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Abstract
Agonist-selective signaling or ligand-biased signaling of G protein-coupled receptor (GPCR) has
become the focus of an increasing number of laboratories. The principle of this concept is that
agonist possesses different abilities to activate different signaling pathways. Current review
summarizes the observations of agonist-selective signaling of various GPCRs, indicating the
significance of agonist-selective signaling in biological processes. In addition, current review also
provides an overview on how agonist-selective signaling is initiated. Especially, the relationship
between GPCR-G protein interaction and GPCR-β-arrestin interaction is discussed in depth.
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1. Introduction
The abilities [intrinsic activities (1) or intrinsic efficacies (2)] of G protein-coupled receptor
(GPCR) ligands to initiate downstream signaling events can vary. Depending on the
efficacies, receptor ligands can be classified into: full agonists, partial agonists, neutral
antagonists and inverse agonists (3,4). This classification is normally made under specific
experimental conditions, because the classification can be affected by the level of receptor
expressed and the strength of stimulus-response coupling. In addition, accumulating
evidences have suggested that agonists can induce different conformation changes of one
particular GPCR, which then lead to the activation of different signaling pathways (5), even
when the expression level of receptor and the strength of stimulus-response coupling are the
same. Similar theory has been suggested by Kenakin years ago as the “agonist trafficking
theory” (6).

Recently, a new “agonist-selective” (or ligand-biased or functional-selective) theory is
proposed to accommodate reported observations that receptor ligands can activate the same
signaling pathway differently and these differential activations are not necessarily correlated
with those on another signaling pathway. The observations were summarized in a schematic
diagram (Fig. 1). Agonist I and agonist II activate the receptor, which transduces the signal
to two pathways, pathway A and pathway B. Agonist I is a full agonist on pathway A, while
is a neutral antagonist on pathway B. Agonist II is just opposite: full agonist on pathway B,
while neutral antagonist on pathway A. This phenomena has been observed with various
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GPCRs, including 5-HT2 serotonin receptors, adrenergic receptors, dopamine receptors and
opioid receptors (5).

2. Agonist-selective signaling
The direct agonist-selective signaling is that different agonists induce signaling pathways
differentially. The indirect agonist-selective signaling is that the activation of different
signaling pathways leads to the different cellular responses in vitro or physiological
responses in vivo.

2.1 μ-opioid receptor (OPRM1)
OPRM1 is the opioid receptor type that mediates the majority of the in vivo effects of
morphine, such as analgesia. As a typical Gi/o coupled receptor, its signals are mediated by
adenylyl cyclase, extracellular signal-regulated kinase (ERK) pathway, intracellular calcium
stores and ion channels on cell membrane (7,8). Because of the large volume of literature
and cognate ligands, OPRM1 was used as an example to provide a general view of agonist-
selective signaling.

2.1.1 Agonist-selective signaling of OPRM1—The agonists-selective signaling has
been reported with OPRM1 from a variety of studies. Several signaling pathways can be
activated by nearly all OPRM1 agonists, but to different extents. For instance, morphine
induces minimal receptor phosphorylation while other agonists such as etorphine, fentanyl
and [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin (DAMGO) induce robust receptor
phosphorylation (9). Similarly, morphine induces minimal β-arrestin recruitment (10) and
receptor internalization (11) as compared to the other agonists. These differences have been
attributed to morphine being a partial agonist, while the others are full agonists in activating
these signaling pathways. However, morphine induced higher level of adenylyl cyclase
superactivation than etorphine (12). Morphine also has higher ability to induce analgesia
tolerance than etorphine and fentanyl (13,14). Thus morphine is a full agonist, while
etorphine seems to be a partial agonist in these responses. In addition, similar abilities of
morphine and other agonists to induce ERK phosphorylation and to inhibit the adenylyl
cyclase activity suggest that these agonists are all full agonists (12,15). Hence, the
classification of these opioid agonists indicates the strength of stimulus-response coupling
(or the interaction between agonist efficacy and system sensitivity) could not be used to
address all the observations. Moreover, the cellular content could not be used in addressing
the divergent observations because some of these studies were carried out with the same cell
model (12). Hence, agonist-selective signaling theory is more suitable in interpreting the
observations on OPRM1 signaling.

