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ABSTRACT: Topographically distinct, druggable, allosteric sites may be present on all G
protein-coupled receptors (GPCRs). As such, targeting these sites with synthetic small
molecules offers an attractive approach to develop receptor-subtype selective chemical leads for
the development of novel therapies. A crucial part of drug development is to understand the
acute and chronic effects of such allosteric modulators at their corresponding GPCR target. Key
regulatory processes including cell-surface delivery, endocytosis, recycling, and down-regulation
tightly control the number of receptors at the surface of the cell. As many GPCR therapeutics
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will be administered chronically, understanding how such ligands modulate these regulatory
pathways forms an essential part of the characterization of novel GPCR ligands. This is true for both orthosteric and allosteric
ligands. In this Review, we summarize our current understanding of GPCR regulatory processes with a particular focus on the

effects and implications of allosteric targeting of GPCRs.
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G protein-coupled receptors (GPCRs) represent the largest
group of cell surface receptors encoded by the human
genome (~2%). By binding to a broad variety of ligands
(ranging from small ions to amines or large peptides), GPCRs
play the essential role of transmitting stimuli from the
extracellular milieu and transforming them into specific cellular
responses. The diverse physiological roles played by GPCRs,
together with evidence for aberrant GPCR expression or
signaling in various pathological conditions, emphasize the
fundamental biological and clinical importance of this family of
membrane proteins, and support their prominent position as
targets in drug development programs. As such, GPCRs are
currently the therapeutic target of more than 30% of marketed
drugs." Classical approaches to GPCR drug discovery have
focused upon developing small molecules that target the site at
which endogenous hormones or neurotransmitters bind, the so-
called “orthosteric” site. Such molecules can either mimic or
inhibit the actions of these endogenous ligands. However, the
attrition rate of modern drug discovery is higher than ever and
the development of selective compounds as potential drug leads
represents a significant challenge. One of the key issues in this
regard is the fact that many GPCRs share high sequence
homology within the orthosteric site across receptor subtypes.
As a consequence, targeting this site alone is unlikely to yield
highly subtype-selective lead compounds. Indeed, during the
past decade, the idea of targeting topographically distinct
“allosteric sites” as a novel approach to GPCR drug discovery
has become a major topic in receptor pharmacology.”® The
phenomenon of functional selectivity (also called “ligand-
directed stimulus bias” or biased agonism) refers to the ability
of different ligands that, despite acting via the same receptor
and in the same cellular background, differentially activate
certain subsets of intracellular signaling pathways to the relative
exclusion of the others.*® As such, stimulus bias offers a new
avenue for attaining “pathway-selective” rather than “receptor-
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selective” therapeutics. The characterization of the regulatory
processes elicited by newly discovered GPCR ligands has often
been “secondary” to the main aim of drug discovery and
development programs.® However, the fact that most of the
therapies that target GPCRs are based on chronic exposure of
the receptor to its ligand raises the important issue of
understanding and investigating the long-term regulatory
processes of this family of cell surface receptors. Such
mechanisms of GPCR regulation also need to be considered
for drugs that target allosteric sites on GPCRs. Furthermore,
the concept of stimulus bias suggests that measurements of
drug action at multiple signaling end points, including those
related to receptor regulation, are required to gain a more
complete description of ligand efficacy. In this Review, we
summarize studies to date that have investigated the action of
allosteric modulators upon receptor regulation. In addition, we
discuss the implications that the paradigm of stimulus bias may
have upon our interpretation of such studies.

B GPCR REGULATORY PROCESSES AND THE ROLE
OF B-ARRESTINS

The activation mechanism of a GPCR upon ligand binding
involves the transmission of a conformational change to the
heterotrimeric G protein that promotes the release of GDP, its
replacement by GTP and subsequent conformational rearrange-
ments that result in the activation of several effectors (e.g.,
adenylate cyclases, Phospholipase C), and generation of second
messengers (e.g, cAMP, Inositol phosphates). These con-
formational rearrangements have been confirmed by the recent
solution of the high-resolution crystal structure of the ternary
complex of the f,-adrenergic receptor and the stimulatory G
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Figure 1. Schematic representation of GPCR regulation by f-arrestin mediated endocytosis. Phosphorylation of the activated receptor by GRKs
triggers the recruitment of S-arrestin and the scaffolding of the endocytic machinery that results in receptor internalization. Once in endosomes,
GPCRs can be dephosphorylated and recycled to the plasma membrane or, alternatively, be targeted for lysosomal degradation via multivesicular

bodies (MVB).

