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Abstract

The concept that 7 transmembrane receptors
(7TMRGs) exist and function as independent
monomers has facilitated a therapeutic approach of
selective targeting of receptors. However,
oligomerisation of 7TMRs is now being recognised as
an important biological phenomenon that adds a level
of complexity to their signalling. /n vitro, many
7TMR heterodimers display altered binding,
signalling, and trafficking properties compared to their
constituent monomeric units. This review discusses an
emerging concept regarding the role of 7TMR
heterodimerisation 7 vivo, and its significance to drug
therapy. Studies of angiotensin receptor signalling
indicate a pivotal role for heterodimerisation in the
pathogenesis of human disorders. Furthermore, the
occurrence of angiotensin receptor heterodimgreivds a
profound effect on the responsiveness tq tgatatent
with 7TMR blockers. Global assessment ‘8f the
prevalence of different heterodimesS\during disease
and their responsiveness to drug therapy is likely tp
optimise patient treatment aAd réduce sidé-efeees
associated with 7TMR blacikers,

Introduction

Control of bloog™pressure add cardiac function is
under the reguldtion ofsseverzl distinct systems
including th& rehin-angiatensin system (RAS), the
adrenerg(c nervous. system and Kkallikrein-kinin
system. The-actions\gf these systems are mediated
in many cases.thedéugh binding of ligands to cell
surface recepigis.that belong to the superfamily
of 7 transmembrane receptors (7TMRs), charac-
terised by a common structure of seven mem-
brane-spanning helices linked by three alternating
intracellular loops.' 7TMRs signal by coupling to
and activating heterotrimeric G proteins, which in
turn dissociate into o and By subunits, each pos-
sessing the independent capacity to activate or
inhibit different effector molecules.

The widely accepted paradigm of 7TMR sig-
nalling views each receptor as an independent
entity, capable of binding and activating specific
G proteins to produce a specific response.
However, mounting evidence points to a more
complex model, whereby 7TMRs exist and func-
tion as oligomers, either through interactions with
identical units (homodimers) or with other 7TMR
members (heterodimers). To date, more than 55
pairs of homo- and heterodimers of 7TMRs have
been identified (for detailed reviews see *>*) many
of which differ from their constituent monomeric

units in their ligand binding*’, signalling®” and traf-
ficking® properties.

Heterodimerisation is a critical link in
systemic cross-talk

Despite their existence as independent entities
with specific\receptors and distinct signalling
pathwayg/the systems that regulate cardiovascular
functiegh cQywvergeit multiple levels to operate in
congect. \Wor example, the RAS and adrenergic
systams® amplify ea¢h other’s signalling through
concomitantwupregulation and release of circulat-
ing enzymes) and hormones,”® and the RAS-
Kallikremn-kitfin systems induce net amplification
of ~th€ Vasoconstrictive response primarily
through the actions of the angiotensin-converting
eazyme (ACE)." Despite the many levels of cross-
talk, until recently these systems were thought to
diverge at the receptor level, each signalling
through a specified set of autonomous signalling
units that respond only to their specific ligands.
Based on this view, many studies focussed on iden-
tifying and treating abnormalities in the signalling
of a single specific receptor in an attempt to nor-
malise systemic function. However, the recent
growing evidence regarding formation of homo-
and heterodimers between different families of
7TMRs indicates that the RAS, adrenergic and
kallikrein-kinin systems are much more inter-
twined than previously recognised, with an addi-
tional level of regulation occurring at the receptor
level. In this regard, the discovery of heterodimer-
isation between the angiotensin II type 1 recep-
tors (AT Rs) and bradykinin or {3 adrenergic recep-
tors has contributed greatly to the understanding
of the potential roles of 7TMR dimerisation in
vivo and its impact on state of disease and drug
therapy.

