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Abstract
The concept of biased agonism has recently come to the fore with the realization that seven-
transmembrane receptors (7TMRs, also known as G protein–coupled receptors, or GPCRs)
activate complex signaling networks and can adopt multiple active conformations upon agonist
binding. As a consequence, the “efficacy” of receptors, which was classically considered linear, is
now recognized as pluridimensional. Biased agonists selectively stabilize only a subset of receptor
conformations induced by the natural “unbiased” ligand, thus preferentially activating certain
signaling mechanisms. Such agonists thus reveal the intriguing possibility that one can direct
cellular signaling with unprecedented precision and specificity and support the notion that biased
agonists may identify new classes of therapeutic agents that have fewer side effects. This review
focuses on one particular class of biased ligands that has the ability to alter the balance between G
protein–dependent and β-arrestin-dependent signal transduction.
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1. INTRODUCTION
Seven-transmembrane receptors (7TMRs), also termed G protein–coupled receptors
(GPCRs), represent the largest class of membrane receptors, with more than 800 members
identified in the human genome (1). 7TMRs can bind a wide diversity of ligands that
regulate most physiological processes and are involved in a plethora of diseases. As such,
they have long been targets for drug discovery, accounting for the majority of the currently
marketed drugs (2). Upon ligand binding, 7TMRs undergo a conformational change that
imparts heterotrimeric G protein coupling and activation. Activated G proteins then promote
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the generation of second messengers such as cyclic adenosine monophosphate (cAMP),
calcium, or phosphoinositides.

However, it has been increasingly appreciated that, rather than signaling through linear
second messenger–dependent cascades, 7TMRs activate ensembles of signaling pathways
organized as integrated networks (3, 4). For instance, some 7TMRs couple to different G
protein subtypes (5, 6), whereas some others directly interact with non–G protein signaling
effectors through specific protein-protein interaction domains such as PDZ domains (7).
Aside from heterotrimeric G proteins, two protein families specifically interact with the
majority of 7TMRs in their activated conformation: G protein–coupled receptor kinases
(GRKs) and β-arrestins (8). Until recently, the role of GRKs and β-arrestins was limited to
their ability to control the desensitization, internalization, and recycling of 7TMRs (9). Over
the past decade, new information has accrued regarding their functions, such that GRKs and
β-arrestins are now considered to be G protein–independent signal transducers (8, 10, 11). In
particular, β-arrestins act as multifunctional scaffolds that interact with many protein
partners (12) and protein kinases, thereby leading to the phosphorylation of numerous
intracellular targets (13). These β-arrestin-mediated signaling mechanisms include RhoA-
dependent stress fiber formation (14); inhibition of nuclear factor κB (NF-κB)-targeted gene
expression through IκB stabilization (15, 16); protein phosphatase 2A (PP2A)-mediated
dephosphorylation of Akt, which leads to the activation of glycogen synthase kinase 3 and
dopaminergic behavior (17); extracellular signal-regulated kinase (ERK)-dependent
induction of protein translation (18) and antiapoptotic effects (19); phosphatidylinositol 3-
kinase (PI3K)-mediated phospholipase A2 (PLA2) activation and increased vasodilation
through GPR109A (20); and Kif3A-dependent trafficking and activation of the protein
Smoothened in the primary cilium (21) (Figure 1).

Overall, these numerous types of β-arrestin-mediated actions facilitate the integration of the
multiple extracellular cues to which cells are exposed into context-adapted biological
outcomes. Beyond its fundamental importance in cellular functioning, this newly
appreciated complexity of 7TMR-associated signaling also provides a promising conceptual
framework that may facilitate the development of new types of drugs. Indeed, it is possible
to selectively enhance or dampen discrete aspects of signaling pathways within 7TMR-
induced networks with particular ligands that can be termed biased agonists or antagonists.

2. THE GENERAL CONCEPT OF PHARMACOLOGICAL BIAS
Classically, a ligand is defined by two distinct parameters: its affinity and its intrinsic
efficacy. Affinity accounts for the tightness of the ligand/receptor interaction, whereas
intrinsic efficacy characterizes the ability of a receptor-bound ligand to elicit a biological
response (22). Ligand potency depends on both affinity and efficacy. Potency of a given
ligand is measured by comparison with a reference ligand acting at the same receptor. Thus,
two agonists can be equipotent but have different intrinsic efficacies with compensating
differences in affinity. On the basis of this simple concept, three classes of ligands have been
delineated and widely used: (a) full agonists, (b) partial agonists, and (c) neutral antagonists.
A fourth class of ligands—inverse agonists—was recognized later with the discovery of
constitutive activity of receptors and the ensuing extended ternary complex model to help
explain such activity (23). Consistent with this view, agonists are considered to have linear
efficacy (24, 25), as predicted by receptor occupancy theory that identifies a receptor as
existing in either an inactive or an active conformation (26, 27). In this paradigm, full and
partial agonists stabilize an active conformation, whereas inverse agonists stabilize an
inactive one; by contrast, neutral antagonists do not affect the equilibrium between the two
conformations. According to this theory, the magnitudes of responses of different signaling
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pathways activated by a 7TMR agonist are expected to always correlate with one another,
being proportional to the intrinsic efficacy of the agonist.

