






growth factor to transactivate EGFR (Noma et al., 2007). It
is noteworthy that a �-arrestin-dependent mechanism for
transactivation of EGFR by AT1aRs, has been reported re-
cently after activation of endogenously expressed angiotensin
receptors in vascular smooth muscle cells (Kim et al., 2009).

Ligand-Directed Signaling at Adrenergic
and Angiotensin Receptors

As the pluridimensional efficacy of receptors in the �-ad-
renergic and angiotensin receptor signaling pathways has
been dissected, interest has grown regarding the possibility
of selectively activating the different pathways with cur-
rently available or novel ligands. The functional selectivity of
different ligands has been evaluated by screening a variety of
compounds for the �-adrenergic receptors. Baker et al. (2003)
showed the agonist and inverse agonist (defined as a de-
crease in basal or constitutive activity after ligand binding)
response to �2AR activation with a series of ligands using
isoproterenol as a reference compound. Despite a significant
decrease in cAMP production (inverse agonist effect), certain
ligands (in particular the traditional �AR antagonist pro-
pranolol) demonstrate increased cAMP response element-
mediated transcription and MAP kinase activation (Baker et
al., 2003). In a similar set of experiments involving the stim-
ulation of �1AR and �2AR with a variety of traditional an-
tagonists, Galandrin and Bouvier (2006) identified complex
“efficacy profiles” for both receptor types. For the �1AR,
carvedilol, bucindolol, and labetalol activate both adenylyl
cyclase and ERK pathways to varying degrees, with carve-
dilol having the greatest ERK signaling among traditional
�-blockers (Galandrin and Bouvier, 2006). For the �2AR, the
same three agents demonstrate both cAMP and ERK activity
but with variable efficacy. Although these initial screening
studies did not directly evaluate the mechanism of ERK
activation and role of �-arrestin as a critical signaling mole-
cule in the activation of the ERK pathway, more recent
investigations have examined the ability of ligands to recruit
�-arrestin and activate ERK in a “�-arrestin-biased” fashion
(Wisler et al., 2007; Kim et al., 2008).

�-Arrestin Bias and Ligand-Directed Signaling through
GPCRs. Using fluorescence resonance energy transfer
(FRET) to quantify the magnitude of �-arrestin recruitment
to �2ARs, a number of traditional �2AR agonists were found
to exhibit variable efficacies for �-arrestin recruitment to the
receptor (Drake et al., 2008). By comparing the ratio of cAMP
generation with the rate and magnitude of �-arrestin recruit-
ment to the �2AR, Drake et al. (2008) were able to calculate
a ligand-specific �-arrestin “bias factor.” Based on this bias
factor, three of the ligands, ethyl-norepinephrine, isoeth-
arine, and n-cyclopentylbutanephrine, show the greatest
�-arrestin bias (Fig. 3). In a related study, a series of tradi-
tional �AR antagonists were also evaluated for relative G
protein and �-arrestin-mediated signaling (Wisler et al.,
2007). Of 17 ligands tested, only carvedilol demonstrated a
unique signaling profile of negative efficacy for Gs-dependent
adenylyl cyclase activation, although still weakly promoting
�-arrestin recruitment, internalization, and activation of
ERK signaling. Carvedilol and alprenolol are also able to
promote �1AR-mediated EGFR transactivation that occurs
through the recruitment and activation of �-arrestin as
shown in both in cell culture and murine myocardium (Kim

et al., 2008) (Fig. 4), suggesting that this could be a primary
mechanism for �1AR ligand-induced ERK activation in the
heart (Noma et al., 2007; Kim et al., 2008). Although these
data suggest that measuring different signaling events
downstream of a single ligand-receptor interaction can give
clues to the degree of selective activation, it is important to
note that the optimal means for quantifying ligand-directed
“bias” for a GPCR ligand is undetermined, but remains an
active field of research in receptor pharmacology (Kenakin,
2005, 2009; Kenakin and Miller, 2010; Rajagopal et al.,
2010). A major challenge is the parallel activation of a sig-
naling pathway by multiple upstream effectors and inter-
preting this signaling product as a measure of functional
selectivity. An example is MAP kinase signaling that can be
activated by G protein, Src activation, and �-arrestin, al-
though the relative contribution may be different based on
the ligand used for activation. As the field moves forward,

