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G protein-coupled  receptors  (GPCRs)  are  the  most  important  targets  for drug  discovery  and  not  surpris-
ingly  ∼40%  of  all  drugs  currently  in the  market  act on these  receptors.  Currently,  one  of  the most  active
areas  in GPCRs  signaling  is  biased  agonism,  a phenomenon  that occurs  when  a given  ligand  is able  to pref-
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erentially  activate  one  (or some)  of  the  possible  signaling  pathways.  In this  review,  we  highlight  the  most
recent  findings  about  biased  agonism,  including  an extension  of  this  concept  to  intracellular  signaling,
allosterism,  strategies  for assessment  and  interpretation,  and  perspectives  of  therapeutic  applications
for  biased  agonists.

© 2016  Elsevier  Ltd. All  rights  reserved.
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. The discovery of biased agonism

G protein-coupled receptors (GPCRs) are the most important
argets for drug discovery and not surprisingly, ∼40% of all drugs
urrently in the market act through GPCRs. As the name suggests,
or decades GPCRs were believed to couple only to G proteins, which
n turn would activate intracellular effectors such as phospholipase

 or adenylyl cyclase, then modulating the level of intracellular

ing the complexity of signaling pathways modulated by such family
of receptors. Even more interesting was the discovery of molecules
able to trigger only a fraction of the possible responses to be
activated by a given GPCR. This led to an update on pharmacolog-
ical terminology, which besides the so-called “balanced agonists”
(Fig. 1A), which are able to indistinguishably activate all those path-
ways, now it is recognized the existence of ligands that bind to the
econd messengers (e.g., IP3, cAMP). However, in the last decades,
PCRs have also been reported to activate G protein-independent
ignaling pathways, such as �-arrestin-dependent activation of
RK1/2 and other kinases [61,58,15,9,55], unveiling the co unveil-

∗ Corresponding author.
E-mail addresses: aspupo@ibb.unesp.br (A.S. Pupo), claudio@fmrp.usp.br

C.M. Costa-Neto).

ttp://dx.doi.org/10.1016/j.phrs.2016.01.031
043-6618/© 2016 Elsevier Ltd. All rights reserved.
same GPCR and preferentially activate one of the pathways in detri-
ment of the other and are referred to as “biased agonists” (Fig. 1B
and C) [6,55,34,44,28,73,41,5].

Three independent groups published in the beginning of 21st
century the first reports of an apparent biased behavior of lig-
ands. Studying the angiotensin AT1 receptor, Robert Lefkowitz’s

group published in 2003 that an AngII analog, [Sar1-Ile4-Ile8]-AngII
(SII), was unable to activate G protein but could trigger �-arrestin
recruitment and ERK1/2 phosphorylation. Precisely in the same

dx.doi.org/10.1016/j.phrs.2016.01.031
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2016.01.031&domain=pdf
mailto:aspupo@ibb.unesp.br
mailto:claudio@fmrp.usp.br
dx.doi.org/10.1016/j.phrs.2016.01.031
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Fig. 1. Overview of possible signaling outputs triggered by a GPCR when activated by ligands with different properties. (A) Schematic representation of the mechanism
of  action of a “balanced agonist”, which binds the receptor and stabilizes conformations allowing activation of downstream pathways for this particular receptor, here
represented by G protein- and �-arrestin-dependent signaling. (B) On the other hand, a �-arrestin-biased ligand stabilizes the receptor in conformations favoring activation
of  �-arrestin-dependent signaling in a biased manner. (C) G protein-biased ligand favors conformations that favor G protein- over �-arrestin-dependent signaling. (D) Binding
of  distinct �-arrestin-biased ligands in the same receptor may induce a fine tuning on �-arrestin cascade as different conformations of �-arrestin may be stabilized and
would therefore change its ability to scaffold different effectors. (E) Recent findings on GPCR signaling show that some receptors may  activate a second round of G�s after
internalization at early endosomes. (F) It has also been suggested that G�s activation from endosomes may  be dependent on �-arrestin, raising the possibility that some
ligands  could also modulate �-arrestin-dependent responses from intracellular sites.
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onth, Michel Bouvier’s group showed that propranolol, a classical
ntagonist of the �2 adrenergic receptor, was actually a �-arrestin
iased agonist [6]. One month later, these findings were corrobo-
ated by Stephen Hill’s group [7].