However, a growing number of experimental observations cannot be explained by this
theory. Indeed, some ligands display “imbalanced efficacies” in their activation of distinct
intracellular signaling pathways. For example, 7TMR-interacting proteins, such as the
receptor activity–modifying proteins, have the ability to modify receptor activity in terms of
activation by agonists and thus produce differences in ligand efficacy (28, 29). Accordingly,
ligand efficacy can be affected by the cellular expression of these auxiliary proteins, a
phenomenon referred to as conditional efficacy (29). In addition, an increasing number of
examples of imbalanced efficacies among ligands occur within the same cellular context.
Such findings cannot be explained by conditional efficacy but are cell-autonomous and
attributable to inherent properties of the ligands (25). In some cases, ligands can be
antagonists or inverse agonists on one pathway, while simultaneously being agonists for
another (30–32). These types of effects have received various names, which include
stimulus trafficking, functional selectivity, collateral efficacy, or biased agonism (25, 26,
33).

Consequently, to define a pharmacological agent properly, one has to consider the efficacies
of all the biological responses it triggers at a given receptor. As mentioned above, ligand
binding to 7TMRs provokes a plethora of functional responses. These include modulation of
different signaling pathways, desensitization, internalization, recycling, and degradation, all
of which contribute to the observed biological response. Theoretically, ligands that display
imbalanced efficacies for any combination of the different facets of receptor behavior may
exist. Examples of biased efficacy for different types of response (e.g., G protein coupling,
β-arrestin-dependent signaling, internalization, desensitization) have been reported and
support this view (see References 25 and 34 for detailed reviews). Such results support the
general concept that efficacy is pluridimensional rather than linear.

However, it can be difficult to identify ligand bias in various experimental systems. For
example, because of differences in receptor reserve and amplification that can occur in
different assays, a partial agonist can lead to the same maximal response as a full agonist in
an amplified assay (e.g., second messenger generation), whereas in a nonamplified assay
(e.g., β-arrestin recruitment), the same partial agonist reaches a lower maximal response.
Such data can be misinterpreted as reflecting a ligand bias (35). Multiple approaches that
allow rigorous quantification of ligand bias have been recently validated with experimental
data (36). These rely on pairwise comparisons of (a) magnitudes of responses at equimolar
concentrations, (b) ligand concentrations that result in equiactive responses, or (c) estimates
of efficacies derived from an operational model of agonism developed by Black & Leff (36,
37). The operational model was originally proposed as a means to help understand the action
of agonists and to provide a systematic way to measure relative efficacy of agonists on the
basis of an examination of dose-response curves (37). Each of these modes of calculation
has advantages and limitations, and they therefore represent complementary approaches.
However, there is an increasing need to compare ligands in more than two dimensions and
to quantify their respective degrees of bias. Several theoretical representations have been
proposed to illustrate the pluridimensional nature of efficacy (25, 35). However, owing to
the large number of dimensions that have to be considered, none of them can readily be used
to compare the pharmacological identities of ligands.

We propose a new approach to address this problem. As recently demonstrated by Rajagopal
et al. (36), there are different ways to calculate a “bias factor” β for each pair of readouts
(i.e., assays of responses) activated by a ligand. When more than two readouts are available,
we propose that one should build a matrix for each ligand and then fill this matrix with the β
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factors corresponding to all the pairs of readouts. As shown in Figure 2, a heat map
representation allows a graphical comparison of different ligands. Different matrices can be
statistically analyzed to identify pluridimensional bias. The proposed approach can be
adapted to any number of dimensions/readouts. With the development and diversification of
screening methods, multiplexed high-throughput screening will likely be carried out in the
future. To analyze data generated by such large-scale approaches, the matrix corresponding
to each ligand can be linearized and then subjected to hierarchical clustering (Figure 2), in a
manner akin to approaches used to analyze other types of data, such as data from studies of
transcriptomes. It should be possible to identify families or clusters of ligands with similar
“efficacy signatures.” This clustering should also help reveal information regarding the
topology of the signaling networks activated by the target receptor (e.g., which readouts are
in series and which are in parallel within the network).

The growing awareness of ligand bias and pluridimensional efficacies creates the
opportunity to develop therapeutic agents that can control intracellular signaling with much
greater precision while keeping the exquisite specificity (determined by receptor binding)
associated with 7TMR ligands. It is therefore important to decipher the molecular basis of
pharmacological bias of 7TMR ligands.