Fig. 3. Identifying �-arrestin-biased ligands. Using FRET-based assays,
Drake et al. (2008) identified ligands for the �2AR that were able to
activate G protein activity and recruit �-arrestin in a robust fashion. By
calculating the ratio of �-arrestin recruitment to cAMP generation, they
defined ligand-specific bias factors. cAMP generation was measured us-
ing a modified Epac molecule in a FRET-based assay (indicator of cAMP
using Epac). Upon binding cAMP, this Epac molecule changes conforma-
tion, resulting in a loss of basal FRET signal. GRK activity was derived
from �-arrestin recruitment to the receptor by measuring the FRET
signal generated when yellow fluorescent protein-tagged �-arrestin in-
teracted with cyan fluorescent protein-tagged receptor. [Reproduced from
Drake MT, Violin JD, Whalen EJ, Wisler JW, Shenoy SK, and Lefkowitz
RJ (2008) beta-arrestin-biased agonism at the beta2-adrenergic receptor.
J Biol Chem 283:5669–5676. Copyright © 2008 American Society for
Biochemistry and Molecular Biology. Used with permission.]
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experimental evidence will have to show ligand-specific effi-
cacy profiles for multiple measures, including intermediate
proteins upstream of an effector protein such as MAP kinase.

Conformational Changes in GPCRs and
Ligand-Directed Signaling

Current concepts support the notion that ligands such as
carvedilol can induce unique conformations within the �AR
that decrease G protein coupling while promoting selective
GRK phosphorylation and �-arrestin-mediated signaling. In
fact, ligand-induced changes in receptor conformation have
been directly studied using a modified �2AR with fluoro-
phores ligated to the C terminus and to a cysteine residue in
the sixth transmembrane region (Granier et al., 2007). Using
this reporter, the Kobilka group has shown that different
ligands induce variable changes in receptor conformation
involving the C terminus (Granier et al., 2007). More specif-
ically, ligands known to activate �-arrestin-mediated MAP
kinase signaling (i.e., isoproterenol and epinephrine) seem to

induce a unique conformation at the proximal C-terminal tail
compared with ligands that do not mediate �-arrestin-medi-
ated signaling (Ghanouni et al., 2001; Granier et al., 2007).

The AT1aR has also been shown to be subject to ligand-
directed signaling by using an analog of AngII known as SII
AngII (Wei et al., 2003). SII is a synthetically generated
compound that does not induce G protein activity when
bound to the AT1aR but maintains the capacity to recruit
�-arrestin. Therefore, binding of SII to the receptor results in
no G protein-mediated protein kinase C (PKC) activation but
a robust �-arrestin-dependent ERK signaling response (Wei
et al., 2003; Ahn et al., 2004). In the heart, treatment with
SII leads to ERK signal transduction and enhanced myocyte
contractility (Rajagopal et al., 2006; Aplin et al., 2007). Un-
like �-blockers, however, none of the currently available an-
giotensin receptor blockers (ARBs) have demonstrated bias
(R. J. Lefkowitz, unpublished data). It is noteworthy that
recent investigation has shown that membrane stretch can
induce �-arrestin-biased signaling of the AT1aR in the ab-

