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Biased Agonism of the Angiotensin Il Type 1 Receptor
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Abstract: G protein-coupled receptors (GPCRs) can be activated by multiple ligands and exhibit the capacity to couple to
numerous intracellular signal transduction pathways. This property allows GPCRs to be modulated by biased agonists that
selectively activate specific subsets of GPCR-regulated cellular signaling proteins. The angiotensin Il type 1 receptor
(AT1R) is a GPCR that endogenously binds to the peptide ligand angiotensin 1. More recently it has been demonstrated
that a modified peptide, [Sar'l-le*-11e®]-angiotensin 11 (SII) acts as a biased agonist towards the AT;R. SII binds to the
AT R without promoting heterotrimeric G protein-coupling, but serves to link the receptor to the beta-arrestin-dependent
activation of the mitogen activated protein kinase pathway. The present mini-review summarizes current knowledge
regarding the role of biased agonists in stimulating biased ATR signaling.
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INTRODUCTION

The angiotensin 11 type 1 receptor (AT:R) is a member of
the G protein-coupled receptor (GPCR) superfamily. The
binding of angiotensin Il (Angll) to the AT:R causes a
conformational change which allows for coupling of the
receptor to a heterotrimeric G protein, G-alpha(q), but the
AT R can also couple to G-alpha(i) and G-alpha(12/13) [1].
G-alpha(qg) activates the enzyme phospholipase C-beta (PLC-
beta), which hydrolyses phosphoinositol 4,5-bisphosphate
(PIP;) leading to the production of inositol 1,4,5-
trisphosphate (IPs) and diacylglycerol (DAG). Both of these
enzymatic products act as intracellular second messengers.
IP; binds to its receptor in the endoplasmic reticulum,
causing the release of Ca>* from intracellular stores thereby
increasing intracellular Ca”* levels. This increase in
intracellular Ca** along with DAG activates protein kinase C.
Stimulation of the AT;R also activates other signaling
cascades, such as the mitogen-activated protein kinase
(MAPK) pathway which requires extracellular regulated
kinase 1/2 (ERK1/2) phosphorylation by mitogen activated
kinase kinase (MEK). It has now been established that AT;R
activates ERK1/2 by multiple pathways G protein-dependent
and -independent pathways (Fig. 1). ERK1/2 activation is
mediated by G-alpha(q), beta-arrestin 2, tyrosine kinases and
epidermal growth factor receptor transactivation [2, 3, 4].
Although the function of beta-arrestin in regulating the
desensitization of the AT:R is well documented, beta-arrestin
2 is now recognized to play a role in AT;R-mediated
ERK1/2 activation. Beta-arrestin 2 interacts directly with
both Rafl and ERK1/2 and functions as a scaffold for the
recruitment of the Rafl/MEK/ ERK1/2 to the AT:R [2, 5, 6].
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The internalized AT:R/beta-arrestin 2 complex is also found
to be colocalized with ERK1/2 in early endosomal vesicles
[2]. Targeting of ERK1/2 to endosomes prevents the nuclear
translocation of ERK1/2 and ERKL/2-mediated gene
transcription [5, 7, 8, 9]. In the absence of beta-arrestin 2
expression, the AT;R primarily activates ERK1/2
phosphorylation via the activation of PKC [3, 9].

The fact that the AT;R couples to both G protein-
dependent and -independent mechanisms for the activation
of downstream signaling cascades raises the question: are
each of these cascades equally activated by agonist
stimulation or do some ligands preferentially activate G
protein-dependent versus -independent signaling cascades?
This question can be addressed by the use of biased agonists.

Biased agonism has been defined as the property of a
ligand to stabilize a conformation of a GPCR that
preferentially activates a specific set of downstream effector
proteins [10]. GPCRs exist in multiple tertiary conformations
in assembly with other proteins. Some of these
conformations can be termed ‘active states’, allowing the
receptor to activate downstream signaling molecules [11].
Upon the binding of a biased agonist, the receptor adopts a
conformation most highly stabilized by that particular
agonist at the expense of other conformations, and results in
the coupling of the receptor to a specific subset of effectors
[11]. In the absence of a ligand, GPCRs reside in a
predominantly inactive conformation that is uncoupled from
the activation of heterotrimeric G proteins. A full agonist,
such as angiotensin Il (Angll), elicits a change in receptor
conformation to an active state that couples the receptor to
heterotrimeric G proteins, which results in the recruitment of
beta-arrestin and activates multiple signaling pathways. One
or more receptor conformational states exists in between
these two states that facilitates GPCR coupling to specific
effector proteins, but do not necessarily require
heterotrimeric G protein-coupling. It has been proposed that
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Fig. (1). Angiotensin Il induced signalling of the AT;1R. Angll binds to the AT:R which induces a conformational change allowing for the
interaction of receptor with G-alpha(q). G-alpha(q) activates phospholipids C-beta (PLC-beta) which hydrolyses the membrane
phospholipids, phosphoinositol-4,5 bisphosphate (PIP,) to produce inositol-1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds to
the IP3 receptor (IPsR) in the endoplasmic reticulum (ER) to cause the release of Ca*. The production of DAG along with increases in
intracellular Ca®" activates protein kinase C (PKC). PKC translocates from the cytosol to the plasma membrane where it phosphorylates
AT1R and other targets. AT;R activation of G-alpha(q) proteins leads to activation of protein kinase C-zeta (PKC-zeta) which in turn leads to
phosphorylation of ERK1/2 by mitogen activated kinase kinase (MEK). This phospho-ERK1/2 translocates to the nucleus to activate
transcription. Beta-arrestin 2 is recruited to activated AT;R, internalizing with the receptor and acting as a scaffold for ERK1/2. Beta-arrestin
2 causes a robust phosphorylation of ERK1/2, which is then retained in the endosome and antagonizes gene transcription.