protein, Gs.” The intrinsic GTPase activity of Ga leads to
hydrolysis of GTP to GDP, the reassociation of Ga-GDP and
Gpy subunits, and the termination of signaling.8 Upon
activation, GPCRs rapidly undergo phosphorylation by GPCR
kinases (GRKs) or second messenger activated kinases such as
PKA or PKC (Figure 1). Selective phosphorylation of the
agonist-activated receptor, and subsequent binding of S-
arrestins, prevents the sustained interaction of GPCRs with G
proteins, effectively terminating the G protein-mediated signal
(receptor desensitization).” The classical role proposed for
arrestins is to act as scaffolds, binding to the coat structure of
clathrin-coated pits (CCPs), thereby promoting endocytosis of
arrestin bound receptors (receptor internalization). Eventually,
internalized receptors can recycle back to the cell surface
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(receptor resensitization) or be targeted for lysosomal
degradation (receptor down-regulation). However, an alter-
native role for f-arrestins has recently been demonstrated for a
large group of GPCRs; f-arrestins are also able to recruit
diverse signaling proteins to activated receptors at plasma and
endosomal membranes and thus to be essential signaling
mediators. For example, S-arrestins have been shown to scaffold
the formation of multiprotein complexes with intracellular
kinases such as the MAPKs ERK or JNK, AKT as well as with
phosphatases such PP2A.">'" It has therefore been proposed
that f-arrestins mediate a second wave of GPCR signaling that
is distinct from the “classical” G protein-dependent signaling at
the plasma membrane (Figure 1).
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B ALLOSTERIC TARGETING OF GPCRs

In recent years it has become apparent that potentially all
GPCRs contain topographically distinct, druggable, allosteric
binding sites and the targeting of such sites presents an
approach to achieve greater subtype selectivity. This fact,
together with the increasing use of functional rather than ligand
binding approaches in drug discovery programs to screen for
small molecule leads, has led to an explosion in the
identification of allosteric ligands. Allosteric ligands will bind
to a receptor selecting a distinct receptor conformation and
modulating both orthosteric ligand affinity and/or efficacy and
are thus often referred to as allosteric modulators (Figure 2)."*

allosteric ligand

modulation
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modulation
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orthosteric
ligand

allosteric
ligand
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\/

Figure 2. GPCR drug discovery has predominantly focused upon
targeting the orthosteric site where the endogenous agonist binds.
Allosteric modulators bind to a site on a GPCR that is topographically
distinct from this orthosteric binding site. Allosteric modulators will
bind to a receptor selecting a distinct receptor conformation but will
still allow orthosteric ligands to bind. As such, allosteric ligands can
modulate both orthosteric ligand affinity and efficacy. Of particular
note, allosteric ligands can also possess their own intrinsic efficacy.

Since allosteric modulators still allow the endogenous agonist
to bind to the receptor, allosteric ligands have also been
pursued for their ability to “fine tune” the physiological
responses linked to a particular receptor, thus accommodating
both temporal and spatial rhythms of normal signaling.'
Furthermore, their modulatory effect is limited, saturable, and
therefore less prone to overdose. Currently, two GPCR
allosteric modulators have achieved FDA approval; maraviroc
that targets the chemokine receptor CCRS for the treatment of
HIV"® and cinacalcet that targets the calcium sensing receptor
(CaSR) for the treatment of hyperthyroidism."*

The concept of allosterism was formalized in 1965, by the
seminal Monod—Wyman—Changeux (MWC) model, which
proposed a conformational selection mechanism to account for
ligand actions at bacterial regulatory enzymes."> Since then, this
model has been extended to other protein families. However, in
the field of GPCRs, descriptions of allosteric mechanisms have
remained largely theoretical or phenomenological. We have
recently described an unprecedented example of a GPCR
allosteric modulator whose action is entirely consistent with a
two-state, MWC mechanism'® and proposed a pharmacological
framework for the study and classification of allosteric
modulators across different GPCR families. Deviations from
the predicted MWC behavior may then suggest the existence of
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more complex (e.g multistate) or mixed (allosteric/orthosteric)
modes of action. An important prediction of a two-state
mechanism is that all allosteric ligands should display some
agonism or inverse agonism in their own right (depending on
their ability to select the active or inactive receptor states
respectively).'” In practice, this is not always observed because
the bioassay used cannot detect these effects due to signal
threshold limitations. However, in an overexpressed receptor
system, or an assay monitoring a sensitive or amplified
response, low-level allosteric agonism or inverse agonism can
be readily unmasked. Indeed, this has been shown to be the
case for several GPCR allosteric modulators (Table 1).