Based on the above described findings, it is plausible to expect
hat some of the clinically used drugs that are generally classified as
ntagonists can actually behave as biased agonists for one of the sig-
aling pathways. Such “unexpected behavior” of some antagonists
ould, at least partially, explain the observed distinct outcomes
n patients treated with different antagonists for the same recep-
or. As an example, drugs commonly classified as “beta-blockers”
antagonists for �-adrenergic receptors) are largely used for treat-

ent of myocardial infarction (e.g. [50]). Interestingly some drugs
f this family also show beneficial effects in patients with heart
ailure, where carvedilol has shown the best results [67,68]. In
act, further studies elucidated that carvedilol actually behaves as

 �-arrestin biased agonist and that ERK activation is involved in
he improved therapeutic actions of this compound [87]. On the
ther hand, biased agonism may  also be implicated in undesirable
ffects, as seems to be the case for the histamine H2 receptor lig-
nd famotidine, used to treat gastrointestinal ulcers. Famotidine
ehaves as an inverse agonist for Gs-protein dependent activation
f adenylyl cyclase, but act as an agonist for Gs-protein independent
ffects leading to up-regulation of the expression of histidine decar-
oxylase and explaining the rebound acid hypersecretion after
ithdrawal [2]. This further highlights the importance of under-

tanding which clinically used drugs behave as biased agonists,
s this pharmacological behavior may  either lead to improved or
etrimental therapeutics.

The recent concept of biased agonism led to a new paradigm
n the receptor theory, where it is now assumed that GPCRs must
xist in several distinct conformations [65]. According to this con-
ept, different ligands would be able to stabilize different subsets of
eceptor conformations, which would then be transmitted to bias-
dly coupling to and activating a subset of intracellular effectors or

 specific effector.
It has been recently reported by us that two  �-arrestin-biased

gonists were able to yield distinct patterns of downstream sig-
aling, an effect that probably involved stabilization of different
onformations of �-arrestins [71]. Therefore, it suggests that differ-
nt ligands – even if they behave as �-arrestin-biased agonists for
nstance – are able to induce different conformations of �-arrestins,

hich would then be able to scaffold distinct sets of signaling pro-
eins (Fig. 1D). These data highlight the importance of a deeper
haracterization of lead compounds, because although biased lig-
nds seem to represent a new generation of drugs, an increasing set
f recent evidence is unveiling that it might actually comprise more
ighly complex patterns of functional selectivities than it could
e explained just by a simple dichotomy between G protein- or
-arrestin-dependent signaling pathways.

. Novel features of biased agonism

.1. Intracellular signaling

Until very recently the activation of G protein-dependent signal-
ng pathways has been thought to occur exclusively at the plasma

embrane, i.e., the generation of second messengers would be
uickly extinguished after receptor phosphorylation by GRKs and
-arrestin recruitment, which would then result in receptor inter-
alization to endosomes. However, this view has been changed

ramatically by accumulated evidence in recent years revealing
hat some GPCRs may  sustain Gs protein signaling and cAMP
roduction in endosomes after internalization of ligand-receptor
omplexes. This concept was initially described in 2009 for the
esearch 112 (2016) 49–57 51

thyroid-stimulating hormone receptor (TSHR) [14] and parathy-
roid hormone receptor type 1 (PTHR) [32], and later on it was
demonstrated also for other receptors [51,31,40,52,62].

Interestingly, endosomal GPCR signaling via G proteins may  be
not only temporally but also spatially distinct from other types of
signaling and, therefore, may  be considered a new kind of biased
signaling. In this case, different ligands can change the duration and
location of occurrence of the same signaling pathway, therefore
reflecting in differences of second messenger distribution and cel-
lular responses (Fig. 1E) [57,80]. For example, PTH and PTH-related
peptide (PTHrP) can modulate the PTHR, which is a crucial receptor
for bone development and mineral ion homeostasis, and activate
Gs protein-dependent signaling. However, the two  ligands differ in
dynamics of activation of this pathway, with only PTH leading to
sustained cAMP production in early endosomes (>30 min) after a
short exposure to ligand [32,30].

As mentioned before, the generation of cAMP by internalized
receptors in endosomes has been reported for other GPCRs such
as the dopamine D1 receptor (D1R) [51], �2-adrenergic recep-
tor (�2AR) [40], glucagon-like peptide 1 receptor (GLP-1R) [52],
pituitary adenylate cyclase activating polypeptide (PACAP) type
1 receptor [62] and vasopressin type 2 receptor (V2R) [31]. In
addition, it has been reported endosomal G protein signaling for
inhibitory G protein (Gi)-coupled receptors, as shown for the
sphingosine-1-phosphate receptor (S1P1R) [64].