signaling molecules interact with different regions of the
receptor, and that distinct receptor conformations will not be
uniformly coupled to downstream effectors, allowing for
biased agonism [11]. This property has been demonstrated
for AT,R, where the Angll analogue [Sar'l-le*-1le®]-AnglI
(SIl) antagonizes AT;R-mediated G protein-coupling, but
promotes the beta-arrestin 2-dependent activation of ERK1/2
[12, 13].

BIASED AGONISTS OF THE AT;R
[Sar-1le*-11e®]-Angiotensin |1

[Sar'l-le*-11e®]-Angll (SII) is an angiotensin receptor-
specific peptide ligand that will activate G protein-
independent signaling in the absence of AT,R coupling to G-
alpha(q) [13]. The substitutions of Asp* with scarcosine, Tyr*
and Phe® with isoleucines results in an Angll analogue that
retains binding affinity for AT:R, does not stimulate IP;
formation, does not effectively promote AT;R
phosphorylation, but activates ERK1/2 phosphorylation
[12,14]. The SII ligand allows for the distinction between G
protein-dependent and -independent signaling via the AT;R
and has been integral in determining numerous G protein-
independent signal mechanisms [7]. SII competes for binding
with Angll and has a binding affinity 187 times lower than
Angll [12]. Stimulation of the AT;R with SIlI causes

recruitment of beta-arrestin 2, but this is not as robust as that
observed for Angll stimulation. Sl also stimulates the beta-
arrestin-dependent phosphorylation of multiple proteins and
regulates gene transcription, as well as promoting the
internalization of AT{R [7] (Fig. 2).

SII stimulation of the AT;R expressed in HEK 293 cells
results in the plasma membrane recruitment of beta-arrestin
2 and promotes internalization of AT;R, as a complex with
beta-arrestin 2 [12,13]. The robust activation of ERK1/2
mediated by SII is abolished following siRNA down-
regulation of beta-arrestin 2, but not beta-arrestin 1 protein
expression [13]. A recent study using stable isotope labeling
of amino acid residues in cell culture, suggested that SIl and
Angll stimulation of the AT,R results in the phosphorylation
of differential subsets of downstream protein substrates [15].
Specifically, Christensen et al. [15] have demonstrated using
phosphopeptide enrichment and high performance mass
spectrometry that SII stimulation of the AT,R only
contributed to 36% of the phosphopeptides that are
phosphorylated in response to AT;R with Angll [15]. There
is also a striking difference in the protein kinases activated in
response to the stimulation of the AT,R by either Angll or
SIl. However, there does appear to be some overlap between
the kinases activated by Angll and SlI, with protein kinase D
(PKD) being activated by both G-alpha(q)-dependent and -
independent pathways [15].
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Fig. (2). [Sar*-1le*-1le’]-Angiotensin 11 induced signaling of the AT:R. Stimulation of the receptor with SII causes recruitment of beta-
arrestins and internalization of the receptor, however the receptor does not couple to G-alpha(q) proteins. Beta-arrestin 2 acts as a scaffold
for ERK1/2 signaling leading to an Sll-induced beta-arrestin-dependent ERK1/2 signal. SlI differs from Angll by substitution of Asp® with
scarcosine, Tyr* and Phe® with isoleucines, which results in a higher Kp value*?. Stimulation of AT;R by mechanical stretch causes
phosphorylation of AT:R by GRK5 and GRK6 and receptor internalization. Stretch activates ERK1/2 and causes phosphorylation and

transactivation of the epidermal growth factor receptor (EGFR).