3. STRUCTURAL BASIS OF BIASED AGONISM AT THE RECEPTOR LEVEL
The discovery of biased ligands raises several fundamental issues about receptor activation
that cannot be accommodated by the classical two-state model of receptor theory previously
established with balanced agonists. A biased ligand of a given receptor induces selective
coupling to only one portion of potential downstream signaling pathways, implying that it
must induce and/or stabilize a receptor conformation that is distinct from the one induced by
a balanced agonist. This conceptual framework negates the notion of a single active
conformation of the receptor but instead suggests the existence of multiple active
conformations. Consistent with this view, several lines of evidence strongly support the idea
of multiple active conformations in 7TMRs stabilized as a function of chemical structure of
ligands or their pharmacological profiles.

Fluorescence spectroscopy has been used to study the ability of pharmacologically different
ligands to induce different conformations in the purified β2 adrenergic receptor (β2AR) via
stabilization/destabilization of two molecular switches, namely the ionic lock [a hydrogen
bond interaction between R131 of the DRY motif and E268 toward the end of TM6 (the sixth
transmembrane region) in the structure of β2ARs] and the rotamer toggle switch (the
rotamer conformation of W in the conserved CWXP motif in TM6 of β2ARs) (38–40).
These studies demonstrated that ligands of different chemical structure can have similar
pharmacological profiles but can affect the ionic lock and the rotamer toggle switch to
different extents. Similarly, plasmon waveguide resonance spectroscopy has been used to
study the conformational changes in purified and lipid-reconstituted human cannabinoid
receptor (CB1R) upon binding of two chemically different but pharmacologically similar
agonists, CP-55,940 and WIN 55,212-2. Binding of these two agonists to the receptor results
in directionally opposite spectral shifts, suggesting that they stabilize different
conformations (41). More recently, ligand-induced conformational changes in receptors
have been investigated through the use of fluorescence resonance energy transfer (FRET)-
based biosensors of various 7TMRs (42–46). Results from these studies have indicated that
qualitatively distinct receptor conformations are stabilized by different ligands. For example,
epinephrine and norepinephrine, endogenous agonists of the β2AR, exhibit different
magnitudes and kinetics of FRET change even when tested at saturating concentrations (42).

Reiter et al. Page 4

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2013 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This concept of ligand-specific conformations has recently been assessed in a systematic
fashion through the use of chemical labeling coupled to quantitative mass spectrometry with
the purified human β2AR as a model system (47). This study used a panel of nine ligands
that possess qualitatively and quantitatively different degrees of pharmacological efficacy at
the β2AR. On the basis of their signaling outputs, these ligands can be grouped as
antagonists of G protein and β-arrestin signaling, partial agonists for G protein and β-
arrestin signaling, balanced full agonists for G protein and β-arrestin signaling, or as a
selective agonist for β-arrestin signaling. Assessing conformational changes in the receptor
subdomains was accomplished through the use of two chemical probes that react with
cysteines or lysines exposed on the receptor surface. Chemical accessibility of four cysteines
and five lysines distributed throughout the receptor was measured at different time points
when the receptor was occupied with each of the ligands (Figure 3a). Because the chemical
accessibility of these residues is sensitive to changes in their environment, the pattern of
their reactivity reports both local and global conformational changes in the receptor. Out of
nine residues that were studied, some—for example, Cys77 (located toward the end of the
first intracellular loop) and Cys327 (adjacent to the NPXXY motif in the proximal C
terminus)—exhibited a reactivity pattern that correlated fairly well with the pharmacological
efficacy of the ligands (Figure 3b). Conversely, numerous residues—for example, Cys125

(located proximal to the DRY motif in the second intracellular loop) and Lys227 and Lys235

(both located in the third intracellular loop)—exhibited reactivity patterns that could not be
rationalized in terms of the efficacy of the ligands, thus providing evidence of ligand-
specific conformations in the receptor.

Even more importantly, this study, for the first time, directly probed the conformational
changes in the receptor induced by a well-defined β-arrestin-biased ligand. Carvedilol, one
of the ligands in the panel, has unique properties: It is an inverse agonist for G protein–
dependent signaling but a weak agonist for β-arrestin-dependent signaling. Interestingly,
two residues, Lys263 and Cys265 (located in the third intracellular loop), exhibited a unique
reactivity signature, i.e., strong increases or decreases compared with the unliganded
reference, in the carvedilol-occupied conformation (Figure 3b). As carvedilol was the only
ligand in the initial studies that is β-arrestin biased, it is tempting to speculate that these
residues represent hot spots related to β-arrestin-coupled conformations of the receptor and
that they may participate in activation switches critical for β-arrestin-dependent signaling.
Together, these results support the view that more than one active conformation of the
receptor exists and that different ligands are able to stabilize distinct conformations. These
findings also challenge the widely held notion that all ligands of qualitatively similar
pharmacological efficacy induce similar conformations of the receptor.