B ALLOSTERIC LIGANDS ARE LIKELY TO MODULATE
GPCR REGULATORY PROCESSES

The expectation of all allosteric ligands to display efficacy in
their own right means that not all allosteric modulators will
conform to one of the suggested advantages of allosteric
targeting of GPCRs: The effect of an allosteric modulator will
only be observed in the presence of the orthosteric endogenous
ligand and therefore will allow for the aforementioned temporal
and spatial control of signal modulation. Furthermore, it also
empbhasizes the fact that, having efficacy on their own, allosteric
modulators can not only modulate receptor activation but also
potentially elicit receptor regulatory processes (Figure 3).
Allosteric modulators could potentially induce receptor
desensitization/internalization or conversely increase cell
surface expression, act as chaperones of receptor cell surface
delivery, or prevent the internalization induced by the
endogenous/orthosteric ligand. Indeed, examples of all such
scenarios have been described in literature (Table 1).

If we look outside the GPCR family, there is an example
where the effect of an allosteric modulator upon receptor
regulation may have clinical relevance: the case of the GABA,
receptors (GABA,Rs). GABA,Rs are multisubunit ion channels
allosterically modulated by benzodiazepines, widely used
allosteric modulators in clinical practice for their sedative,
anxiolytic, anticonvulsant, and muscle relaxant actions.'®
Benzodiazepines bind to a high affinity binding site located at
the a/y subunit interface but do not open the channel by
themselves. Binding to their recognition site leads to a
conformational change that that results in an increase of the
apparent affinity of the channel for the neurotransmitter
GABA."”

Use-dependence and tolerance observed after long-term
administration of benzodiazepines are commonly linked to the
modulation of the expression of GABA,R binding sites at the
cell surface. Such modulation has been shown to be brain-
region-specific.’® Moreover, the prolonged effect of benzodia-
zepines in receptor regulation has also been shown to be
subunit dependent.”’ In vivo studies on long-term benzodia-
zepine treatments reveal downregulation of @1 and 3 subunits
in hippocampal and cortical brain regions and y2 subunits in
the cerebral cortex. In contrast, benzodiazezpine withdrawal
causes upregulation of @4 and y4 subunits.”> More recently,
Jacob and co-workers observed that 24 h treatment of
hippocampal neurons with flurazepam dramatically decreased
a2 subunit-containing GABA,R surface and total levels without
comparable changes in levels of the al subunit. They suggest
that flurazepam exposure enhances degradation of a2 subtype
GABA,Rs after endocytosis, leading to a reduction in inhibitory
synapse size and number along with a decrease in the efficacy of
synaptic inhibition.*®
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Table 1. Examples to Date in Which the Effect of Allosteric Ligands upon Receptor Regulation (Internalization/f-Arrestin

Recruitment) Have Been Studied

GPCR family GPCR allosteric ligand ~ modulator activity”
Family A M,; mAChR TBPB novel M, agonist
AC260584 novel M, agonist
AC-42 novel M, agonist
77-LH-28-1 novel M, agonist
M, mAChR Gallamine negative
Alcuronium negative
C7/3-phth negative
M, mAChR LY2033298 positive
A, AdoR PD81723 positive
LH-R Org42599 NR
CXCR3 VUF10661 NR
CXCR4 RSVM peptide NR
ASLW peptide NR
CB1 Org27569 positive
Family B GLP-1R compound 2 positive
Family C mGluR7 AMNO082 NSA
mGluRS CDPPB positive
CaSR NPS R-586 positive

intrinisc activity effect on regulation ref

agonist slow arrestin recruitment 28
no effect in internalization

agonist slow arrestin recruitment 27,28
no effect in internalization

agonist promotes internalization and downregulation 27
OR no effect in internalization 29

agonist promotes internalization but not downregulation 29
increase in cell surface exp. 25
increase in cell surface exp. 25