The signaling modulated by V2R after stimulation with vaso-
pressin (AVP) and oxytocin (OXT) is an encouraging example
that structurally similar ligands can temporally and spatially dif-
ferently activate the same signaling pathway. Both ligands are
cyclic nonapeptides which differ only in two  residues; however
only AVP leads to persistent cAMP production from early endo-
somes, whereas cAMP signaling triggered by OXT is believed to be
restricted to the plasma membrane [31]. This new mode of signaling
explains at least partially the different physiological effects of AVP
and OXT on water and electrolyte transport disorders; AVP exerts
strong antinatriuretic and antidiuretic effects resulting in sustained
water and sodium channels translocation in renal collecting-duct
cells, whereas OXT has weak effects, likely due to cAMP production
limited to the plasma membrane [17,31].

Although the precise mechanisms controlling this kind of
functional selectivity remain to be established, it has been
demonstrated that �-arrestin recruitment to receptor and its inter-
nalization are crucial to prolonged generation of cAMP by V2R
and PTHR [32,30]. Therefore, it is possible to anticipate that some
ligands, even stabilizing �-arrestin with the same scaffold proper-
ties, may  be able to distinctly modulate, spatially and temporally,
the signaling complex (Fig. 1F). In addition, Wehbi et al. [85]
showed that the endosomal PTHR signaling arises from a receptor-
�-arrestin-G�� complex that seems to allow multiple rounds of
G�s subunit association and dissociation, hence generating a high
level of active G�s that may  or not be bound in the complex.

The prolonged generation of cAMP seems also to arise from dif-
ferences in affinity of ligands for Gs-uncoupled receptor and for
Gs pre-coupled receptor complexes. PTH can form high-affinity
complexes with PTHR, which are highly stable and resistant to
washout, even in the absence of G protein coupling, enabling sus-
tained cAMP responses from early endosomes. In contrast, PTHrP
stabilizes only the conformation of Gs pre-coupled PTHR, form-
ing an unstable complex and triggering a short and transient Gs
signaling [25,79,80]. It has been demonstrated that PTH analogs
with higher affinity than PTH for Gs-uncoupled receptor induce
prolonged physiological responses [66,86], an effect attributed to

sustained cAMP production. This new concept of GPCR signaling
certainly will change the way we think about biased agonism and
how we investigate the discovery of novel biased ligands.
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.2. Allosteric ligands

Some molecules have been described to bind GPCRs in allosteric
ites, which means that such compounds bind the receptor lead-
ng to changes in its conformation and modulating interactions

ith partners at distinct structural regions, which for a GPCR may
e thought as the agonist binding site (orthosteric site) or an
ffector binding site [19,20]. Moreover, some GPCRs may  exhibit
ore than one targetable allosteric site [35]. Allosteric ligands

an modulate the affinity of orthosteric ligand for the receptor
nd/or modulate the ability of the ligand-receptor complex to
nteract with intracellular effectors [60]. Besides such classical
llosteric effects, some allosteric molecules may  change orthos-
eric ligand functional profile, including acting in a biased fashion
hrough binding to allosteric sites and stabilizing receptor con-
ormations more prone to interaction with some effectors than
thers [48]. For instance, it has been recently shown that the small
olecule Org27569 that allosterically bind to CB1 cannabinoid

eceptor (CB1R) abolished inhibition of cAMP production stimu-
ated for all tested orthosteric ligands, whereas it had no effect on
RK1/2 phosphorylation promoted by some of the ligands tested
47].

Allosteric modulation is an advancing area in GPCR study, lead-
ng to new insights in the understanding of structure/function of
his pharmacologically important family of membrane receptors.
urthermore, this is also a growing field in GPCR Drug Discovery
ue to some advantages compared to traditional development of
rthosteric binding drugs. The orthosteric binding sites of recep-
ors subtypes for the same ligands are often highly conserved,
hich limits the specificities of drugs for receptors isoforms, while

llosteric modulators bind to sites that are more variable among
PCR subtypes [18,54]. Moreover, weak negative allosteric mod-
lators are thought to be a “new class of antagonists”, allowing
ecreased receptor action without abrogating it, which is of high

nterest in several diseases in which the basal activity of physio-
ogically important receptors (e.g., neurotransmitter receptors) is
xacerbated [20].

