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e  [B2-Adrenergic receptor (B2AR) forms homo- and hetero-oligomers.

e  B2ARs exist predominantly as dimers.

e  [B2AR facilitates cell surface delivery of otherwise poorly expressed receptors.
e Heterotropic interactions modulate signaling outputs from B2AR.

e [B2AR hetero-oligomers constitute very interesting target for future drugs.

Abstract

The B2-adrenergic receptor (B2AR) is the prototypic member of G protein-coupled receptors (GPCRs) involved in the production of
physiological responses to adrenaline and noradrenaline. Research done in the past few years vastly demonstrated that f2AR can form
homo- and hetero-oligomers. Despite the fact that currently this phenomenon is widely accepted, the spread and relevance of B2AR
oligomerization are still a matter of debate. This review considers the progress achieved in the field of B2AR oligomerization with focus
on the implications of the receptor-receptor interactions to B2AR trafficking, pharmacology and downstream signal transduction
pathways.

Abbreviations

AR, adrenergic receptor; AT1R, angiotensin |l type 1 receptor; Bk2, Rbradykinin type 2 receptor; BRET, bioluminescence resonance energy
transfer; cAMP, cyclic adenosine monophosphate; CB1R, cannabinoid type 1 receptor; Co-IP, co-immunoprecipitation; CREB, cAMP
response element binding protein; ER, endoplasmic reticulum; ERK1/2, extracellular-signal-regulated kinase %; FRAP, Fluorescence
recovery after photobleaching; FRET, fluorescence resonance energy transfer; GPCR, G-protein-coupled receptor; H, helix; HA,
hemagglutinin; M710R, murine 71 olfactory receptor; MAPK, mitogen-activated protein kinase; pOR, u opioid receptor; OTR, oxytocin
receptor; RET, resonance energy transfer; Rluc, Renilla luciferase; SDF-1, astromal cell-derived factor-1; SSTR5, somatostatin receptor 5;
TIRF-M, total internal reflection fluorescence microscopy; TM, transmembrane helix; T-tubule, transverse-tubular regions; YFP, yellow
fluorescent protein.

Keywords

Receptor mosaic, Receptorosome, Receptor-receptor interaction, Oligomerization interface, Beta-adrenoceptor

Disclaimer

This is a slightly polished and reformatted version of the following manuscript: Wnorowski A, Jozwiak K. Homo- and hetero-oligomerization
of B2-adrenergic receptor in receptor trafficking, signaling pathways and receptor pharmacology, which has been published in final form at
https://doi.org/10.1016/].cellsig.2014.06.016 (Cell Signal. 2014 Oct;26(10):2259-65. doi: 10.1016/j.cellsig.2014.06.016. Epub 2014 Jul
15).



https://doi.org/10.1016/j.cellsig.2014.06.016

Homo- and hetero-oligomerization of B2-adrenergic receptor in receptor trafficking, signaling pathways and receptor pharmacology,
Whnorowski et al. 2014

1 Introduction

The B2-adrenergic receptor (B2AR) is the prototypic member of
ubiquitous cell-surface proteins known as G protein-coupled
receptors (GPCRs) or seven transmembrane receptors. GPCRs
are capable of binding various types of ligands and thus
transduce and control signals related to multiple processes like
neurotransmission, metabolism, cell growth and immune
response. Traditional model of GPCR signaling is based on the
assumption that ligand binding and specific downstream
signaling events are mediated by activity of a monomeric
receptor, i.e. the ligand, receptor and G protein interact ina 1:1:1
stoichiometry. However, this model is currently deemed
oversimplified. Research done in recent years has revealed that
not only the activity of a particular class of G proteins is driven
by dimerization [1], but also the GPCRs themselves can directly
interact to form homo- and hetero-oligomers [2].

B2AR is involved in production of physiological responses to
adrenaline and noradrenaline. Several distinct signaling
pathways can be triggered upon activation of this receptor.
B2AR has been reported to couple predominantly with
stimulatory Gas and to a lesser extent with inhibitory Gai to
modulate the activity of adenylyl cyclase and mitogen-activated
protein kinases (MAPKs). Additionally, there is a growing list of
proteins directly interacting with PB2AR to produce
physiologically relevant outcomes in a G protein-independent
manner [3]. Particularly, the B-arrestin, scaffold protein involved
in desensitization of the receptor, has been identified as a potent
activator of MAPK cascade that does not require G protein
coupling [4]. B-Arrestin may also facilitate the recruitment of
additional signaling molecules to the intracellular moiety of the
receptor.