inverse ago? increase in cell surface exp. 25

agonist promotes internalization 24

agonist no effect in internalization 60, 61

agonist pharmacological chaperone: cell surface rescue 62

agonist promotes internalization 63

agonist promotes internalization 64

agonist no effect in internalization

agonist promotes internalization 31
G protein-independent ERK1/2 phosphorylation

agonist promotes internalization 32

agonist promotes internalization 34

agonist no effect in internalization in striatum 35
promotes internalization in frontal cortex

agonist increase of cell surface expression of wt CaR 36

rescue of loss-of-function mutants

“In interactions with endogenous agonist except in Org27569 in which the orthosteric agonist was CP555940. NR: not reported. NSA: Novel

selective agonist.
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Figure 3. Both orthosteric and allosteric GPCR ligands acting at the
same receptor can engage acute signaling and regulatory pathways by
interacting with distinct effector proteins (Eff. A-C) and regulatory
proteins such as f-arrestin (f-arr). Both orthosteric and allosteric
ligands may select different subsets of these signaling and regulatory
pathways by stabilizing distinct receptor conformations, a phenomen-
on termed functional selectivity or stimulus bias. The subset of these
pathways and processes engaged by a ligand—receptor complex will
underlie the physiological effect of the ligand.

Despite the ever-increasing number of allosteric ligands
targeting GPCRs, a surprisingly small number of studies have
investigated the effects of such ligands upon receptor
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regulation. However, examples exist at all three major receptor
family classes: Family A (e.g, muscarinic, adenosine, and
luteinizing hormone -LH- receptors), Family B (e.g., glucagon-
like peptide-1 -GLP-1- receptors), and Family C (e.g, mGluRS,
mGluR7, and CaSR). Muscarinic acetylcholine receptors
(mAChRs) are perhaps the most studied Family A GPCRs in
terms of targeting by small molecule allosteric modulators.
Many of the properties of allosteric modulators have been
investigated using the mAChR family as a model GPCR system,
and several studies have reported the effects of allosteric
modulators on mAChR regulation. In agreement with its
allosteric agonism, the M, mAChR modulator LY2033298 has
been shown to induce receptor internalization.”* In contrast, at
the M, mAChR, gallamine, alcuronium, and C,/3-phth,
negative allosteric modulators of the endogenous agonist
acetylcholine- enhanced cell surface receptor expression.*>>°
More recently, several studies have focused in the regulation of
the M; mAChR by putative allosteric agonists (AC-42, TBPB)
and obtained contradictory results.”” ">’ However, it should be
noted that it is still unclear if these ligands represent “pure”
allosteric modulators or, instead, represent a different and
potentially more complex bitopic (i.e., dual allosteric/
orthosteric) binding mode, hence their classification as novel
M; mAChR agonists. Interestingly, some studies have also
focused on the ability of these ligands to promote J-arrestin
recruitment to the receptor. In particular, Ma et al. reported
that BQCA (a positive allosteric modulator of M; mAChR) is
able to induce S-arrestin recruitment with significantly higher
potencies than TBPB or AC-42 (novel M; mAChR agonists).30
It is also worth noting that from all these studies, only one of
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them investigated the modulatory effect on orthosteric ligand-
induced internalization, showing that LY2033298 behaves as an
allosteric potentiator when internalization is interrogated in an
interaction paradigm as an additional functional end point.**
More recently, another interesting example of an allosteric
ligand of a Family A receptor that mediates receptor
internalization is Org27569 at the cannabinoid CB1 receptor.
Ahn et al.*' described the ability of Org27569 not only to
mediate receptor internalization but also to engender Gai/o G
protein-independent ERK1/2 phosphorylation.

Receptor regulation by allosteric ligands has also been
reported for the prototypical Family B receptor, the GLP-1R. In
particular, the small molecule allosteric agonist of GLP-IR,
Compound 2, induces receptor internalization in a manner
similar to the endogenous peptide, though with slower
kinetics.*” Interestingly, f-arrestin-1 mediates GLP-1R signaling
to insulin secretion in cultured pancreatic # cells but does not
play a role in GLP-1R desensitization/internalization.>?
However, the ability of Compound 2 to recruit arrestins to
the GLP-1R and/or exert modulatory effects upon the
physiological outcomes related to this recruitment still remains
to be addressed.