Most of the compounds discussed above bind to allosteric sites
n the extracellular interface of the receptor. An interesting class of
llosteric compounds, described in 2002 [21] which were shown
o bind to intracellular allosteric sites of GPCRs, the pepducins,
re now of high interest for basic and clinical research [27]. Pep-
ucins are molecules composed of a lipidic and a peptidic moiety,
here the peptidic region is usually a 20-aminoacid stretch resem-

ling the intracellular loops i1, i2 or i3 of a specific GPCR and
he lipidic region is often a palmitate group. The use of such
ntracellular loops peptides are based on reports from early 90s
escribing that such peptides may  be of pharmacological relevance
23,49,74]. It is believed that, in pepducins, the lipid binds and
ross the membrane, allowing the peptide to enter the cell and
ind specifically to the intracellular region of the GPCR it interacts
ith [22,42]. Similarly to the extracellular allosteric compounds
iscussed above, pepducins are able to trigger different pharmaco-

ogical responses, such as positive, negative and biased modulation
f GPCRs’ functionality, all of them being of great interest for drug
evelopment.

Another exciting perspective concerning the development of
llosteric compounds in GPCR Drug Discovery relies on the fact
hat about 100 GPCRs are still classified as orphan receptors [27],
hich means that no endogenous ligands are known for them,
espite several of these receptors are described to be physio-

ogically important and of pharmacological interest [88,38,59]. In

his context, since orphan receptor sequences are known, despite
he lack of information about their natural ligands, allosteric
ompounds become attractive tools for targeting such intriguing
PCRs.
Research 112 (2016) 49–57

3. Assessment and quantification of biased agonism

The most striking manifestations of biased agonism are reversals
in orders of potencies (e.g., pEC50) and/or efficacies (e.g., maximal
effect) for a group of ligands producing responses resultant from
activation of a GPCR (Fig. 2). Such reversals are promptly noticeable,
but there are more subtle changes in potency and/or efficacy ratios
that do not reach absolute reversals and indeed result from biased
agonism [44,29,46]. In any of these cases, it must be recognized
that full log dose/concentration response curves are required for
adequate identification and quantification of biased agonism, oth-
erwise the interpretation of results coming from single or only few
concentrations of ligands might get confused by simple system-
dependent amplification of different cellular stimulus-response
cascades.

It is also important to recognize that relevant biased agonism
resulting from intrinsic chemical properties of ligands is a relative
phenomenon and it is only meaningful if determined in relation
to a reference agonist, preferably the endogenous ligand that sup-
posedly triggers all the repertoire of signaling pathways upon
receptor activation. Even endogenous ligands show certain degree
of “preference” in the activation of discrete signaling pathways in
detriment of others and this would be best described by terms
like functional selectivity, biased signaling or stimulus trafficking
rather than by true biased agonism. For instance, a ligand might be
highly efficient in the activation of one signaling pathway in detri-
ment of other pathways, but if all other remaining ligands of this
receptor present similar preferences, there is no biased agonism
among them. In addition, such functional selectivity in signaling is
system-dependent and expected to be highly affected by the stoi-
chiometry of the cellular components involved. If a ligand promotes
preferential signaling through G protein rather than through other
signaling molecule (e.g., �-arrestins or GRKs), it is predictable that
the degree of preference will change according to the abundance
of each of these intracellular interacting partners. In fact, the eel
calcitonin is more potent than porcine calcitonin in inducing intra-
cellular calcium transients in HEK293 cells transfected with human
calcitonin receptors, but when the cells are enriched with G�s by
co-transfection, there is a clear reversal of potency as the porcine
calcitonin is more potent than eel calcitonin for the accumulation
of cAMP [84]. Therefore, the porcine calcitonin is a biased agonist
toward cAMP in comparison to the eel calcitonin only in systems
where the calcitonin receptor is strongly coupled to the Gs pathway,
otherwise no biased agonism is observed. This type of functional
selectivity is difficult to be explored from a therapeutic perspec-
tive in reason of system dependence, unless the remote possibility
that the same receptor coupling efficiency will be maintained in
the target organ.