Oligomerization broadens the spectrum of potential
downstream signaling capabilities of PB2AR even further.
Outcomes of activation of oligomeric B2AR may exceed the
functional characteristics of the monomeric receptor and apply
to receptor trafficking, signaling pathways and receptor
pharmacology. The scope of this review is to underline the
implications of B2AR oligomerization and development in
techniques used to study this phenomenon.

2 Homo-oligomerization

First indirect pieces of evidence for the existence of B-
adrenergic receptor homodimers were obtained from
pharmacological studies, where negatively cooperative site-site
interactions occurred among BARs originated from different
tissues [5-7]. In hindsight, this was explained by the presence of
an additional ligand binding site resulting from receptor
dimerization [8]. Further indications for direct interactions
between the two B2ARs were acquired from immunoaffinity
chromatography [9] and transmission electron microscopy [10].
Experiments involving co-immunoprecipitation (Co-IP) of
differentially epitope-tagged receptors and western blot assays
also pointed toward the phenomenon of B2AR dimerization [11].
Co-expressed B2AR tagged with either c-myc or hemagglutinin
(HA) subjected to immunoprecipitation with anti-c-myc antibody
and subsequent blotting with anti-HA antibody enabled the

visualization of the receptor dimers composed of both c-myc and
HA-tagged protomers [11].

Despite the growing body of biochemical and functional
evidence supporting the notion that B2ARs form homodimers,
doubts arose over the relevance of these findings for living cells.
The main concern was that the solubilization and extraction of
highly hydrophobic receptors from the membrane might lead to
artifactual protein aggregation and false-positive results [12-
14]. To address this issue, bioluminescence resonance energy
transfer (BRET), a novel biophysical technique that was
previously used to examine interactions between the bacterial
circadian clock proteins [15], was utilized by Angers and
colleagues [13]. BRET approach is based on nonradiative
transfer of energy from luminescent donor protein to
fluorescent acceptor. Generally, the energy transfer occurs
when the donor and acceptor are 1 to 10 nm apart, thus allowing
assessment of the proximity between the interacting molecules
[16]. Constructs consisted of human B2AR fused with either
Renilla luciferase (Rluc) or yellow fluorescent protein (YFP) were
generated and tested for BRET occurrence at plasma membrane
of cultured cells delivering unambiguous confirmation on the
B2AR homodimer formation in intact cells [13].

In significance, these studies have not ruled out the possibility
that B2ARs form oligomers that are consisted of more than just
two protomers. Further research was to elucidate how large the
functional oligomers can be and whether only one particular
B2AR oligomer type exists or there is an equilibrium between
monomers and different types of oligomers. Fung and colleagues
employed fluorescence resonance energy transfer (FRET)
technique to gain more insight into the spatial arrangement and
number of B2AR protomers interacting within a single receptor
complex [17]. Purified B2ARs were modified with three different
small-molecular-weight fluorescent probes and embedded
within a lipid bilayer. Applied mathematical model explained that
the lower FRET saturative acceptor to donor ratio was the more
protomers were packed together into a single oligomer. The
authors anticipated that B2ARs exist predominantly as
tetramers; however, binding of an inverse agonist (ICl 118,551),
but not full agonist (isoproterenol) nor neutral antagonist
(alprenolol), induced formation of higher-order B2AR oligomers-
octamers [17]. On the other hand, introduction of Gs protein to
the system led to oligomer destabilization [17]. This may form a
premise supporting the notion that highly packed B2AR
assemblies constitute an inactive form of the receptor.

One has to bear in mind that the described resonance energy
transfer (RET) approaches rely on the exogenous overexpression
of the modified receptor in immortalized cells or receptor
reconstitution in artificial membranes. Therefore, the
experimental concentration of B2AR may considerably exceed
the expression of B2AR observed in native tissues. As a result,
excessive crowding of the receptor molecules at the membrane
could possibly lead to the detection of unspecific receptor
clusters that do not represent functional oligomers in
physiological conditions [18].