Family C receptors present the most striking separation
between defined orthosteric and allosteric sites, located in the
extracellular Venus Fly Trap domain and the transmembrane
bundle, respectively. Multiple allosteric modulators have been
described for Family C receptors, with the mGluRs and CaSR
being prototypical examples. For instance, AMNO082, an
allosteric agonist of mGIuR7, was shown to internalize the
receptor in hippocampal neurons.>* mGluRs allosteric modu-
lators have also provided interesting examples on differential
regulation depending on regions of receptor expression. For
example, the effect of prolonged treatment to the mGluRS
positive allosteric modulator, CDPPB, is dependent on the
brain region, by which mGIuRS expressed in the cortex is more
susceptible to desensitization/internalization than those ex-
pressed in the striatum.*®

It is also worth noting the possibility of allosteric modulators
to act as pharmacological chaperones for cell surface delivery of
GPCRs. An example of such a scenario is the CaSR. Loss- or
gain-of-function mutations identified in different pathological
conditions (familial hypocalciuric hypercalcemia (FHH) and
neonatal severe hyperparathyroidism (NSHPT) or autosomal
dominant hypocalcemia (ADH), respectively) suggest that
signaling changes may result from differences in cell surface
expression. Allosteric modulators of CaSR such as the
calcimimetic NPS R-568 have been shown to differentially
regulate the function of plasma membrane-localized CaSR by
regulating receptor turnover.*® NPS R-568, by favoring active
conformations, reduces WT CaSR or loss-of-function CaSR
mutant ubiquitination, and degradation, hence increasing the
levels of functional cell surface CaSR.

The therapeutic relevance of the role of allosteric modulators
in GPCR regulation still needs further investigation. One
possible research venue is the modulatory effects derived from
arrestin recruitment to the receptor and triggering or
modulation of arrestin-mediated signals. Concomitantly, an
alternative application would rely in the so-called “functional-
antagonism”, whereby internalization of receptor would inhibit
its function by removing it from the cell surface. This latter
mechanism has been suggested to be of value in protecting cells
from HIV infection in the presence of chemokines and it has
been demonstrated that allosteric targeting of CCRS affecting
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its internalization properties offers advantageous characteristics
as opposed to competitive antagonists.37

B FUNCTIONAL SELECTIVITY AND RECEPTOR
REGULATION: IMPLICATIONS FOR THE
CHARACTERIZATION OF ALLOSTERIC LIGANDS

The first unequivocal evidence of functional selectivity was the
observation that ligands acting at the same receptor can exhibit
reversals in the rank order of potency from one pathway to
another.®® Such inversion in the rank order of potency cannot
be explained by differences in the amplification of the signaling
pathways or the detection systems used.” It follows that these
data cannot be easily reconciled with the two-state model
classically used to explain agonism, antagonism and inverse
agonism, suggesting instead that different ligands can promote
distinct receptor active states with preferences toward different
signaling pathways. To date, there are numerous examples of
receptors for which functionally selective ligands have been
described, and it is widely accepted that receptors can exist in
multiple conformational states, each eliciting a particular subset
of signals. Although many examples of ligand-biased signaling
result in relatively modest differences in agonism between
individual pathways, some compounds show more extreme
pathway bias, characterized by selective agonism toward one
pathway and a lack of activity toward another. Many of the best
characterized examples of such “extreme” bias refer to drugs
with differential activities in G protein-mediated signals versus
G protein-independent pathways that often involve the
scaffolding protein f-arrestin.®

Functional selectivity has also been described at the level of
receptor endocytosis (Figure 3). Indeed, the existence of
noninternalizing and internalizing ligands has been reported for
several GPCRs, and the mechanisms behind such behaviors are
starting to be unraveled. As mentioned previously, agonist
occupation of GPCRs results in rapid receptor phosphorylation
at sites largely within the third intracellular loop and C-terminal
tail. This process not only mediates the uncoupling of the
receptor from its cognate G protein but also drives G protein-
independent receptor signaling. It is now clear that GPCR
phosphorylation is a complex regulatory mechanism that
involves mainly, but not only, members of the GPCR kinase
family (GRKs). The consequence of this phosphorylation is the
recruitment of arrestins that mediate both G protein-
independent signaling as well as receptor internalization.” In
line with the idea that GPCRs can adopt multiple
conformations that result in differential engagement of
signaling proteins, it can be assumed that the phosphorylation
patterns adopted by a receptor will be a reflection not only of
the complement of kinases and phosphatases expressed in a
given cell or tissue but also of the receptor conformation
following agonist occupation.” Several examples have been
recently described that show that biased orthosteric ligands can
direct receptor signaling by driving receptor phosphorylation
profiles, providing “barcodes” that encode for a particular
signaling outcome; for example muscarinic My mAChR, f2-
adrenergic receptor, and the chemokine receptors CXCR4 or
CCR7.47%