Early evidence indicating that AT|Rs may exist
and function as oligomers came from studies
where angiotensin II (Ang II) binding was
restored to cells expressing two different binding-
deficient AT;R mutants only upon co-expression
of both, suggesting that the functional binding site
of the AT R is comprised of regions of more than
one receptor.” Several years later, AbdAlla et al.
showed that AT |Rs form homodimers, as well as
heterodimers with AT,Rs, an event which leads to
their functional antagonism."” To date, AT;Rs were
shown to form heterodimers with bradykinin type
2 receptors (B2Rs)” and with 3, adrenergic recep-
tors (f>ARs)," both in cardiovascular tissues.
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One of the most important consequences of
dimerisation between AT Rs and bradykinin B2Rs
is the formation of a novel signalling unit that
differs from those of the constituent receptor enti-
ties, a quality which is shared by several other
7TMR pairs.** While bradykinin and Ang II mediate
opposite physiological effects (vasodilation wvs.
vasoconstriction) as monomers, co-expression of
both strongly enhanced Ang II signalling while sig-
nificantly decreasing the efficacy and potency of
bradykinin signalling.” The formation of this
potent vasoconstricting unit was found to occur
in human platelets and vascular smooth muscle
cells, where it correlated with Ang II hypersensi-
tivity in pre-eclampsia,” thus becoming the first
example of the role of 7TMR oligomerisation in a
clinical disorder. Moreover, enhanced Ang II sig-
nalling in these patients was not dependent upon
increased expression of AT Rs but rather on B2R
levels and their intact receptor/G protein inter-
face. Thus, the interaction between AT,Rs and
B2Rs is the first example for an important princi-
pal in 7TMR signalling, namely that the interacting
partners in a dimer may result in an altered and
sometimes opposite response compared to that
mediated by their monomeric/homodimeric
forms.

Heterodimerisation of 7TVIRs affecis
drug response

More than half of the compounds ayailable in the
drug market today are designed, to target 7TMR
activity. Therefore, one of thé\most imporfarre
questions that arise from 7TMR heterodimeyrisa-
tion is how this phenomesfon affects tlie sesponse
of the heterodimers to drugs that a2¢e designed to
target only one recepiloiNin the, complex. This
question is of partiturar clinieal relevance since
dimerisation in @iro was sh6wy 3 have profound
effects on receptof pharmacalogy, signalling and traf-
ficking. For example, dimerisation between different
u and O obioid receptOss; el as well as dopamine D,
and somatdstatin SSTRs receptors,’ has been shown
to cause changesNd sclectivity to certain ligands. It
has also been reCeatly demonstrated that prolonged
exposure to the A,, adenosine/D, dopamine recep-
tor complex to agonists simultaneously alters the
function of both receptors.'

One of the most intriguing observations
regarding the profound effect of 7TMR het-
erodimerisation on drug response comes from
studies of direct cross-talk between the RAS and
adrenergic systems in the heart. Both systems reg-
ulate each other’s signalling to produce a net
amplification in response through several positive
feed-back loops, including increased renin release
and up-regulation of RAS components by adrener-
gic stimulation” and increased norepinephrine
release by the RAS.>" The joint function of both
systems is of particular importance in the event of
cardiac injury, where they are evoked in an
attempt to maintain adequate pump function.
However, despite the initial improvement in
cardiac function, the long-term effects of hyper-
stimulation are thought to be detrimental.

Sustained adrenergic drive often progresses into
heart failure, which is characterised by impaired
cardiac function and premature cell death.
Dysfunction of both the RAS and adrenergic
nervous systems is implicated in heart failure and
abnormalities include down-regulation of (3;AR
and AT, R,*?*" as well as uncoupling of both 3, and
B.ARs from G proteins, (reviewed in *). These
findings provided the basis for the design and
widespread use of drugs aimed to inhibit sig-
nalling through either one of these systems.
Today, ACE inhibitors, angiotensin receptor block-
ers (ARBs) and P adrenergic receptor blockers
have all been well established in clinical trials to
reduce mortality and morbidity in patients with
heart failure and often to halt and reverse the dete-
rioration in cardiac function.**

Recently, we identified an additional point of
cross-talk between the RAS and the adrenergic
systems, ong which occurs through dimer forma-
tion between /PARs and AT ;Rs in the heart."
Consequently, thi§€ observation has led to an
impgreant discoferywwith regard to the effect of
hetekodimerigation,4n responsiveness to ARBs and
R-blockers~lrha series of experiments performed
in*isolatedmpuse cardiac myocytes, the Ang II-
mediatel, tacrease in contractility was completely
inkibited in the presence of the p-blockers pro-
nranolol and metoprolol, demonstrating a direct
2etion of BAR blockade on the Ang II-mediated
contractile response (Figure 1A)." These results
were further validated in vivo, where it was
shown that the opposite is also true: administra-
tion of a single dose of the ARB valsartan to mice
reduced the maximal effect of § adrenergic stimu-
lation on heart rate, without affecting agonist
potency (Figure 1B). Both ARBs and p-blockers are
known competitive antagonists of their respective
receptors. However, our results demonstrate that,
depending on heterodimerisation, these drugs
also behave as non-competitive inhibitors of the
reciprocal receptor.