In fact, the possibility of RET occurrence due to random
collisions was intensively discussed in the literature [18-21].
This debate led to employment of novel techniques to study the
dynamics of oligomerization phenomenon. Fluorescence
recovery after photobleaching (FRAP), an optical technique that



Homo- and hetero-oligomerization of 32-adrenergic receptor in receptor trafficking, signaling pathways and receptor pharmacology,
Whnorowski et al. 2014

Fig. 1. Structure of human B2AR receptor homodimer. B2AR protomers are
presented as blue cartoon models. The transparent surface of the molecule is
shown for the protomer on the right. Majority of the dimerization interface is
constituted by ordered lipids: 6 cholesterol molecules (orange) and two
palmitic acid molecules (green) covalently linked to cysteine residues of the
respective protomers. Rendered based on PDB: 2RH1 [24].

examines two dimensional mobility of fluorescent probes, was
applied to measure the extent and stability of B2AR
oligomerization in cultured cells. During the typical FRAP
experiment the lateral diffusion of fluorescently-tagged
receptors to intentionally photobleached region of plasma
membrane is analyzed. Data obtained from this type of studies
indicated the existence of stable tetra- or pentamers of
composition unaffected by stimulation with agonist
(isoproterenol) or antagonist (propranolol) [22]. Recent study of
Calebiro and colleagues applied SNAP-tag labeling combined
with total internal reflection fluorescence microscopy (TIRF-M)
to track single receptor molecules at the surface of intact cells
and thus monitor changes in their spatial and temporal
organization [23]. Observation of individual receptors showed
that B2AR existed as a mixture of monomers, dimers and higher
order oligomers with the composition of receptor complexes
correlated with the receptor particles concentration at the
plasma membrane. At receptor density of 0.15-0.3 particle/pm?2
around 60% of the B2AR population was constituted by dimers
with remaining 40% being monomers. However, at higher
density (0.4-0.45 particle/um2) monomers and dimers were
accompanied by tri- and tetramers. Notably, receptor densities
observed in this study were comparable to the receptor
concentration in some cell lines endogenously expressing f2AR
[23].

In-depth analysis of receptor movement indicated that typical
B2AR oligomer lifetime is about 5 s long and occurs due to
combination of true receptor-receptor interactions and
transient collisions, with the contribution of the later component
of roughly 20%. Consequently, B2AR oligomerization appears to
be based on cycles of rapid binding, interaction and
disassociation of highly dynamic protomers [23].

2.1 Oligomerization interface

High-resolution crystal structure of an engineered human B2AR
revealed that the dimerization interface between the two 2AR
molecules is established by transmembrane helix 1 (TM1) and
cytoplasmic helix 8 (H8) of each of the protomers [24]. The

majority of the interactions were mediated by ordered lipids
whereas direct receptor-receptor contact was limited to the
cytoplasmic end of the interface where ion bounding between
Lys159 and Glu338 occurred [24]. The stoichiometry of lipid-
receptor dimerization interface was three cholesterol molecules
and one covalently attached palmitic acid molecule per
monomer (Fig. 1). Thioesterification of Cys341 in the carboxyl
tail of the protein with palmitic acid is essential for 2AR activity
since mutation of this residue to glycine prevented its
palmitoylation and resulted in constitutive desensitization of the
receptor [25]. Interestingly, dimerization between wild-type
B2AR and palmitoylation-defective Cys341Gly mutant led to
functional complementation of impaired phenotype and
restored lost activity of the mutant [26].