Another interesting idea that has been proposed on the basis of the architecture of ligand
binding pockets, as visualized in the crystal structures of 7TMRs, postulates a minor binding
pocket defined by transmembrane helices I, II, III, and VII (40, 48) in addition to the major
ligand binding pocket located between transmembrane helices III, IV, V, VI, and VII. The
conserved proline kink in TM2, an important feature of the minor binding pocket, has been
proposed to play an important role in determining the qualitative nature of ligand bias (48).
However, this hypothesis remains to be tested with rigorous experimentation, for example,
by using receptor systems for which well-defined biased ligands and biased receptor mutants
are available.

Although the aforementioned studies provide some interesting structural information about
the β-arrestin-biased conformation of 7TMRs, detailed mapping of conformational
differences between receptors occupied with balanced or biased agonists remains to be
carried out. Such information will be critical both for understanding the mechanism of
biased agonism at 7TMRs and for aiding in the design of pharmacological tools to
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selectively manipulate one or the other signaling pathway. There are at least three important
aspects of a biased signaling conformation of receptors that need to be elucidated: (a) the
structure of the ligand binding pocket with a balanced agonist versus a biased agonist (i.e.,
the binding mode), (b) the overall rearrangement of the central core of the receptor (i.e., the
TM helices), and (c) the structural rearrangement of the intracellular surface of the receptor
(i.e., the interface of the receptor-effector interaction). Although X-ray crystal structures of
several 7TMRs have been reported over the past few years (49–56), none of these structures
has revealed ligand-specific or biased signaling conformations of the receptors. To firmly
establish the finer structural details of functionally coupled active conformations of 7TMRs,
X-ray crystal structures of receptors bound with balanced and biased ligands will be
required. A step toward this goal has been the determination of crystal structures of the
β2AR in inactive (i.e., bound to an inverse agonist) and active (i.e., bound to a balanced
agonist) conformations (50, 51). Such data have provided the first glimpse of the
conformational changes that occur upon binding of a balanced agonist. Although there are
only subtle changes in the binding pocket, a relatively large outward movement of the
cytoplasmic end of TM6 and a substantial rearrangement of TM5 and TM7 are seen (50,
51). It will be interesting to see whether these large movements in the TM helices will be
conserved in a biased signaling conformation of the receptor. Moreover, crystal structures of
signaling complexes between the receptor and signal-transducing molecules, such as G
proteins and β-arrestins, will also be extremely valuable in order to further our
understanding of how the signal propagates from the ligand binding pocket to the central
core of the receptor and ultimately to the effectors.

In addition to crystallography, other biophysical approaches should be used to study receptor
dynamics. These studies should help capture the subtle but crucial changes in the receptor
conformations that occur upon binding of ligands and effectors; such changes may not be
visualized by X-ray crystallography but are critical for determining signaling efficacy. For
example, nuclear magnetic resonance spectroscopy has been employed to investigate ligand-
specific conformational changes around a salt bridge that links extracellular loops 2 (Asp192)
and 3 (Lys305) in the β2AR (57). Although this study did not aim to uncover ligand-specific
conformations, it established that in an agonist-stabilized active state, this salt bridge is
weakened, probably as a result of outward movements in the cytoplasmic end of TM6 and
lateral movement of the extracellular end of TM7. Similar studies carried out on the receptor
occupied with biased ligands and/or complexed with their downstream effectors should
provide novel information about the structural basis of biased agonism.

Although the majority of discussion on biased agonism thus far pertains to orthosteric biased
ligands, another interesting area for further study will be to extend ideas that have followed
the discovery of allosteric modulators of 7TMRs (58). These allosteric ligands can modulate
receptor conformations in the presence of orthosteric ligands and therefore have the
potential to fine-tune responses elicited by endogenous or synthetic ligands. The orthosteric
site is the site on a receptor that binds the endogenous agonist. This domain is also
recognized by classic competitive antagonists and inverse agonists. By contrast, the
allosteric site on a receptor is one that is modulatory and topographically distinct from the
binding site for the endogenous agonist. Positive and negative allosteric modulators have
been described. Interestingly, a negative allosteric modulator of the follicle stimulating
hormone receptor (FSH-R) has been reported to induce a biased steroidogenic response in
primary granulosa cells (59). This result suggests that allosteric modulators are able to
modulate the orthosteric ligand in a biased fashion, which further broadens the field of
applications of pharmacological bias.

