand-dependent stabilization of
pathway-specific receptor conformations therefore represents a
promising approach to design biased GPCR modulators. Recently,
several studies highlighted the role of extracellular receptor
regions for signaling bias [31,32,34,35,37,49,57].

The first mechanistic insights came from studies with the M,
receptor in which ligand-induced conformational constraints in
the extracellular receptor region were found to be the cause for Gi
bias of dualsteric (bitopic) ligands such as iper-6-phth and iper-6-
naph (Fig. 4) [31,32,57]. The conformational restriction of the
extracellular receptor region by allosteric moieties is mainly me-
diated by ligand contacts with the middle of extracellular loop 2
(EL2) and the beginning of TM7 [31]. A study by McCorvy et al.
reported similar ligand-receptor contacts of an aripiprazole deriv-
ative (Fig. 4) with the EL2, which is linked to [3-arrestin bias in the
D, receptor [34]. This ligand-receptor contact was also found to be
involved in ligand bias for serotonin receptors [35].

The influence of extracellular loop conformations on intracel-
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Examples of biased ligands with extended binding modes. The core scaffolds of the unbiased mother compounds are represented in black (M2 receptor: iperoxo;
5-HT2B receptor: serotonin; [32 adrenoceptor: adrenaline; D, receptor: indole-aripiprazole) and the ligand extensions, which interact with the extracellular

receptor domain region, are shown in red.
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of crystal structures with biased and unbiased ligands bound to
their receptors together with modeling data, Bermudez and Bock
surmised a more general concept for the rational design of biased
ligands, based on the concept of extending the ligand structure
toward extracellular receptor regions [58]. Given that every recep-
tor has a physiological repertoire of signaling pathways that might
be activated, it is proposed that signaling bias in many cases results
from diminishing a single pathway in a more pronounced way
than others. Therefore, ligand-dependent signaling bias could be
achieved upon binding of agonists that restrict the conformational
receptor space in the orthosteric binding site or the extracellular
region [58]. Among the analyzed examples are iperoxo-based
dualsteric M, agonists showing G; bias, the [3-arrestin-biased com-
pound BI-167107 for [3,-adrenoceptors and LSD and ergotamine at
5-HT,p receptors [30,31,35]. The latter example is particularly
interesting, because the ligands were co-crystalized with the 5-
HT,p receptor but differ in their strength of [3-arrestin bias. Note-
worthy, the conformational restriction of the extracellular region
is more pronounced for ergotamine, which is in correlation with
its stronger bias and its more extended ligand structure compared
with LSD (Fig. 4) [30]. This suggests that ligand bias by structural
extension might be a titratable phenomenon [58].

These examples indicate that the concept of ligand-dependent
conformational restriction of the extracellular receptor region holds
the potential to specifically disable one signaling pathway while
keeping others active. Recent observations for the biased partial
agonist salmeterol at the [3,-adrenoceptor are in accordance with
this concept and underline the importance of extracellular receptor
regions for signaling bias [33]. The major challenge for tailored
design of biased ligands will be the identification of pathway-specific
epitopes for the target receptors, because different structure elonga-
tions could lead to different bias types. However, for the future, we
assume that an increasing number of identified biased ligands
resulting from ligand structure extensions toward epitopes of the
extracellular loop region will be developed.

Future directions in biased ligand design

Although the number of reported biased ligands constantly
increases, most of them were identified by serendipity, because
mechanistic understanding of ligand bias remains incomplete.
The growing amount of available structural data (X-ray crystallog-
raphy, Cryo-EM and NMR) of GPCRs in complex with biased
ligands or with intracellular binding partners provide a valuable
source for structural and dynamic insights in biased signaling and
the underlying mechanisms on a molecular level (Fig. 2) [6-8].
Increasing structural information will also foster the application of
computational approaches aimed at understanding dynamic prop-
erties of GPCRs as a prerequisite for signaling bias [59,60]. We
expect that, once these mechanisms are better understood, it will
be possible to rationally design drug candidates with tailored
signaling properties. A complementary approach could be the
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