The importance of TM1/H8 interface for B2AR oligomerization
was also supported by FRET experiments, where the greatest
energy transfer (i.e. the lowest distance) was observed for
probes attached to H8 of the interacting protomers, emphasizing
the significance of this domain and the adjacent TM1 for f2AR
oligomerization [17]. This data is in agreement with studies
demonstrating the significance of TM1 of other family A GPCRs
[27,28] in the formation of homo-oligomerization interface.
Recently obtained crystal structures of turkey B1AR and murine
W opioid receptor (LOR) display that both of those GPCRs form
two distinct oligomerization interfaces [29,30]. The first
interface engages residues from TM1, TM2 and H8, similarly to
the interface observed in the crystal structure of B2AR [24]. The
second interface is comprised of TM4/TM5 and TM5/TMé for
B1AR and HOR, respectively. Although, the existence of this
second interaction interface is not confirmed by available crystal
structures of B2AR, there is a number of functional data
indicating that the second dimerization interface exists in TMé
region of the 2AR [11,31]. Hebert and colleagues demonstrated
that leucine and glycine residues (underlined) within TMé:
272LKTLGIIMGTFTL284 formed a crucial element involved in
the interaction between B2AR proteins [11]. A peptide derived
from TMé6 was able to specifically interfere with B2AR dimer
formation in a time-dependent fashion [11]. Further studies
indicated that 284Leu residue was crucial for dimerization
process, as B2AR constructs harboring tyrosine or glycine at this
position showed significantly impaired dimerization [31].
Noteworthy, multiple studies on B2AR homomerization that
applied co-immunoprecipitation and BRET could not distinguish
whether assembly of B2AR oligomers was mediated by direct
receptor-receptor interactions or that the protomers were
tethered into complexes by scaffold proteins. The experiments
of Fung and colleagues utilized highly purified receptors and
model lipid vesicles, thus demonstrating that (2AR
oligomerization and potential ligand-induced protomer
rearrangements were independent from assistance of other
proteins [17].

Recently, techniques of computational simulation were
employed to study the mechanism of self-assembly of B2AR
[32,33]. Molecular dynamics carried out by Ghosh and
colleagues demonstrated that most of the interaction surfaces
established between the simulated receptors were composed of
TM1/TM1, H8/H8, TM1/TM5 and TM6/TMé [33]. This
observation stays in line with experimental data and thus
indicates that in silico analyses may be useful for studying GPCR
oligomerization.
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2.2 Receptor trafficking

Several studies elaborated on the influence of oligomerization
on the B2AR trafficking. Modified B2AR containing C-terminal
endoplasmic reticulum (ER)-retention motif failed to reach cell
surface and prevented cell surface delivery of co-expressed
wild-type B2AR [31]. Similarly, dimerization-impaired mutant
was retained in the ER, thus exhibiting greatly reduced plasma
membrane concentration compared to the wild-type receptor
[31]. These observations strongly indicated that PB2AR
oligomerization originates within the ER and is essential for the
receptor maturation and trafficking to the cell surface.

It is well established that once at the plasma membrane 2AR
undergoes robust agonist-induced internalization to endosomes
[34]. Experiments of Sartania and colleagues demonstrated that
co-expression of isoproterenol-insensitive Asp113Ser B2AR
mutant together with the wild-type receptor resulted in
internalization of both the wild-type and the mutated B2AR after
challenge with either isoproterenol or Asp113Ser mutant-
specific agonist [35]. The authors concluded that agonist binding
to the single protomer is sufficient to induce internalization of
the whole B2AR oligomer [35]. On the contrary, another study
reported that binding of agonist involves disruption of a fraction
of interactions between B2ARs and may result in predominant
internalization of agonist-bound protomers [36]. This stayed in
line with the work of Gavalas and colleagues who suggested that
the interaction between B2AR protomers was not strong enough
to enable the recruitment of one receptor species by another
one to a cell surface microdomain [37]. In light of these data the
involvement of oligomerization in cellular distribution of B2AR
may differ depending on trafficking step and cellular context.

3 Hetero-oligomerization of BARs

After the discovery that B2AR forms homo-oligomers, it was
tempting to investigate whether $2AR can oligomerize with two
other closely related B-adrenergic receptors, i.e. B1AR and B3AR
(Table 1). All three receptors share a high degree of sequence
identity, especially within transmembrane spanning domains
proposed as oligomerization interface. Noteworthy, both 31AR
and B3AR were shown to homo-oligomerize when expressed in
heterologous expression systems [38,39]. Furthermore, B2AR
and B1AR are co-expressed in cardiomyocytes whereas 2AR
and B3AR can both be found in adipocytes. These facts suggest
the possibility that these receptors form hetero-oligomers in a
native environment.