The discovery of novel features of ligand bias raises the question as to the number of active
conformations of a receptor. Although the tremendous flexibility of 7TMRs in lipid bilayers
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(60, 61) implies that the conformational possibilities are enormous, these multiple active
conformations are likely to share certain core features. In a simple conceptual scheme, a
receptor in an unliganded state can be visualized as a continuum of conformations. Binding
of a given ligand likely enriches one of these conformations by shifting the conformational
equilibrium, thereby leading to a specific cellular response. At the same time, the population
of other conformations is depleted. Supporting evidence for this hypothesis comes from a
molecular dynamics simulation of the β2AR. Microsecond molecular dynamics simulations
revealed that even when the receptor is unliganded, some receptor conformations have a
formed ionic lock, whereas in others, the ionic lock is broken (62). Such a scenario is
compatible with the idea that inverse agonists increase the population of a receptor
conformation that has a formed ionic lock, whereas “traditional” agonists increase the
population that have a conformation with a broken ionic lock. However, in-depth study of
these multiple active conformations remains technically challenging and will probably be a
major focus of the next phase of research in the area of 7TMR biased agonism.

4. FROM RECEPTOR CONFORMATION TO INTRACELLULAR SIGNALING:
CENTRAL ROLE OF GRK-MEDIATED PHOSPHORYLATION “BAR CODES”

With the recognition of β-arrestin-mediated signaling, biased ligands that preferentially
induce either G protein–dependent (G protein–biased) or β-arrestin-dependent (β-arrestin-
biased) signaling have been identified (24, 26, 35). To date, G protein–biased and/or β-
arrestin-biased ligands have been identified for dozens of 7TMRs (see Reference 63 for a
detailed review), suggesting that they represent a general class of pharmacological ligands
capable of selective modulation of most 7TMRs. Moreover, some of these biased ligands
have already been proven to produce effects that are distinct from those of balanced
compounds (26, 63, 64).

In this context, it is of particular interest to understand how ligand-induced stabilization of
receptor conformations can be converted into selective G protein–dependent or β-arrestin-
dependent signaling within the cell. It is clear that the molecular mechanisms that underlie
the multiple functions of β-arrestins (i.e., desensitization of G protein signaling versus
endocytosis and β-arrestin signaling) play a central role in this process. Early in vitro studies
used the patterns of limited tryptic proteolysis to demonstrate that β-arrestin 1 and 2 undergo
conformational changes upon interaction with phosphorylated peptides mimicking those
produced by the vasopressin type 2 receptor (V2R) C terminus (65, 66). More recently, an
intramolecular bioluminescence resonance energy transfer (BRET)-based biosensor has
allowed the monitoring of conformational changes of β-arrestin 2 in living cells (67).
Ligands of different 7TMRs have been compared through the use of this approach, and the
results reveal that distinct receptor conformations, induced and/or stabilized by different
ligands (i.e., balanced versus biased), can promote distinct and functionally specific
conformations in β-arrestin (20, 68). These data thus support the notion that ligand-induced,
functionally specific receptor conformations can be translated to downstream effectors such
as β-arrestins, thereby directly impacting intracellular activities.

β-arrestin recruitment to 7TMRs is induced by two driving forces: agonist-induced
modification of the receptor conformation (8, 69) and GRK-mediated phosphorylation of the
ligand-occupied receptor (9). Interestingly, different GRK subtypes play specialized
regulatory functions: Activation of the β-arrestin 2–dependent ERK pathway by the
angiotensin type 1A receptor (AT1A R) (70), V2R (71), β2AR (72), and FSH-R (73) requires
GRK5 and GRK6 action, whereas second messenger generation by V2R (71) and H1
histamine receptor (74) is negatively regulated by GRK2 but unaffected by GRK5 or GRK6.
Furthermore, two endogenous C-C chemokine receptor 7 (CCR7) agonists, C-C chemokine
ligands 19 and 21 (CCL19 and CCL21), selectively induce interaction of different GRKs
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with the CCR7 receptor (75). CCL19 induces receptor phosphorylation by GRK3 as well as
GRK6, leading to receptor desensitization, endocytosis, and β-arrestin-mediated ERK
activation. Conversely, CCL21 promotes phosphorylation of the receptor but only by GRK6,
and this phosphorylation leads only to ERK activation. In light of these results, it has been
hypothesized that there is a GRK-induced phosphorylation “bar code” at the C terminus of
7TMRs that regulates the nature of β-arrestin intracellular functions (10, 70, 72). This idea is
consistent with previous results showing that the presence or absence of serine and threonine
clusters in the receptor C terminus regulates the affinity of β-arrestin recruitment and the
pattern of intracellular trafficking for a wide number of 7TMRs (76, 77).