Artifactual interferences from the method and devices
employed to detect GPCR activation may  also lead to false func-
tional selectivity (and mistakenly be considered biased agonism).
For instance, Fig. 3 shows the ability of noradrenaline and oxymeta-
zoline to activate Gq proteins in HEK293 cells expressing the human
�1A-adrenoceptor measured both as intracellular calcium tran-
sients (Fig. 3A) and in BRET assay for the dissociation of G�q from
G�� complex (Fig. 3B). In this case, oxymetazoline behaved as a
partial agonist in relation to noradrenaline in the calcium assay,
but was  virtually ineffective in the BRET assay for G�q  dissociation,
probably because calcium measurements are events largely ampli-
fied by cellular stimulus-response cascade mechanisms, or either
because Gq activation by oxymetazoline may  occur in different
kinetics when compared to noradrenaline, as is the case for inter-

nalization process. In HEK293 cells, short time incubations with
oxymetazoline induce rapid phosphorylation and internalization
of human �1A-adrenoceptors, whereas much longer incubations
are required to promote receptor internalization when the ago-
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Fig. 2. Schematic representation of differences of potency and efficacy in biased agonism. Agonist A has higher potency/efficacy than agonist B in pathway 1, but lower
potency/efficacy than agonist B in pathway 2.
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muscarinic acetylcholine receptor [33,36]. Moreover, favoring �-
arrestin-2-dependent recruitment and signaling in the dopamine
ig. 3. Assessment of noradrenaline and oxymetazoline G protein-dependent signa
obilization (A) and Gq activation (B) on HEK293T cells transiently transfected wi

xymetazoline.

ist is noradrenaline [1]. If concentration-response curves for the
nternalization induced by oxymetazoline and noradrenaline are
erformed at 30 min  of agonist incubation, oxymetazoline is con-
idered a full agonist for human �1A-adrenoceptor internalization,
hereas noradrenaline is inactive at this specific time point [1],

iving the false impression that noradrenaline is absolutely biased
oward Gq signaling versus receptor internalization.

Recently, at least three useful pharmacological parameters were
roposed for the quantification of biased agonism, the Intrinsic Rel-
tive Activity (RAi, [29]) ratios, the bias factor � [70] and the log Bias
r ��log �/KA [46]. Because of space constraints, the reader will
e referred to the specific literature above for the mathematical
rounds of each of them. A common feature of all three parame-
ers is that they relate functional estimates of ligands efficacy and
ffinity and assume that changes in its ratios in two or more signal-
ng pathways result from agonist directed stabilization of different
eceptor conformations.

The most straightforward in terms of calculation is the Intrinsic
elative Activity (RAi) ratio described by [29] that only requires the
nowledge of Maximal Effect (Emax) and pEC50 as combined sur-
ogates of efficacy and affinity of agonists in two of the triggered
ignaling pathways. However, when the Hill coefficients of the log
oncentration-response curves differ from 1.0, RAi ratios will be
argely affected by cell dependent interferences such as receptor
ensities and coupling efficiencies (reviewed in Refs. [29,46]) . For
he calculation of both the bias factor � [70] and the ��log �/KA
46], the log concentration-response curves for the agonists are
nalyzed according to the Black-Leff Operational Model of Ago-
ism [10] to provide estimates of efficacy (�) and affinity (KA).
owever, one important difference between the bias factor �
nd the ��log �/KA is that the former uses independent esti-
ates of affinity usually from radioligand binding, whereas the

atter accommodates the possibility that different receptor affin-
ty states for the agonist exist in each of the triggered signaling
athways and uses KA values determined though the Operational
odel equation. In fact, it seems more appropriate to let KA val-

es unconstrained since biased agonism is built on the concept
hat different ligands will stabilize different receptor conforma-
ions favoring the activation of discrete signaling pathways and
here is no obvious reason to assume that the ligand will inter-
ct with these different receptor conformations presenting similar

ffinities.
 �1A adrenergic receptor. Concentration-response curves for intracellular calcium
 adrenergic receptor and stimulated with increasing amounts of noradrenaline or

4. Perspectives for biased agonism application

Despite the increasing complexity of what can be considered
biased agonism as above discussed, discovery of ligand bias, as
a general concept of a broader capability of signaling, has raised
speculations about the possibility of achieving pharmacological
profiles distinct from those classically related to agonists or antago-
nists [44,83]. Biased agonists so far described have shown ability to
emphasize a beneficial cellular signal, to de-emphasize a debilitat-
ing signal, or to de-emphasize a debilitating signal while blocking
the capacity of the endogenous agonist to produce the signal [45].