Interactions between B1AR and B2AR in cultured cells were
assessed by means of co-immunoprecipitation and BRET
measurements [40-42]. The analysis revealed that B1AR and
B2AR readily engaged into formation of homo- and hetero-
oligomers even at expression levels comparable to those
observed for dog and human heart tissues suggesting that
oligomerization could occur at physiological concentration of the
receptors. Moreover, both of the receptors showed similar
relative affinities for one another indicating that B1AR and 2AR
display no preferences for entering either homo- or heterotropic
interactions. Thus, when expressed at equimolar concentrations,
B1AR and B2AR should form three equal populations of

oligomers: B1AR/B2AR hetero-oligomers and two respective
types of homo-oligomers [40].

Further studies are aimed to evaluate properties of the receptor
complexes in regard to receptor pharmacology and downstream
signaling. Binding affinities of nonselective B-adrenergic agonist
(isoproterenol) and antagonist (propranolol) remained stable
upon the formation of B1AR/B2AR hetero-oligomers. In
contrast, changes in binding interactions were detected for
subtype specific ligands. For example, the B1AR-selective
agonist, xamoterol, showed two separate classes of affinity —
minor population of low-affinity and predominant population of
high-affinity binding sites. The proportion of the latter was
greatly reduced in the presence of B2AR, however the value of
inhibition constant remained almost unaltered. Interestingly, co-
stimulation of the hetero-oligomer with the B2AR-specific
agonist, procaterol, rescued the high-affinity binding site of
xamoterol [43].

To assess the functional consequences of the oligomerization-
dependent shifts in receptor pharmacology the measurements
of adenylyl cyclase activity and extracellular-signal-regulated
kinase 1/2 (ERK1/2) phosphorylation were conducted (Fig. 2).
Xamoterol successfully stimulated the production of cAMP via
B1AR, however this stimulation was lost in the hetero-oligomer.
Strikingly, the inability to activate the adenylyl cyclase persisted
even in the presence of procaterol, ligand that efficiently
induced cAMP accumulation via both B2AR homo-oligomer and
B1/B2AR hetero-oligomer. This observation reflects the lack of
equivalence between affinity and efficacy. Despite of the
restored binding affinity, xamoterol failed to re-establish its
functional properties in the presence of the second ligand.
Withrespect to nonspecific agonist no significant differences in
the ability of isoproterenol to activate the adenylyl cyclase were
observed regardless the B1AR and B2AR were expressed
individually or together [41,43].

In the case of MAPK signaling the B1AR and B2AR display
distinct pattern of activity (Fig. 2). Isoproterenol induced
consistent activation of ERK1/2 in cells transiently transfected
with B2AR. In contrast, no phosphorylation of ERK1/2 was
detected for the agonist-activated B1AR. Interestingly, when
both receptors were expressed at the plasma membrane no -
adrenergic-mediated activation of ERK1/2 was observed in
response to isoproterenol treatment. These data suggested that
the hetero-oligomerization with B1AR inhibited the B2AR-
dependent ERK1/2 activation [41].