However, until recently, little was known about the precise sites of phosphorylation on
7TMRs targeted by individual GRKs. A recent study combining tryptic phosphopeptide
maps, mass spectrometry, and phosphospecific antibodies revealed the dynamically
regulated site-specific phosphorylation of CXCR4 by multiple kinases, which leads to both
positive and negative regulation of CXCR4 signaling (78). A separate study using similar
techniques demonstrated that the M3-muscarinic receptor C terminus is differentially
phosphorylated when stimulated with full versus partial agonists, phosphorylation being
preferentially directed to specific sites (79). The detailed GRK-dependent phosphorylation
bar code occurring at the β2 adrenergic receptor has also been deciphered (80). In the latter
study, RNAi, mass spectrometry–based quantitative proteomics, and site-specific
phosphoantibodies were used to define the phosphorylated serine and threonine residues in
the intracellular portions of the β2AR. Isoproterenol, a full agonist at the β2AR, was
compared with carvedilol, which, as described above, is a weak β-arrestin-biased ligand
(81); studies were conducted in native cells or cells depleted of either GRK6 or GRK2 (80).
From a functional standpoint, GRK2 sites (i.e., T360, S364, S396, S401, S407, and S411)
are primarily responsible for receptor internalization, whereas GRK6 sites (i.e., S355 and
S356) are required for β-arrestin-mediated ERK activation. Both GRK2 and GRK6
contributed to desensitization. Remarkably, carvedilol induced phosphorylation only on the
GRK6 sites, whereas isoproterenol triggered phosphorylation on both GRK2 and GRK6
sites. In addition, phosphorylation on the GRK6 sites was increased in GRK2-depleted cells,
thus implying a competition between the two GRKs for receptor phosphorylation. Together,
these data provide compelling evidence that distinct GRKs can be preferentially recruited to,
and can phosphorylate, a receptor as a function of its ligand-induced conformation. In this
paradigm, different GRKs act as sensors that discriminate active receptor conformations
stabilized by unbiased or β-arrestin-biased ligands. As predicted by the bar code hypothesis,
this preferential recruitment of GRKs leads to distinct phosphorylation patterns in the
receptor’s C terminus and imparts distinctive β-arrestin functions, presumably by stabilizing
it in distinct conformations.

Similar conclusions were obtained in a recent study that combined experimental approaches
with computational modeling to decipher the molecular mechanisms as well as the dynamics
governing ERK activation by the AT1A R in HEK293 cells (82). It was proposed that
GRK2/3 and GRK5/6 regulate switching between the G protein–dependent and β-arrestin-
dependent pathways as well as their distinct dynamics by phosphorylating distinct, as-yet
unidentified, residues in the C-terminal region of the receptor. In addition, GRK2/3 was
found not only to mediate desensitization of G protein activation but also to exert strong
restraint on β-arrestin signaling. The dynamical model proposed for the AT1A R by Heitzler
et al. (82) is remarkably consistent with the data reported for the β2AR (80). More generally,
its most salient features (e.g., dual role of the GRK/β-arrestin system in desensitization and
signaling, different dynamics of ERK activation by G protein–dependent and β-arrestin-
dependent mechanisms, functional specialization of the different GRK subtypes) appear to
be conserved across multiple 7TMRs, such as the β2AR (72), V2R (71), parathyroid
hormone receptor (PTH-R) (31), FSH-R (73), and serotonin 5HT2C receptor (83). Therefore,
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it seems likely that the main features of the model developed for the AT1A R, including the
central regulatory role played by the bar code, may be generally applicable to many other
7TMRs (see Figure 4 for a schematic representation).

Taken together, these findings provide a possible basis for explaining how biased agonists
can directly recruit β-arrestin toward distinct, sometimes antagonistic, intracellular
functions. Ligand efficacy, which, as discussed above, occurs from the stabilization of
distinct receptor conformations, subsequently leads to specific phosphorylation patterns
involving distinct GRKs. The phosphorylation bar code then directs β-arrestin conformation,
thereby controlling its interaction partners and related functions.

5. POTENTIAL THERAPEUTIC APPLICATIONS OF β-ARRESTIN-BIASED
LIGANDS

Paralleling the rapid rise in the number of G protein–biased or β-arrestin-biased ligands
identified in vitro and the accumulation of mechanistic knowledge about them is the
increasing recognition of the therapeutic potential of biased ligands that has been suggested
in a variety of animal models of diseases. A wide array of physiological and
pathophysiological systems and situations encountered in vivo appear to involve β-arrestin-
mediated processes. The current list includes the cardiovascular and gastrointestinal
systems, renal and pulmonary function, autoimmune conditions and Toll-like receptor
signaling and inflammation, metabolism, bone mineral homeostasis, reproduction, the
central nervous system, and cancer (see Reference 63 for a recent detailed review on this
topic).