Fig. 4. Carvedilol and alprenolol stimulate EGFR transactivation. After screening more than 20 classic antagonists for the �1AR, only carvedilol and
alprenolol were able to induce internalization of the EGFR in a manner similar to agonist stimulation of the �1AR or direct activation of EGFR (white
arrows). This process of transactivation was found to be �-arrestin dependent and highlights the need to evaluate the modulation of other potentially
beneficial pathways by classic antagonists of the �ARs and AT1AR. Experiments shown were performed in human embryonic kidney 293 cells.
[Adapted from Kim IM, Tilley DG, Chen J, Salazar NC, Whalen EJ, Violin JD, and Rockman HA (2008) Beta-blockers alprenolol and carvedilol
stimulate beta-arrestin-mediated EGFR transactivation. Proc Natl Acad Sci USA 105:14555–14560. Copyright © 2008 National Academy of Sciences,
U.S.A. Used with permission.]
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sence of ligand (Rakesh et al., 2010). Both in cell culture and
an ex vivo murine heart model, mechanical stretch of a cell
overexpressing the AT1aR resulted in ERK activation. This
response was inhibited by �-arrestin knockdown in the cell or
repeating the experiment in hearts from �-arrestin knockout
mice. These findings were exclusive to the AT1aR (and not seen
with the �1ARs) and suggest that this receptor can adopt a
conformation when stretched that promotes �-arrestin-medi-
ated signaling. Further investigation into the conformational
changes induced by agents such as SII and mechanical stretch
of the receptor may facilitate the development of biased AT1aR
ligands.

Receptor-Mediated Functional Selectivity
at Adrenergic Receptors and Angiotensin

Receptors
With evidence accumulating that ligand-induced receptor

conformation plays a pivotal role in signaling, receptors with
structural modifications that activate only certain pathways
provide a valuable tool for elucidating the mechanisms that
account for pluridimensional efficacy. Shenoy and others
used evolutionary trace analysis to rationally modify the
�2AR amino acid residues at positions 68 (threonine), 132
(tyrosine), and 219 (tyrosine) to generate a mutant receptor
known as �2AR TYY (Shenoy et al., 2006). Cellular studies
using �2AR TYY demonstrate uncoupling of the receptor
from its G protein and subsequently no cAMP production
upon stimulation (Shenoy et al., 2006). Remarkably, this
genetically engineered receptor maintains the ability to re-
cruit �-arrestin and induce ERK signaling but with modified
kinetics compared with the wild-type �2AR. The increase in
phosphorylated ERK seems to peak later than that seen upon
stimulation of wild-type �2ARs, is absolutely sensitive to
siRNA targeting �-arrestin, and is enhanced with GRK 5/6
overexpression. These findings suggest further that activa-
tion of �-arrestin-mediated signaling requires specific GRKs
to modify the receptor and promote signaling.

Mutations in the AT1 receptor by modification of the con-
served sequence Asp125-Arg126-Tyr127 to Ala125-Ala126-Tyr
(Gáborik et al., 2003) have also been engineered and lead to a
receptor (DRY/AAY) with abolished G protein signaling that is
also still able to recruit �-arrestin and mediate ERK signaling
(Wei et al., 2003). ERK signaling is not sensitive to the PKC
inhibitor 2-[8-(aminomethyl)-6,7,8,9-tetrahydropyrido[1,2-a]in-
dol-3-yl]-3-(1-methylindol-3-yl)maleimide (R031-8425) but is at-
tenuated by siRNA-mediated �-arrestin knockdown. Consistent
with prior data regarding �-arrestin-mediated ERK activation,
activation of this receptor does not lead to nuclear localization of
ERK (Ahn et al., 2004) or an increase in transcriptional activity
(Gáborik et al., 2003).

Although a naturally occurring or engineered �1AR mu-
tant that displays similar activity has not yet been described,
another �1AR mutant (GRK� �1AR) that has disrupted GRK
phosphorylation sites and is therefore unable to recruit �-ar-
restin has proven useful in understanding �-arrestin-medi-
ated ERK signaling in the heart (Noma et al., 2007). Indeed,
transgenic mice overexpressing the �1AR mutant GRK-

�1AR, which cannot transactivate EGFRs, develop worse
cardiac dysfunction and increased myocyte apoptosis in re-
sponse to long-term catecholamine stimulation. In addition
to implicating EGFR transactivation as a protective mecha-

nism in the development of heart failure, this study empha-
sizes the importance of receptor-based functional selectivity
in modifying disease states and provides impetus for devel-
oping novel therapeutics that selectively activate antiapop-
totic signaling.