When considering cellular localization and receptor trafficking
both B1AR and B2AR are found primarily at the plasma
membrane but only the B2AR undergoes rapid internalization
upon agonist stimulation. B1AR resists redistribution from the
cell surface to cytoplasm under the same experimental
conditions. B1AR/B2AR complex also appears to be resistant to
agonist-induced internalization as isoproterenol fails to promote
internalization of either the B1AR or the f2AR in cells expressing
both receptors [41]. Similar effects have been detected with
respect of hetero-oligomerization between B2AR and B3AR.
Interaction with B3AR strongly impairs the capacity of B2AR to
internalize in an agonist-dependent manner [39]. In this respect,
B1AR and B3AR can be described as dominant negative
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Interaction partner Trafficking Pharmacology Signaling Reference
alDadrenergic T a1DAR cell surface expression 1 a1DAR binding sites density T a1DAR-dependent [46]
receptor (a1DAR) Cross-internalization Ca2 + mobilization
a2Cadrenergic T a2CAR cell surface expression T a2cAR binding sites density T a2CAR-dependent ERK [47]
receptor (a2CAR) phosphorylation
Adenosine - No effect on A1AR ligand binding - [64]
Alreceptor (A1AR) 1 affinity of B2AR antagonist binding
Angiotensin Il type 1 - B2AR transinhibition 1 B2AR ERK activation by AT1R [58]
receptor (AT1R) AT1R transinhibition antagonist
l AT1R ERK activation by B2AR
antagonist
B1 adrenergic 1 B2AR internalization l subtype-specific ligand binding 1 B2AR ERK activation [40-42]
receptor (B1AR) No effect on nonspecific ligand binding No effect on cAMP production
B3 adrenergic 1 B2AR internalization No effect on ligand binding 1 B2AR B-arrestin 2 recruitment [39]
receptor (B3AR) l Gi/o coupling
No effect on cAMP production
Bradykinin type 2 - B2AR transactivation T B2AR chloride channel activation  [62]
receptor (Bk2R) by agonist of Bk2R
Cannabinoid type 1 1T CB1R cell surface expression 1 Emax and Hill coefficient of WIN J CB1R basal ERK activation [55]
receptor (CB1R) Cross-internalization (CB1R agonist)-dependent pERK dose- 1T CB1R coupling to Gi/o
response l CB1R coupling to Gs
l Emax and Hill coefficient of WIN 1 B2AR ERK activation by
(CB1R agonist)-dependent pCREB dose-  antagonist of CB1
response
CXCR4 - B2AR desensitization 1 B2AR cAMP production [57]
&-Opioid receptor Cross-internalization No effect on ligand binding No effect on cAMP production [49,50]
k-Opioid receptor 1 B2AR internalization No effect on ligand binding 1 B2AR ERK activation [49]
No effects on cAMP production
Murine 71 olfactory 1T M710R cell surface 1 M710R binding sites density T M710R-dependent [48]
receptor (M710R) expression cAMP production
cross-internalization
Oxytocin receptor - - l B2AR ERK activation by OTR [60,61]
(OTR) antagonist
J OTR ERK activation by B2AR
antagonist
1T B2AR signaling via PKCT
Prostaglandin No effects on B2AR trafficking B2AR desensitization 1 B2AR coupling to Gas [56]
EP1 receptor 1 B2AR-dependent cAMP
production
Somatostatin No cross-internalization - - [59]

receptor 5 (SSTR5)

J B2AR and SSTR5
internalization by combination
of B2AR and SSTR5 agonists
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regulators of agonist-mediated B2AR internalization. Formation
of B1AR/B2AR and B3AR/B2AR hetero-oligomers produces
novel signaling units that display distinct functional properties
compared to individual protomers (Fig. 2).

Crystallographic studies highlight the importance of lipids for
receptor-receptor interface in B2AR oligomers [24]. In fact,
cholesterol and other components of lipid rafts modulate the
physiological function of the B2AR as they are involved in the
compartmentalization of the receptor and its signaling
machinery [44]. For instance, in cardiomyocytes B2AR localizes
specifically to plasma membrane invaginations known as
transverse-tubular (T-tubule) regions where the receptor
produces spatially restricted signals [45]. In contrast, B1AR is
widely distributed at the whole cell surface. Given that f1AR is
able to block B2AR-dependent signaling, this type of
sequestration may explain why B2AR still triggers the activation
of downstream signaling events, even though the expression of
B1AR in cardiomyocytes is several folds higher than the
expression of B2AR.

3.1 Cell surface expression and a-adrenergic
receptors

B2AR can also engage into interactions with some a-adrenergic
receptors. It has been demonstrated that f2AR oligomerize with
a1DAR [46] and a2CAR [47] but not with alBAR [14]. The
trafficking of a1DAR and a2CAR to the cell membrane is often
inefficient and, consequently, facilitates accumulation of non-
functional receptors inside the cytoplasm. Screening of more
than twenty family A GPCRs revealed that B2AR, but not B1AR
nor B3AR, physically associates with alDAR and a2CAR to
rescue their cell surface expression and double their binding
sites density [46,47]. This phenomenon of B2AR-driven delivery
of receptors to the plasma membrane extends to other GPCRs.
For instance, murine 71 olfactory receptor (M710R) got readily
available for binding with its agonists only in cells co-transfected
with vector coding for B2AR [48].