Transcriptional regulation has traditionally been thought
to be mediated via a G protein-dependent mechanism.
However, using the peptide SlI, Christensen et al. [16] have
also demonstrated that G protein-independent signaling
represses gene transcription. The study indicates that AT;R-
mediated gene transcription is predominantly G protein-
dependent, whereas G protein-independent signaling
modified the expression of only a few genes which involves
the modification of the gene expression mediated by other
GPCRs. However, there is some transcriptional regulation
that is G protein-independent and SlI is found to activate
transcriptional regulators such as LARP, MIER and
TRIM33, all of which are known to be transcriptional
repressors. The cell death protein and translation suppressor,
PDCD4 is also phosphorylated in response to SlI. In
response to phosphorylation, PDCD4 translocates to the
nucleus and functions to repress AP-1-mediated gene
transcription by reducing levels of phosphorylated c-Jun
[17]. Transcriptional repression may also be due impart to
the phosphorylation of CAMKII125, which is phosphorylated
in response to SlI near the region of nuclear translocation,

potentially leading to its exclusion from the nucleus [15].
When gene regulation between SII and Angll treatment are
compared by microarray analysis, it is found that only 25
genes are regulated by SII out of the 212 genes that are
regulated by Angll [16]. The temporal dynamics of both SlI
and Angll stimulation of the AT;R also differ, as SllI-
mediated AT;R activation results in a delayed, but sustained
regulation of gene transcription, when compared to Angll
treatment.

Sl stimulation of the AT;R results in the
phosphorylation of three proteins that are linked to the
ubiquitin-protein degradation pathway, these are, calpastatin,
TRIM33 and PRAJA1 [15]. Thus, there is the potential that
these proteins play a role in the down-regulation of AT;R
expression. In addition, there are several proteins that are
phosphorylated in response to SllI activation that may
contribute to AT;R-mediated cytoskeletal regulation and
endocytosis including GIT1 and REPS1 and PACS1. GIT1 is
implicated in the regulation of Beta,AR endocytosis and
REPS1 is involved in the internalization and trafficking of
epidermal growth factor receptors [18, 19].
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Mechanical Stretch

Mechanical stretch leads to the activation of the AT;R
[20]. However, mechanical stretch selectively activates the
ERK pathway, but not G protein-dependent signaling, thus
displaying the properties of a biased agonist. Mechanical
stretch induces ERKZ1/2 phosphorylation in an AT:R-
dependent mechanism in the mouse heart. In the absence of
ligand, mechanical stretch also induces AT:R phospho-
rylation in a GRK5- and GRKG6-dependent manner and
promotes the internalization of the receptor. AT:R
phosphorylation as the consequence of stretch promotes the
recruitment of beta-arrestin and results in both the G protein-
independent phosphorylation of ERKZ1/2 and epidermal
growth factor receptor transactivation (Fig. 2). The effects of
stretch can be blocked by pretreatment with the AT:R
antagonist Losartan, indicating that stretch is mediating these
effects through the activation of the AT;R. These effects
were similar to those induced by the biased agonist Sl [20].

Cardiovascular Disease

Biased signaling may also provide a novel means for the
treatment of cardiovascular diseases. TVR120027 (Sar-Arg-
Val-lle-His-Pro-D-Ala-OH)  competitively ~ antagonizes
AT;R-mediated G protein signaling, but promotes beta-
arrestin recruitment leading to the activation of ERK1/2 [21].
In addition, the compound is found to increase
cardiomyocyte contractility, reduce mean arterial pressure
and increase cardiac performance.

CONCLUSIONS AND IMPLICATIONS

Biased agonism of the AT;R is achieved by use of either
the peptide ligand [Sar™-1le*-1le®]-Angll or by mechanical
stretch. Both theses stimuli lead to AT;R phosphorylation,
recruitment of beta-arrestin, internalization of AT:R and the
beta-arrestin-dependent activation of ERK1/2 [12, 13, 20].
The study of Sl has allowed for a better understanding of G
protein-independent signaling of AT;R, and has expanded
our view of how GPCRs function. The simplified view of
receptor activity states was that GPCRs existed in either an
inactive or an active conformation. We now know that
multiple conformations are possible and that these are
stabilized by ligands that have traditionally been thought to
function as either antagonists or inverse agonists to allow for
differential coupling to various down stream effector
molecules, selectively activating one or more pathways [11].
This property of the GPCR allows for the potential to either
activate or inhibit one signaling pathway, without affect to
the activity of alternative signaling pathways providing the
possibility for the development of more effective
pharmacological treatments for disease.
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ABBREVIATIONS

Angll =

ATiR =

angiotensin 11

angiotensin 1l type 1 receptor
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DAG = diacylglycerol

ER = endoplasmic reticulum

ERK = extracellular regulated kinase

HEK 293 = human embryonic kidney cells 293

GRK = G-protein-coupled receptor kinase

1P, = inositol 1,4,5-trisphosphate

MAPK = mitogen activated protein kinase

MEK = mitogen activated kinase kinase

PKC = protein kinase C

PKD = protein kinase D

PLC = phospholipase C

sl = [Sar'l-le*-1le®]-angiotensin II
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