Physiological Implications of Biased Agonists for
the GPCRs. The discovery and development of biased ago-
nists for the �ARs and AT1aR seems possible given the
encouraging data with �-arrestin-biased receptors and li-
gands described above. However, we are only at the prelim-
inary stages of fully understanding the complex nature of
�-arrestin as an adaptor protein for cellular signaling. In
addition, it will be important to examine other non-�-arres-
tin, non-G protein-mediated signaling pathways that are dif-
ferentially influenced by GPCR ligands with respect to im-
portant physiological outcomes and adverse effect profiles.
For example, transgenic mice with cardiac-specific expres-
sion of an AT1aR mutant containing a modified second in-
tracellular loop (leading to G protein uncoupling) show in-
creased hypertrophy and decreased cardiac function in
response to long-term AngII infusion compared with animals
overexpressing the wild-type AT1aR (Zhai et al., 2005). Upon
histological analysis, the wild-type AT1aR animals demon-
strate increased fibrosis and apoptosis compared with mice
expressing the mutant receptor, suggesting a progrowth bias
driven by the mutant receptor (Zhai et al., 2005). These data
highlight the importance of considering the balance and reg-
ulation of different signaling pathways downstream of a
GPCR.

�-Arrestin: a Scaffold for Functional
Selectivity in Adrenergic and Angiotensin

Signaling
In the preceding sections, we have described the complex

interplay between receptor structure, ligand binding, recep-
tor phosphorylation, and conformational changes that under-
lie the functional selectivity of the �1AR, �2AR, and AT1aR.
In the model described above, selective changes in receptor
conformation induced by GRK-specific phosphorylation lead
to variable efficacy of �-arrestin recruitment to the receptor
and a resultant change in �-arrestin-mediated signaling
(Shukla et al., 2008). Although this model changes the tra-
ditional paradigm of receptor signaling, recent evidence high-
lights another layer of complexity at the level of the multi-
functional �-arrestin protein. With the emerging concept of
this protein as a scaffold for other enzymes, Shukla and
others have evaluated conformational changes in the �-ar-
restin molecule using a novel intramolecular biosensor
(Charest et al., 2005; Shukla et al., 2008). In studies using
the biased AT1aR ligand SII, Shukla et al. (2008) show that
SII induces conformational changes in the �-arrestin mole-
cule that differ from those induced by angiotensin or the
traditional ARB valsartan. The conformational change in-
duced by SII (measured as a change in orientation between
the C and N termini of �-arrestin) is similar to that observed
with the �-arrestin biased receptors �2AR TYY and AT1aR
DRY/AAY (Shukla et al., 2008) upon stimulation with ISO
and AngII, respectively. Although the impact of selective
GRK-mediated receptor phosphorylation on �-arrestin con-
formation has not been directly studied, the sites of receptor
phosphorylation may have important implications for the
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ultimate conformation adopted by this protein and for cellu-
lar signaling. For example, ligand-dependent effects of the
receptor mediated by GRKs 5 and 6 seem to be associated
with physiological consequences different from those medi-
ated by GRK 2 (Kim et al., 2005; Noma et al., 2007). The
conformations adopted by �-arrestin after phosphorylation of
a given receptor (i.e., �1AR) by a specific GRK (i.e., GRK 5)
have yet to be fully defined, but these may be key determi-
nants in propagating non–G protein-mediated signaling via
the GPCRs.