In some instances, β-arrestin bias confers positive effects, whereas G protein–dependent
signaling may cause side effects. An example of beneficial β-arrestin-dependent effects is
provided by the β-blocker carvedilol, a β-arrestin-biased ligand acting at both the β1AR and
β2AR subtypes. Carvedilol stimulates epidermal growth factor receptor transactivation and
ERK phosphorylation in a G protein–independent manner (81, 84, 85). Interestingly, chronic
β-AR coupling to Gs is thought to be cardiotoxic (86, 87), whereas epidermal growth factor
receptor transactivation has been reported to confer cardioprotection (85). Together, these
observations suggest that carvedilol, which acts as an antagonist of G protein signaling and
simultaneously engages cardioprotective β-arrestin signaling, might provide an added
therapeutic benefit in the treatment of heart failure compared with other antagonists that
block all βAR signaling. The AT1A R also plays an important regulatory role in the
cardiovascular system. The recently identified β-arrestin-biased ligand Sar1,D-Ala8

angiotensin II (TRV120027) reduces mean arterial pressure while increasing cardiac
performance and preserving stroke volume in rats, whereas classical angiotensin receptor
antagonists reduce overall cardiac performance (64). Another example of a positive effect of
a β-arrestin-biased ligand comes from the role of PTH in bone formation and homeostasis.
Binding of PTH(1–34) results in full activation of Gαs and Gαq/11 at the PTH1 receptor.
PTH-βarr, an inverse agonist of PTH1 receptor-mediated G protein–mediated signaling,
induces β-arrestin-dependent ERK activation and therefore exhibits a β-arrestin bias (31).
Interestingly, PTH-βarr induces anabolic bone formation in mice, as does PTH(1–34).
Moreover, in β-arrestin 2 knockout mice, the increase in bone mineral density evoked by
PTH(1–34) is attenuated, whereas that stimulated by PTH-βarr is abrogated (88). The
biochemical differences between the G protein–dependent and the β-arrestin-dependent
pathways to anabolic bone formation have yet to be fully elucidated, and the full
physiological impact of biased signaling at this receptor remains to be defined.

β-arrestin-dependent signaling can also be responsible for adverse effects, as has been
shown for GPR109A. A ligand of GPR109A, niacin (also known as nicotinic acid or vitamin
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B3), induces its coupling to Gαi/Gαo. This G protein–dependent pathway leads to a
decrease in triglyceride levels, an increase in high-density lipoprotein, and a decrease in
low-density lipoproteins. However, the clinical use of niacin has long been limited by
cutaneous flushing (89). As a consequence of GPR109A coupling to Gαi, stimulation by
niacin decreases cAMP levels. Conversely, niacin also leads to β-arrestin-dependent ERK
activation and binding to activated cytosolic phospholipase A2 (cPLA2) (20). The
interaction of β-arrestin 1 with cPLA2 generates arachidonate, which is responsible for the
flushing response via its conversion to prostaglandin D2. Strikingly, a recently identified
partial agonist of GPR109A exhibits the antilipolytic activity without the cutaneous flushing
and seems to work via a G protein–biased signaling mechanism (20, 90).

6. CONCLUSION
Biased ligands represent an opportunity for the discovery of new drugs, potentially ones
associated with fewer side effects. Such drugs may substantially expand and diversify the
panel of pharmacological tools available to researchers and clinicians. However, to meet this
ambitious challenge, numerous hurdles will have to be surmounted. Indeed, the increasing
complexity of signaling mechanisms triggered by 7TMRs will likely require integrated
systems biology approaches, such as ones that combine high-throughput generation of
quantitative data and mathematical modeling, in order to predict how extracellular signals
acting at 7TMRs engender specific, potentially biased responses. A systems-level
understanding of 7TMR-mediated signaling networks may help further understanding and
accelerate the discovery of new biased ligands. New multiplexed screening approaches,
capable of monitoring multiple facets of 7TMR biological activities, will be required.
Finally, more information about the structural basis of 7TMR activation, in all its
dimensions, is sorely needed. These approaches have the potential to ultimately make the
rational design of biased ligands a reality.
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Glossary

7TMR seven-transmembrane receptor

GPCR G protein–coupled receptor

GRK G protein–coupled receptor kinase

ERK extracellular signal-regulated kinase

β2AR β2 adrenergic receptor

FSH-R follicle stimulating hormone receptor

V2R vasopressin type 2 receptor

AT1AR angiotensin type 1A receptor

PTH-R parathyroid hormone receptor
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SUMMARY POINTS

1. Pharmacological efficacy is pluridimensional rather than linear.

2. Activated 7TMRs can adopt multiple ligand-specific conformations.

3. Biased ligands have the ability to stabilize only a subset of the receptor
conformations induced by a balanced ligand and thereby selectively activate
intracellular signaling pathways.

4. G protein–biased or β-arrestin-biased ligands have been identified for a large
number of 7TMRs and might therefore be considered general classes of
pharmacological compounds.

5. A GRK-mediated phosphorylation “bar code” at the receptor C terminus may
convert ligand-induced conformations of the receptor into β-arrestin-selective
intracellular functions.