Pioneering work with the $2-adrenergic and angiotensin AT1
receptors demonstrated that recruitment of f-arrestins to
phosphorylated receptors can be the initial step for G protein-
independent signals as they selectively scaffold intracellular
kinases and other signaling effectors.**** Interestingly, p-
arrestins also recruit signaling proteins in the endosomal
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membranes, raising the possibility for receptors that are
essentially regarded as cell surface proteins, such as GPCRs,
to elicit intracellular signals, although this is just starting to be
understood."!

In the past decade, numerous ligands that differentially bias
receptor signals toward G protein-dependent or -independent
pathways have been described, although the physiological
relevance of such bias has only been established for a few of
them. p-Arrestin-biased signaling has been proposed as a
potential therapeutic mechanism for drugs targeting the
orthosteric site of f2-adrenergic, AT1, PTH, muscarinic M,
GLP-1, dopamine D2, or the nicotinic acid receptors®>**~* (or
ref 6 for review). However, it is worth noting that biased
agonism may not always result in a more positive therapeutic
profile. It is equally possible that biased agonism may underlie
unwanted side effects, although the evidence for this is still very
limited.

When receptor internalization is considered as an “end
point”, stimulus bias can then be extended to ligands that
differentially regulate a given GPCR. The most prominent
example of this scenario is the opioid receptors. Different from
most of the synthetic and endogenous ligands, the widely used
analgesic morphine shows compromised ability to internalize
the p-opioid receptor, and this has been proposed to account
for the development of tolerance to this drug.’* > Recent
studies suggest receptor phosphorylation as well as differential
recruitment of f-arrestinl versus f-arrestin2 as a potential
mechanism to explain the different regulatory events induced
by the different opiates.*® Stimulus bias for receptor regulation
has also recently been shown for the somatostatin SST2A
receptor. Two somatostatin analogues currently in clinical
investigation (SOM230 and KE108) have been shown to
display functional selectivity, not only in terms of acute
signaling but also in terms of receptor phosphorylation,
endocytosis, and recycling.>” Functional selectivity in terms of
differential receptor internalization has also been demonstrated
at the cannabinoid receptor CB2. Despite both orthosteric
ligands promoting ERK phosphorylation as well as f-arrestin
recruitment, CP55940 was found to internalize the CB2
recsegtor while the aminoalkylindole WIN55212—2 failed to do
so.

Given that the binding of an allosteric modulator to a
receptor stabilizes a distinct receptor conformation, it follows
that such allosteric modulators may themselves display pathway
bias both in terms of their own intrinsic efficacy or their
modulation of orthosteric ligand effects.> Therefore, it cannot
be assumed that if an allosteric modulator is quiescent in the
absence of an orthosteric agonist in terms of one signaling
pathway it will also be quiescent in terms of receptor regulation
(Figure 3). Moreover, it will not necessarily follow that if a
modulator is an enhancer of an acute signaling pathway it will
display similar potentiation of receptor regulatory events. Thus,
it follows that effects upon receptor regulation should be a key
focus in studies to characterize novel and existent allosteric
modulators in addition to standard readouts of acute receptor
signaling events.

B CONCLUDING REMARKS

Recent research has given us insight into the complexities of
GPCR regulation and trafficking. These processes are likely to
be both receptor-dependent and in many cases ligand-
dependent. Given that many of these GPCR ligands will be
administered chronically, an essential part of understanding
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GPCR ligand efficacy is to understand their ability to modulate
these receptor regulatory processes. This in turn will be central
to the ability to understand and predict their clinical efficacy. It
has now become clear that the development of allosteric
modulators offers an attractive approach to achieve selective
targeting of GPCRs. These allosteric ligands, in addition to
modulating orthosteric ligand effects, may possess efficacy in
their own right. As such, it is essential to understand how such
ligands modulate GPCR regulatory processes.
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