2.1.2 Pathway-selective signaling of OPRM1—Agonists can activate various
signaling pathways differentially. If the differences among agonists are large enough on one
signaling pathway, a special phenomenon will be observed, i.e., only selective agonists can
activate this signaling pathway. Furthermore, if the differences are large enough on two
signaling pathways, agonist-selective activation on these two pathways will occurred
(similar to that summarized in Fig. 1); i.e., a group of agonists only activate one signaling
pathway, while another group of agonists only activate another signaling pathway. Hence
the agonist-selective signaling can be considered as the “selection between signaling
pathways” or “pathway-selective signaling”.

This selection is actually observed with a number of GPCRs, including OPRM1. Although
all agonists activate ERK to similar extent, morphine uses the Protein Kinase C (PKC)
pathway to induce ERK phosphorylation, while etorphine and DAMGO utilize the β-arrestin
pathway (16). The receptor desensitization on the G protein-coupled inwardly rectifying
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potassium channel currents and the release of intracellular calcium are also agonist-
selective, morphine via the PKC pathway and DAMGO via the β-arrestin pathway (17,18).
Hence, morphine selectively utilizes the PKC pathway, while etorphine and DAMGO
selectively utilizes the β-arrestin pathway.

2.1.3 Downstream signaling events—The different signaling pathway activated by
agonists may result in different physiological effects. Although it is difficult to correlate the
signaling cascades (normally within seconds to minutes) to the measurable physiological
effects (normally within minutes to hours or days) directly, the regulations on transcriptional
factors, gene expression, posttranslational modification, and even the subcellular distribution
of signaling molecules can serve as the reporters for pathways selected for signaling.

Take ERK phosphorylation induced by OPRM1 agonists for example, the phosphorylated
ERK induced by morphine through the PKC pathway remains in the cytosol, while the
phosphorylated ERK induced by etorphine through the β-arrestin pathway translocates into
the nucleus (16). The different subcellular locations of phosphorylated ERK result in the
activation of different transcriptional factors. phosphorylated ERK in cytosol activates the
cytosol-located p90 ribosomal S6 kinase, while phosphorylated ERK in nucleus activates the
Elk-1 (16). In addition, etorphine, but not morphine, modulates the expression of β-arrestin2
and G protein-coupled receptor kinase 2 (GRK2), which are highly related to OPRM1
functions (16,19). These modulations are attenuated when etorphine-induced ERK
phosphorylation is blocked (16). OPRM1 agonists also affect the expression of microRNA
differentially. Especially the agonist-selective regulation on miR-190 is related with the
agonist-selective ERK phosphorylation (20). Therefore, OPRM1 agonists do have different
abilities to regulate the transcriptional factors and gene expression.

OPRM1 agonists have different influences on the dendritic spine morphology and excitatory
postsynaptic current (21-23). Morphine, but not etorphine and DAMGO, induces the
collapse of dendritic spines and subsequently reduces the spine density in hippocampal
neurons. In addition, when equivalent doses of agonists were administrated onto the mice,
higher level of tolerance developed after morphine treatment (13,14). These differences
among agonists have been attributed to the different abilities of agonists to induce receptor
internalization (24,25). Although the hypothesis is still controversial, it provides a possible
mechanism to correlate the agonist-selective signaling with agonist-selective physiological
effects.

2.2 Agonist-selective ERK phosphorylation
ERK phosphorylation is almost the best-studied phenomenon of agonist-selective signaling.
Two pathways can be used by GPCRs to mediate ERK phosphorylation, PKC/PKA pathway
and β-arrestin pathway (26-28). The existence of the two pathways were demonstrated by
blocking PKC/PKA activities with their specific inhibitors and by downregulating β-arrestin
with siRNAs in the system of β2-adrenergic receptor (28) and parathyroid hormone receptor
(29). The selection of agonists between the two pathways is indicated by abilities of agonists
to activate the two pathways. For example, isoproterenol (β-adrenergic receptor agonist)
induces ERK phosphorylation via both pathways, while ICI118551 (β2-adrenergic receptor
inverse agonist) induces ERK phosphorylation in a β-arrestin-dependent manner completely
(28,30) and CCL19 uses only the PKC/PKA pathway in cells expressing the chemokine
receptor CCR7 (10).