6. G protein–biased and β-arrestin-biased ligands have substantial therapeutic
potential.

7. Multiplexed high-throughput screening may allow the discovery of biased
ligands at many 7TMRs.

8. A proposed methodology allows the quantification of pharmacological bias
simultaneously in multiple dimensions and for a large number of ligands.
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Figure 1.
Pluridimensionality of β-arrestin-dependent signaling at seven-transmembrane receptor
(7TMRs). Some of the best-characterized β-arrestin-induced signaling mechanisms are
schematically represented. They include RhoA-dependent stress fiber formation (14);
inhibition of nuclear factor κB (NF-κB)-targeted gene expression through IκB stabilization
(15, 16); protein phosphatase 2A (PP2A)-mediated dephosphorylation of Akt, which leads to
the activation of glycogen synthase kinase 3 (GSK3) and dopaminergic behavior (17);
extracellular signal-regulated kinase (ERK)-dependent induction of protein translation and
antiapoptosis (18, 19); phosphatidylinositol 3-kinase (PI3K)-mediated phospholipase A2
(PLA2) induction and increased vasodilation through GPR109A activation (20); and Kif3A-
dependent relocalization and activation of the protein Smoothened (Smo) in the primary
cilium (21). Other abbreviations: AT1A R, angiotensin type 1A receptor; β1AR, β1
adrenergic receptor; BAD, Bcl-2-associated death promoter; D2R, dopamine receptor D2;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; EIF4E, eukaryotic
translation initiation factor 4E; HB-EGF, heparin-binding EGF-like growth factor; MEK,
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mitogen-activated protein kinase/extracellular signal signal-regulated kinase kinase; MMP,
matrix metalloproteinase; PGD2, prostaglandin D2; Ptc, Patched; ROCK, Rho-associated
protein kinase; Shh, sonic hedgehog homolog.
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Figure 2.
Comparison of pluridimensional efficacies for different ligands. (a) Matrix of pairwise-
determined biased factors βof one ligand for n dimensions. Biased factors βcan be
calculated from dose-response curves as recently proposed (36). Values of βcalculated for
each pair of readouts are represented in a heat map in which red corresponds to positive bias
and blue corresponds to negative bias. Matrices for two different ligands can be statistically
tested for balance versus bias in the pluridimensional efficacies. (b) For multiple ligand
comparisons (e.g., data from high-throughput multiplexed screening), the matrix
corresponding to each ligand can be linearized and subsequently analyzed by hierarchical
clustering. Clusters of compounds with similar efficacies or particular “signatures” can be
identified. Information about the structure of the intracellular signaling network can
potentially be inferred from these analyses (i.e., determination of independent versus co-
regulated cellular outcomes).
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Figure 3.
Multiple ligand-specific conformations of the β2 adrenergic receptor (β2AR). Cysteines and
lysines were labeled in the purified β2AR using isotope-coded N-ethylmaleimide and
succinic anhydride, respectively. Mass spectrometry studies revealed that nine residues (four
cysteines and five lysines) were suitable for quantifying site-specific conformational
changes. (a) Schematic representation of the β2AR in single-letter amino acid code
sequences showing the studied cysteines (C, red ) and lysines (K, green). (b) Labeling
factors (i.e., negative log of relaxation times), measured at each of the nine cysteines or
lysines upon receptor binding with nine different ligands, were plotted in a heat map (47).
Values were calculated for each labeled residue upon treatment with each of the ligands; red
corresponds to positive values and blue corresponds to negative values, relative to vehicle-
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treated β2AR. Relative activities of the nine ligands for G protein activation (G prot), β-
arrestin recruitment (β-arr), and extracellular signal-regulated kinase (ERK) phosphorylation
at the β2AR are represented in the heat map to facilitate direct comparison (right panel )
(47). The ligands were classified as full agonists, partial agonists, or antagonists on the basis
of their pharmacological profiles.
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Figure 4.
G protein–coupled receptor kinase (GRK)-mediated phosphorylation “bar code” at the C
terminus of seven-transmembrane receptors (7TMRs) converts ligand-induced conformation
of the receptor into selective β-arrestin intracellular functions. A general model for β-
arrestin-biased ligand mechanism of action is proposed (78, 80, 82). GRK2/3 and GRK5/6
exert qualitatively different actions. GRK2/3 require Gβ for membrane recruitment and
activation and phosphorylate specific serines and threonines in the receptor’s C-tail; the
GRK2/3-mediated phosphorylation “bar code” then leads to desensitization and
internalization upon β-arrestin recruitment. GRK5/6 do not require G proteins for their
activation; the GRK5/6-dependent phosphorylation “bar code” then creates a signaling
platform in which β-arrestin bridges the activated receptor to partners involved in
intracellular signaling such as the mitogen-activated protein (MAP) kinase extracellular
signal-regulated kinase (ERK) module. Other abbreviation: MEK, MAP kinase/extracellular
signal-regulated kinase kinase.
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