�-Arrestin as a Multifunctional Regulator of GPCR
Signaling. There is mounting evidence that �-arrestin con-
formation is an important regulatory factor in determining
the proteins that the molecule recruits. One such example is
a recent study by Mangmool et al. (2010), which shows that
activation of the �1AR induces a conformational change in
�-arrestin that promotes a stable complex between �-arres-
tin, Ca2�/calmodulin kinase II (CaMKII) and the cAMP-de-
pendent guanine-nucleotide exchange factor (Epac). The
association of �-arrestin with the �1AR stabilizes a �-arres-
tin-CaMKII-Epac complex and promotes CaMKII signaling
(Mangmool et al., 2010). It is noteworthy that this �-arrestin
conformation and stable complex are not formed after acti-
vation of the �2AR, despite an equivalent amount of �-arres-
tin recruitment to both �ARs. Moreover, by using �AR chi-
meras (i.e., �2AR with �1AR C-terminal tail), it was shown
that the C terminus of the �1AR contains structural ele-
ments that promote �-arrestin mediated CaMKII signaling
(Mangmool et al., 2010). In this case, �-arrestin provides a

scaffold for CaMKII signaling by effectively bridging G pro-
tein signaling (cAMP activation of Epac) with CaMKII to
promote this cascade after �1AR stimulation (Fig. 5).

The multifunctional roles of �-arrestin also seem to have
an impact beyond the level of the receptor. For example,
using a mass spectrometry-based proteomics approach, Xiao
et al. (2007) have discovered a multitude of proteins inter-
acting with �-arrestin in the basal state and after stimula-
tion of the AT1aR. Of the greater than 300 proteins found to
interact with �-arrestin, proteins involved in cellular signal-
ing such as kinases, phosphatases and nucleic acid binding
proteins are highly represented in the “�-arrestin interac-
tome.” This study underscores the pivotal role of �-arrestin in
cellular physiology, and future research will undoubtedly
examine differences in the interactome upon activation of
�-arrestin-biased receptors and ligands.

Polymorphic Variation in Adrenergic
and Angiotensin Receptors

As data continue to accumulate regarding the functional
selectivity of the angiotensin and adrenergic receptors, inter-
est has grown in the pluridimensional efficacy of naturally
occurring human receptor mutants. Indeed, a better under-
standing of the selectivity of these mutants for a particular
signaling pathway could lead to unique functional selectivity
profiles for different ligands, which could lead to differential
drug selection based on a patient’s genotype. For example, a
ligand for the �1AR may induce greater biased-�-arrestin

Fig. 5. �-Arrestin scaffolds CaMKII. A, using �AR chime-
ras (i.e., �2AR with �1AR C-terminal tail), Mangmool et al.
(2010) show that the c-terminal of the �1AR is the key
regulatory component that promotes �-arrestin mediated
CaMKII signaling upon ligand stimulation. B, a schematic
representation for �-arrestin as a stable scaffold for
CaMKII signaling by effectively recruiting Epac and
CaMKII to promote this signaling cascade at the �1AR.
The unique conformation adopted by �-arrestin upon inter-
action with GPCRs and the subsequent downstream
events warrant further study [Reproduced from Mang-
mool S, Shukla AK, and Rockman HA (2010) beta-Arres-
tin-dependent activation of Ca(2�)/calmodulin kinase II
after beta(1)-adrenergic receptor stimulation. J Cell Biol
189:573–587. doi:10.1083/jcb.200911047 Copyright © 2010
Rockefeller University Press. Used with permission.]
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signaling for one �1AR genetic variant compared with an-
other, potentially leading to different clinical efficacies.

Using a FRET-based biosensor, one study has demon-
strated in vitro variability in the response of human �1ARs
to agonist stimulation and different inverse agonists (Roch-
ais et al., 2007). The R389G polymorphism of the human
�1AR lies in the putative Gs binding region and may regulate
G protein-mediating signaling (Mialet Perez et al., 2003). In
this study, the Arg389 variant demonstrated greater sensi-
tivity to carvedilol than the Gly389 variant with regard to
inhibition of G protein signaling, a difference not seen with
other inverse agonists. The Arg389 variant has also been
implicated in decreased infarct size in an experimental model
of myocardial infarction (Akhter et al., 2006), possibly
through an increase in MAP kinase signaling. Because this
polymorphism is a common variant, it has been examined in
population-based studies and post hoc analyses of random-
ized controlled trials of �-blockers. Despite these analyses,
which also include other common polymorphisms such as the
serine to glycine variant at position 49 in the �1AR (S49G)
and �2AR variants (G16R and Q27E), no consensus has been
reached regarding the effects of these mutations on the nat-
ural history of disease or pharmacogenomic interactions
(Lanfear et al., 2005; Shin et al., 2007; Sehnert et al., 2008).