As mentioned above, modulating the subcellular location of phosphorylated ERK is a means
by which agonist-selective signaling leads to the downstream effects. However, there are
controversial observations on the influence of β-arrestin on the nucleus translocation of
phosphorylated ERK. Overexpression of β-arrestin has been reported both to enhance
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(16,31) and to suppress (32) the nucleus translocation of phosphorylated ERK. However, the
abilities of β-arrestin to serve as a scaffold protein for ERK (26) and to translocate into
nucleus by itself support the positive effect of β-arrestin on ERK translocation (33,34).

2.3 Other agonist-selective signaling
There are other agonist-selective phenomena exist with GPCRs. 5-HT2 serotonin receptor
mediates the formation of inositol phosphates via phospholipase C (PLC) and the release of
arachidonic acid through phospholipase A2 (PLA2) (35,36). Four signaling pathways (PLC
activation, PLC desensitization, PLA2 activation and PLA2 desensitization) have been
analyzed with a series of agonists of 5-HT2 serotonin receptor (37,38). No correlation
among their abilities to activate these four signaling pathways has been identified. Inositol
phosphates influences the intracellular calcium level and thereby the activities of calmodulin
and CaMKinases. The accumulation of arachidonic acid has critical effect on the functions
of ion channels (39,40). Therefore the different agonists of 5-HT2 serotonin receptor will
have different effects on these cellular responses. Similar observations are obtained with
D2–dopamine receptor. Quinpirole and propyldihydrexidine are both full agonist when used
to activate adenylyl cyclase. However they have different abilities to inhibit the D2–
dopamine receptor-mediated release of DA (41).

3. Mechanisms
The mechanism for agonist-selective signaling has also been studied for a long time. The
accepted notion is that the conformational changes of receptor induced by agonists are
different from each other (4). In addition, because the activation of different signaling
pathways requires different conformational changes of receptor, agonists activate signaling
pathways differentially. Then the agonist-selective signaling is observed. Although the
crystal structures of G proteins, β-arrestin (42) and some GPCRs like rodposine (43) β2–
adregneric receptor (44) and A2A–adensoine receptor (45) have been solved, the structural
information of the receptor-agonist complex is not available so as to predict the
conformational changes induced by different agonists. Thus various groups have attempted
to categorize the signaling pathways. For example, modulation on adenylyl cyclase leads to
the change of intracellular cAMP level, which subsequently influences the activities of
phosphodiesterase and PKA. Because adenylyl cyclase modulation is normally mediated by
Gα subunit, the ability of agonist to activate Gα will indicate its influence on
phosphodiesterase and PKA.

ERK phosphorylation mediated by GPCRs is one of the best-studied agonist-selective
signaling phenomena as mentioned above. Because the two pathways used by GPCRs for
ERK phosphorylation, PKA/PKC pathway and β-arrestin pathway, involve G protein and β-
arrestin, respectively, we will discuss the relationship between G protein and β-arrestin in
detail. The recruitment of β-arrestin has been reported to uncouple the G protein from
receptor complex (26,46). However, the competition between G protein and β-arrestin can
take place at different time during the receptor signaling process, before agonist binding,
before G protein activation and after G protein activation. Thus the receptor-G protein
interaction vs the receptor-β-arrestin interaction will have impact on signaling pathways
selected.

3.1 β-arrestin pathways
3.1.1 Introduction—β-arrestin is a member of the arrestin family that functions as
cytosolic scaffold protein. Arrestin1 and arrestin4 (x-arrestin) are found exclusively in
retinal rods and cones, while arrestin2 (β-arrestin1) and arrestin3 (β-arrestin2) are expressed
ubiquitously. Arrestins are discovered originally in the desensitization of rhodopsin (47) and
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β2-adrenergic receptor (48). Recently, β-arrestin has been suggested to function as a scaffold
protein which bridges the GPCRs and intracellular effectors (46). The signaling related to β-
arrestin can be divided into G protein-dependent and G protein-independent.