The development of novel GPCR drugs with potentially
increased efficacy and/or fewer on-target adverse effects has
already prompted a few compounds into clinical trials. The first
one being tested in humans against an unbiased ligand is TRV130,
a G protein biased agonist (versus �-arrestin-2) that binds to the
� opioid receptor (MOR) and produces analgesia comparable to
that of morphine [16]. Preclinical studies have suggested that opi-
oid analgesia is associated with G�i coupling at the MOR, whereas
gastrointestinal dysfunction, respiratory depression and tolerance
to the analgesic effect are all linked to �-arrestin-2 recruitment
[13,12,39,69,56,89,26].

On the other side, a potent �-arrestin biased ligand of the
angiotensin II type 1 receptor (AT1R) [82], referred to as TRV027, is
currently being investigated in Phase 2b as an intravenous drug
for the treatment of acute heart failure (AHF) (ClinicalTrials.gov
Identifier: NCT01966601). Besides enhancing cardiac contractility
and output [82], TRV027 also differs from angiotensin-converting
enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs)
by controlling vasoactive effects to prevent prolonged hypotension
[81].

Evidence on parallel signaling pathways that could be differ-
entially targeted by biased agonists has accumulated for a great
number of GPCRs. A comprehensive list of these receptors is beyond
the scope of this review, but a few examples might illustrate the
range of biological scenarios for which biased agonists may  be
of value. For instance, positive therapeutic effects on mnemonic
processes in Alzheimer’s disease models have been shown for the
G�q-biased agonist pilocarpine, which selectively activates the M1
D2 receptor has also been suggested as a potentially important
tool for the management of neuropsychiatric disorders, enhancing
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ntipsychotic efficacy and protecting against motoric side effects
f antidopaminergic drugs [8,3].

As discussed previously, allosteric ligands can also lead to bias
ignaling in some GPCRs. Because such modulators can provide
reat subtype selectivity among receptors, they represent interest-
ng opportunities for drug discovery. Cinacalcet corresponds to the
rst allosteric modulator to make it to the clinic. It was approved by
he Food and Drug Administration and by the European Medicines
gency for the treatment of secondary hyperparathyroidism in
hronic kidney disease patients. Cinacalcet is a positive allosteric
odulator of the calcium-sensing receptor (CaSR) that favors

lasma membrane ruffling over calcium signaling and ERK phos-
horylation [24]. Although clinically relevant, the drug is not widely
sed in earlier stages of kidney disease due to its potential to predis-
ose these patients to hypocalcemia. The hypocalcemic side effects
re presumably caused by receptor-mediated calcitonin secretion
75]. Therefore, the development of a more selective biased ligand

ay  overcome this usage limitation.
Along the past decade several groups have attempted to com-

ine the advantages of targeting orthosteric and allosteric sites
rom a GPCR by designing dual specificity agonists, termed “bitopic”
igands. For the successful generation of a bitopic ligand, the
rthosteric and the allosteric sites must be in close proximity.
oreover, the allosteric site must be accessible from the orthos-

eric site [78,63,77,53,72]. One of the best-characterized GPCRs in
his respect is the M2  muscarinic acetylcholine receptor [37]. The
ational design of dualsteric muscarinic agonists has already been
ccomplished [4,11]. Mohr and colleagues pioneered this approach
y linking a potent orthosteric activator (iperoxo) with an M2-
elective allosteric fragment (W84 inhibitor or naphmethonium
nhancer) [4]. Applying label-free dynamic mass redistribution
echnology, the researchers were able to show that these lig-
nds show differential pathway selectivity, as compared to iperoxo
nd acetylcholine [43]. These studies highlighted the possibility
hat some biased agonists may  achieve their bias through a pre-
iously unrecognized bitopic mechanism of interaction. Such a
ossibility was exemplified by McN-A-343, another M2  biased

igand. McN-A-343 was used as a model to generate two frag-
ents, a high efficacy orthosteric agonist and a negative allosteric
odulator. When the fragments were combined, the pharmacol-

gy of McN-A-343 could be recapitulated [76]. The increasing
mount of structural information regarding ligand-GPCR com-
lexes and allosteric sites makes the rational design of dualsteric
rugs a promising new approach to finely modulate receptor
esponses.
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