3.2 Receptor internalization and opioid receptors

Experiments demonstrating that both &- and k-opioid receptors
are capable of forming heterodimers with B2AR shed some light
on the involvement of oligomerization in the process of receptor
internalization [49-51]. It has been previously shown that &-
opioid receptor undergoes rapid endocytosis upon activation
mediated by an agonist. In contrast, k-opioid receptor is not
internalized after activation. When co-expressed with &-opioid

isoproterenol isoproterenol isoproterenol
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receptor, B2AR undergoes not only isoproterenol- but also
opioid-mediated internalization. In the same experimental setup,
6-opioid receptor acquires the capacity to internalize in response
to PB2AR-specific agonist. This data suggests that cross-
activation between interacting protomers can occur. On the
other hand, co-expression of B2AR with noninternalizing k-
opioid receptor blocks agonist-mediated endocytosis of B2AR
and significantly diminishes downstream MAPK activation. This
study has indicated that hetero-oligomerization alters GPCR
trafficking and may modulate signaling properties of the
interacting receptors [49].

Since B2AR and opioid receptors coexist at plasma membrane of
cardiac myocyte, treatment with opioids may increase the ratio
of PB2AR internalization in vivo [49]. This could possibly
constitute the rationale for the lack of norepinephrine-mediated
activation of B2AR after stimulation with low-dose of opioids in
heart muscle cells. However, the physiological relevance of
oligomerization between opioid receptors and B2AR was
challenged by the study of Ramsay and colleagues who
demonstrated that heterotropic interactions with B2AR
occurred only at high concentration of the receptor (250,000
copies per cell compared to less than 100,000 copies required
for homo-oligomerization between the opioid receptors) [51].
Furthermore, BRET signal for cells co-expressing B2AR and 6-
opioid receptor was remarkably weaker when compared with
values obtained for 6-opioid homo-oligomerization [50]. This
result indicates that formation of opioid receptor homo-
oligomers is much more favorable compared to hetero-
oligomerization with B2AR when both receptors are expressed
at similar levels.

3.3 Signaling pathways and cannabinoid receptors

As the distribution of PB2AR overlaps considerably with
distributions of other GPCRs, the interactions between these
receptors may produce physiologically relevant outcomes. For
example, B2AR and CB1 cannabinoid receptor (CB1R) are both
expressed in normal tissues of the brain, eye and bone [52], as
well as in number of cancer cell lines [53]. In fact, it has been
demonstrated that CBRs can modulate B2AR activity [52-54].
Moreover, Hudson and colleagues identified the CB1R as
another receptor able to directly associate with B2AR [55].
Besides physical interactions, functional consequences of
B2AR/CB1R hetero-oligomerization were found. When
expressed alone, CB1R signals via Gai/o to phosphorylate ERK
and acts on Gas to induce phosphorylation of cyclic AMP
response element binding protein (CREB). The presence of B2AR

isoproterenol isoproterenol

v ¥

§* cAMP accumulation § cAMP accumulation
== ERK1/2 phosphorylation # ERK1/2 phosphorylation
== receptor internalization = receptor internalization

Fig. 2. Effects of isoproterenol on signaling of B-adrenergic receptor hetero-oligomers. Plus signs indicate induction of a signaling. Minus signs state for inhibition or lack of

a signaling.
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modified this profile of CB1R coupling to G proteins and shifted
it towards Gai/o, thereby resulting in elevated pERK expression
and diminished phosphorylation of CREB [55].

3.4 Muscle contractility and myocyte-expressed
GPCRs

McGraw and colleagues investigated the interactions between
B2AR and prostaglandin EP1 receptor in airway smooth muscles
[56]. Although, the EP1 receptor did not significantly affect the
contractility of airway smooth muscles, its activation led to
significant inhibition of Gas coupling of its oligomerization
partner, B2AR. This, in turn, resulted in a decrease of cAMP
production and eventually caused the loss of 2AR-dependent
muscle relaxation [56].

Similar pattern of oligomerization-driven inhibition was
observed in the case of CXCR4 — the receptor that is expressed
in cardiomyocytes where it negatively regulates B2AR-
dependent contractility. LaRocca and colleagues demonstrated
that this regulation depended on direct receptor-receptor
interactions and involved modulation in conformational state of
the receptors [57]. In particular, activation of CXCR4 with its
endogenous agonist, stromal cell-derived factor-1 (SDF-1a),
stabilized the inactive conformation of B2AR, even at the
presence of isoproterenol. This was further reflected in SDF-1a-
dependent decrease in isoproterenol-evoked cAMP production
[57].