3.1.2 G protein-dependent β-arrestin-related signaling—β-arrestin-related
signaling pathways include β-arrestin recruitment to cell membrane, receptor internalization,
β-arrestin-mediated ERK phosphorylation and β-arrestin-mediated receptor desensitization.
The ability of agonist to activate one signaling pathway will indicates its influences on other
pathways. The understanding on β-arrestin-related signaling pathways is based on the β-
arrestin-mediated receptor desensitization. In the classical desensitization paradigm, the
binding of agonist to GPCR leads to the receptor phosphorylation and the increases in the
agonist-receptor affinity for the cytosolic protein β-arrestin. Translocation of β-arrestin to
the receptor complex disrupts receptor-G protein interaction and terminates the activation of
G protein-related signaling pathways (49). Instead of terminating GPCR signaling, several
β-arrestin-mediated signaling pathways will be activated. The activation of β-arrestin-related
signaling pathways requires the activation of G protein in this paradigm.

3.1.3 G protein-independent β-arrestin-related signaling—When using the G
protein interaction deficient mutants of GPCRs, G protein-independent β-arrestin signaling
has been identified. β2-adrenergic receptor mutants lacking G protein coupling mediates the
ERK phosphorylation through a GRK5/6-β-arrestin pathway (28). The I35 mutant of
OPRM1 (lacking the last five amino acids in the third intracellular loop to interact with G
protein) still mediates etorphine-induced ERK phosphorylation in a β-arrestin dependent
manner (50).

In addition, overexpression of β-arrestin enable the agonist that normally does not induce
receptor internalization to induce receptor internalization (51), suggesting a basal affinity of
β-arrestin for the receptor in the absence of receptor phosphorylation. Moreover, G protein-
independent receptor phosphorylation has been observed on the Ser363 of rat δ-opioid
receptor (52). Therefore, β-arrestin-related signaling can be initiated without G protein
activation.

3.2 G protein and β-arrestin
Because of the coupling of G protein to receptor both in the absence and in the presence of
agonist (50,53), β-arrestin uncouples G protein from receptor complex before β-arrestin-
related signaling pathways (both G protein-dependent and -independent) are activated.

If β-arrestin competes with G protein for the receptor prior to G protein activation, G
protein-independent β-arrestin-related pathways will be activated. If the β-arrestin competes
with G protein for the receptor after G protein activation, then G protein-dependent β-
arrestin-related pathways will be activated. Otherwise, in the absence of any β-arrestin
competition, G protein-related pathways, e.g. PKC/PKA pathway, will be activated. Thus
the competition between G protein and β-arrestin determines the selection of the
downstream pathways.

3.2.1 The binding site of G protein on GPCRs—The most critical regions of GPCRs
for G protein coupling are the second intracellular loop (IL2), both N- and C-terminus of
IL3 (NIL3 and CL3) (54). Moreover, the IL1 and the membrane-proximal 8–16 amino acids
of IL4 also contribute to the coupling of G protein (55).

3.2.2 The binding site of β-arrestin on GPCRs—Receptor phosphorylation can
increase the affinity of receptor for β-arrestin, therefore the phosphorylation site contributes
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to the binding of β-arrestin. Because majority of GPCRs have their phosphorylation sites on
the carboxyl tail domain, the carboxyl tail domain have been shown to be critical for the
binding of β-arrestin, as demonstrated with β-arrestin-dependent receptor internalization
using various GPCR mutants (56). The carboxyl tail domain phosphorylation not only
functions in recruiting β-arrestin, but also regulates the accessibility of β-arrestin to non-
phosphorylated residues (57). These non-phosphorylated residues are in the IL2, NIL3 and
CIL3, as demonstrated with dopamine receptors (58,59), adrenergic receptors (60) and
opioid receptors (61).