Others have examined the role of sequence variations in
GRKs in human heart failure. A polymorphism in GRK 5
(GRK5-Leu41) resulted in more uncoupling of G protein ac-
tivation than the GRK 5-Gln41 variant and protected against
catecholamine-induced cardiomyopathy in transgenic mice
(Liggett et al., 2008). In a human association study reported
in the same article, carriers of this polymorphism who have
heart failure seem to have lower mortality and greater free-
dom from cardiac transplantation. Similar evaluation has
been performed with the human AT1aR polymorphism
A1166C, which demonstrates increased vasoconstrictor ac-
tivity in patients with hypertension (Amant et al., 1997;
Spiering et al., 2000). Only one small pilot study has demon-
strated a beneficial interaction between the ARB candesar-
tan and this polymorphism (de Denus et al., 2008). However,
no rigorous in vitro or in vivo evaluation of these polymor-
phisms has included an assessment of G protein-independent
MAP kinase signaling.

Future Challenges for Defining Functional
Selectivity of Ligands

As progress is made using the currently available data to
develop and test biased ligands for the �ARs and AT1aR, we
anticipate a number of challenges in defining functional se-
lectivity. As evidenced in the preceding sections and summa-
rized in a recent article by Rajagopal et al. (2010), multiple
assays have been used to define relative G protein and �-ar-
restin activation. Although the development of biased ligands
will certainly begin at the biochemical and cellular level, we
must also work to define which assays will translate into
physiological effects. Factors that may play a role in differ-
ences between experimental systems and animal/human sub-
jects include ligand concentration, receptor expression level,
and the activity/expression of certain effector proteins (i.e.,
variable GRK isoform expression in target tissues).

Furthermore, it is important to remember that a single
receptor-ligand combination can activate a downstream ef-

fector using multiple pathways and activate signaling path-
ways not identified by the assay being used. Therefore, the
relative contribution of these multiple signaling pathways
will have to be quantified before the functional selectivity of
a ligand can be confidently defined. In addition to assessing
intermediate proteins in different signaling cascades, it is
likely investigators will rely on computational systems biol-
ogy techniques to predict in quantitative manner the full
complement of proteins activated by various ligands. This
has been accomplished recently for the AT1aR, in which
unique phosphoproteins were identified after activation by
the �-arrestin biased ligand SII that were not seen with ATII
stimulation (Christensen et al., 2010; Xiao et al., 2010). Com-
putational analysis of these mass spectrometry-derived data
revealed multiple novel pathways that could be activated via
�-arrestin (Xiao et al., 2007). Use of such technology will
likely contribute to and expedite the development of biased
ligands.

Summary
The emerging concept of functional selectivity has led to

exciting new discoveries about the signaling pathways regu-
lated by GPCRs. Of particular interest has been the finding
that GPCR signaling can interact with other cellular path-
ways via mechanisms that were once believed to desensitize
the receptors and inhibit downstream activity. GRKs and the
multifunctional �-arrestins seem to be critical components of
the interaction between GPCRs (such as �ARs and AT1aR)
and other signaling cascades such as the MAP kinase path-
way. Because �ARs and AT1aRs are targets for therapeutics,
there is growing interest in the development of the next
generation of drugs to selectively antagonize maladaptive
signaling while simultaneously augmenting beneficial path-
ways. In addition, naturally occurring mutations of these
receptors/kinases may demonstrate varying efficacy toward
different pathways. This phenomenon has major implica-
tions for future targeted therapy with existing and novel
drugs directed at the adrenergic and angiotensin receptors.
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