Angiotensin Il type 1 receptor (AT1R) and B2AR formed a novel
signaling unit where blocking of one of the protomers led to the
signaling inhibition of the reciprocal one [58]. For instance,
increase in phosphorylation of ERK caused by isoproterenol
binding to B2AR was abolished by valsartan, blocker of AT1R.
Similarly, it was possible to block the angiotensin-induced
contractility of cardiomyocytes with antagonists of B2AR [58].

3.5 Other receptors

B2AR/somatostatin  receptor 5 (SSTR5) hetero-oligomer
displayed interesting pattern of ligand-induced internalization.
Stimulation with an agonist of one of the protomers disrupted
the oligomer and decreased the cell surface expression of the
targeted protomer [59]. For instance, a challenge with B2AR
agonist (formoterol) led to PB2AR internalization without
affecting the SSTR5. However, simultaneous addition of
formoterol and SST-14, agonist of SSTR5, blocked the
internalization of both B2AR and SSTR5 [59].

Another interesting oligomerization-dependent effect was
found when B2AR-OTR interactions were studied [60]. Wrzal
and colleagues observed that B2AR signals through PKCC only
when co-expressed with the OTR [61].

Some other GPCRs are capable of oligomerization with B2AR. So
far bradykinin type 2 receptor (Bk2R) [62], opsin [63], gastric
inhibitory polypeptide receptor [63] and adenosine A1l receptor
[64] were demonstrated to interact with B2AR (Table 1). For
some of them there is evidence that the interactions may occur
in vivo and be physiologically relevant.

4 Concluding remarks

This review illustrates how the methodology and techniques
used for studying receptor oligomerization evolved during the
past two decades. Initial biochemical studies were rapidly
complemented by RET experiments carried out in intact cells to
be finally supplemented by tracing of single receptor particles on
the surface of plasma membrane. Accumulation of data enabled
us to see B2AR oligomers as dynamic and widespread
supramolecular complexes. Although, it has been demonstrated
that single (i.e. monomeric) B2AR is capable to effectively
activate G proteins [65], the abundance of GPCRs accompanying
B2AR at plasma membrane of different cell types and large
spectrum of potential partners for physical interactions indicate
that homo- and hetero-oligomers constitute native state of
B2AR. Furthermore, one has to bear in mind that lack of
oligomerization between two species of receptors does not
block the possibility for the functional cross-talk between them
as signaling pathways may cross at multiple levels deep inside
the cells.

B2ARs exist predominantly as dimers [66], but at certain
conditions they can aggregate and form higher-order oligomers.
Some experimental data suggest that these highly packed
receptor clusters are impaired in respect of triggering
downstream signaling cascades. It is tempting to speculate that
formation of higher-order oligomers is in fact a natural overflow-
prevention system that attenuates B2AR signaling in the case of
excessive receptor production.

Although B2AR is the target for numerous marketed drugs, and
it has been well established that this receptor forms both homo-
and hetero-oligomers, there is no medication available that has
been designed to specifically target the oligomers. Since the
design of oligomer-specific compounds is a cumbersome task,
the synthesis of bivalent ligands that can interact with two
different GPCRs capable of forming oligomers may constitute an
interesting alternative [67]. For instance, (R,R')-4'-methoxy-1-
naphtylfenoterol is a potent agonist of B2AR that can also
interact with cannabinoid receptors to effectively inhibit
proliferation of cancer cells [53,68]. Bivalent ligands of B2AR and
A1AR produce biphasic pattern of cAMP production in cells
expressing both receptors [69]. We believe that exploiting the
phenomenon of receptor oligomerization creates a fascinating
approach in drug design and may enable to tweak new
compounds to produce complex and highly specific cellular
responses.

It is clear that oligomer formation is a crucial aspect of the
biological function of B2AR. The consequences of this
phenomenon for downstream signaling and for drug design are,
however, not fully understood and much work needs to be done
to achieve deeper understanding of the B2AR oligomerization.
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