3.2.3 The competition of between G protein and β-arrestin—G protein and β-
arrestin share similar binding sites on the GPCRs (IL2, NIL3 and CIL3), indicating the
ability of β-arrestin to compete with the G protein for the receptor complex. However, it is
also reasonable to propose that G protein can compete with the β-arrestin for the receptor
complex when the affinity between G protein and the receptor is enhanced. However,
because of the receptor internalization mediated by β-arrestin and the membrane location of
G protein (62,63), it is impossible for G protein to compete with the β-arrestin after the
initiation of receptor endocytosis. Thus, increasing the binding affinity of G protein for
receptor complex can only prevent β-arrestin to uncouple G protein from the receptor. For
instance, modulating the expression level of G protein successfully decreases the G protein
uncoupling mediated by β-arrestin (50).

3.2.4 Factors that influence the competition—Based on the discussion above, we
propose a new model for agonist signaling (Fig. 2). The G protein signaling (from G protein
to PKC/PKA) can be considered as the major signaling of receptor. Although the
competition between G protein and β-arrestin exists at any time point, it is only observed
when the affinity of β-arrestin for receptor complex is high enough to uncouple G protein
from the receptor. Thus several selections are observed during the signal transduction. As
indicated in Fig. 2, the basal affinity of β-arrestin for the receptor enables it to compete with
G protein even before agonist binding. However, because the affinity is relative low, nearly
no GPCR signaling is mediated by β-arrestin at that time. After agonist binding, G protein-
independent receptor phosphorylation (52) can initiate the G protein-independent β-arrestin
signaling. After G protein activation, the receptor phosphorylation (both G protein-
dependent and -independent), the phosphorylation-induced uncoupling of G protein from
receptor complex (64,65) and G protein dissociation (66) can initiate the G protein-
dependent β-arrestin signaling.

Receptor phosphorylation can be mediated by GRKs (67). GRK1, 4 and 7 are expressed
specific regions, while GRK2, 3, 5 and 6, are ubiquitously expressed as reviewed (68).
GRK2/3 are cytosolic protein and their activation requires the membrane targeting and free
Gβγ subunits (69,70). In contrast, GRK5/6 are membrane-associated proteins (68). Thus the
ability of GPCR agonists to activate different GRKs may also contribute to the competition
between G protein and β-arrestin.

3.3 Interactions with lipids
As seven-transmembrane receptors, the functions of GPCRs associate tightly with cell
membrane, where the protein-lipid interaction is numerous.

3.3.1 Lipid raft microdomains—Although the concept of lipid raft is still controversial,
lipid raft (or the cholesterol-rich microdomain) regulates the signaling of several GPCRs,
such as gonadotropin-releasing hormone receptor, type-1 cannabinoid receptor, α1-
adrenergic receptor, NK1 receptor, and opioid receptors (71). The lipid raft is enriched with
cholesterol, sphingomyelin, gangliosides and various signaling proteins, including
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heterotrimeric G proteins, adenylyl cyclase (AC) and Src kinases (71,72). It provides an
environment in which GPCRs interact freely with a selective set of signaling molecules to
execute their functions (50,71). As lipid raft markers, G proteins especially the Gα subunits’
location in the lipid raft microdomains is determined by the palmitoylation and
myrisitoylation on their N-termini (72,73). Through the precoupling of G protein, GPCR can
be anchored in the lipid raft (50). If β-arrestin uncouples G protein from receptor complex,
the GPCR may diffuse to non-raft fractions preceding the endocytosis of the receptor (50).
In addition, the enriched signaling molecules in the lipid raft will favor the signaling
mediated by G protein, but not that mediated by β-arrestin, because the majority of β-
arrestin signaling (ERK phosphorylation) is dependent on its scaffold function. Therefore
the size of lipid raft microdomain will influence the competition between G protein and β-
arrestin.

3.3.2 Cholesterol—Cholesterol is an essential component for lipid raft: the regulatory
roles of lipid raft on GPCR signaling are identified by disrupting lipid raft with cholesterol
lowering chemicals (71,72). However, cholesterol also participates in other aspects of
GPCRs’ functions. Cholesterol not only stabilizes the crystallization of β2-adrenerfic
receptor, but also has been found in the interface of two β2-adrenerfic receptor molecules
(44). Thus cholesterol (not the cholesterol in lipid raft because it locates between two
receptors) has been suggested to facilitate the dimerization of GPCRs. Because the
intracellular interface seems to be too small for GPCR monomer to interact with the
heterotrimeric G protein molecule (74), therefore the dimerization of GPCRs facilitates the
interaction between receptor and G protein. Cholesterol, therefore, may facilitate receptor-G
protein interaction by contributing to the stability of receptor dimers. Considering the
possible interaction between monomer GPCR and G protein (75), cholesterol may also
participate in the direct interaction between G protein and receptor.

3.3.3 Palmitoylation—Receptor palmitoylation is also involved in regulating the agonist-
selective signaling. Cholesterol identified in the crystal structure of β2-adrenerfic receptor
interacts with the palmitic acid covalently linked to the receptor (44). Because G proteins are
also highly palmitoylated in their N-terminuses (63,76), cholesterol molecules may bridge
the receptor and G proteins by interacting with the palmitic acids linked to these two
proteins in a manner similar to how cholesterol bridges the two β2-adrenergic receptors.

In addition, palmitoylation targets the receptors to the correct membrane location (77),
where GPCRs interact with G protein. Palmitoylation-dependent receptor-G protein
interaction is observed with both β2-adrenergic receptor (78) and M2 muscarinic
acetylcholine receptor (79), whereas negative responses have also been observed with the
α2A-adrenergic receptor (80) and dopamine D1 receptor (81) .

4. Future Direction
Although the agonist-selective signaling has been reported extensively, several questions
need further investigation. The agonist-selective signaling has been suggested to result from
the different conformational changes of receptor. That is, agonists induce different kinds of
conformational changes of receptor that are required for the activation of different
downstream signaling pathways. The correlation among agonists, conformational changes
and signaling pathways needs to be identified. The crystal structure of agonist-binding
receptor will provide information for the correlation.

In addition, by comparing the different agonists of one particular GPCR, the understanding
of agonist-selective signaling will be further improved. Although the number of signaling
pathways is large, it is not necessary to test all the signaling pathways. For example, the
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ability of agonist to induce receptor phosphorylation can indicate the abilities of agonists to
induceβ-arrestin recruitment and to active β-arrestin-related signaling. Thus, the examination
of β-arrestin-dependent pathway signaling will reflect the degree of receptor
phosphorylation and subsequent cellular events triggered by receptor phosphorylation.

However, understanding the agonist-selective signaling should not be the final goal, the
downstream effects, especially the downstream effects in vivo, of agonist-selective signaling
has significant implication. As discussed, the regulations on gene expression,
posttranscriptional modification and cellular location of the activated proteins may form the
basis for the agonist-selective signaling and the agonist-selective physiological responses in
vivo. Subsequent agonist-selective physiological responses in vivo stemming from agonist-
selective signaling would affect the eventual outcome of GPCR activation. Being viable
drug targets, agonist selective signaling in GPCRs will have significant impact in future
drug development.
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DAMGO [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin

ERK extracellular signal-regulated kinase

GPCR G protein-coupled receptor

GRK G protein-coupled receptor kinase

IL intracellular loop

PLA2 phospholipase A2

PLC phospholipase C

PKC protein kinase C
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Figure 1. Schematic representation of agonist-selective signaling
Agonist I and II exhibit differential efficacies in pathway A and B. The “Full Agonist” and
“Neutral Antagonist” were used to indicate the different “intrinsic efficacies” of these
agonists on the two pathways. Also, they can be “Partial Agonist” or “Inverse Agonist”.
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Figure 2. Schematic diagram of the competition between G protein and β-arrestin
“G” and “Phos” were used to represent G protein and phosphorylation of GPCR,
respectively.

Zheng et al. Page 14

IUBMB Life. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