The mechanism for dual trans-inhibition of two
independent receptors by a single antagonist in
the case of AT;R/PARs occurs via functional
uncoupling of the signalling receptor from its
cognate G protein, an action which results in inhi-
bition of all downstream signalling and trafficking
of both receptors. Thus, in addition to their com-
petitive blockade of PARs, P-blockers interfere
with the ability of activated angiotensin receptors
to couple to Gq, while the ARBs prevent efficient
coupling of BARs to Gs."*The phenomena of trans-
inhibition by a single antagonist has also been
demonstrated between the two subtypes of
bradykinin receptors, where blockade of either
B1Rs or B2Rs resulted in impaired coupling and
signalling of the reciprocal receptor without inter-
fering with ligand binding.”” Together these find-
ings highlight a role for heterodimerisation in
achieving efficient receptor-G protein coupling.”

The interactions between ARs and ATRs have
proven that heterodimers are not only involved in
mediating disease, but also affect drug responsive-
ness in vivo. Modification of drug responsiveness
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Figure 1 (A) B-blockers attenuate angiotensin II (Ang
ID-mediated myocyte contractility. Summary of % cellular
shortening (%CS) and rate of cell shortening (-dL/dt) from
five individual hearts (10-15 myocytes from each heart) at
baseline and following stimulation with the different
agents. Remarkably, co-administration of the f-blockers
propranolol or metoprolol together with Ang II abolishes the
Ang II-mediated myocyte contractility, “p<0.05 vs. basal.

(B) The angiotensin receptor blocker valsartan decreases
ISO-stimulated elevation in heart rate. In vivo assessment
of change of intact, vagotomised, wild-type mice in heart
rate in response to increasing doses of the [} agonist
isoproterenol ISO (O) following acute administration of
250 ug valsartan (@) or 1 ug propranolol &), *p<0.005
valsartan vs. control, Tp<0.0005 prop vs. control.
Increasing doses of ISO yielded a marked elevation

in heart rate. Pre-treatment with a single dose of
propranolol resulted in a marked shift of the ISO response
curve to the right, as expected from a classical competitive
B antagonist. In contrast, a single dose of valsartan
resulted in a significant 25% reduction in the maximal
heart rate, without a rightward shift indicating that
valsartan-mediated attenuation of the ISO response is not
through competitive antagonism of the AR
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due to heterodimerisation can also enhance a
response to a certain drug, as in the case of u and §
opioid receptor dimers which increase morphine
analgesia in mice.'® Dual inhibition of two essen-
tially different signalling systems by the actions of a
single antagonist provides a mechanism that may
explain many of the side-effects of drugs which
have been previously attributed to poor specificity.
Furthermore, the concept of dimerisation should
be carefully considered in therapies that use differ-
ent 7TMR antagonists in conjunction.

Concluding remarks

Oligomerisation of 7TMRs is recognised as a uni-
versal biological phenomenon which alters many
aspects of receptor signalling and often creates
receptor complexes with properties that are dis-
tinct from their constituent receptors. Despite the
added level of complexity to 7TMR signalling, little
is known about the regulation of oligomerisation,
its physiological and pathological roles and its
potential influence on drug therapy. In this
regard, studies of heterodimerisation of
angiotensin receptors have contributed a number
of key points to understanding the functional rel-
evance of receptor-receptor interactions in vivo.
Heterodimerisation of AT;Rs with B2Rs, which
enhances Ang II signalling in pre-eclampsia, was
the first evidence that interactions between
7TMRs may be directly associated with a clinical
disorder. Additionally, the observation of dual inhi-
bition of bgfh RARs and AT,Rs by the actions of a
single angagonist demonstrates that heterodimers
are no¥Qniy involvéd 1y mediating disease, but also
affegt\driig respfonsiygness in vivo. The depen-
dendevof AT RyB2R/formation on the expression
fevel“of oneMNof“the constituent receptors, illus-
trdtes the ¥iffjculty in identifying the actual cause
of a certaitndisease and providing the appropriate
treatmént. Evaluation of the types and levels of
the djfferent combinations of dimers that are
foemed in the course of diseases such as hyper-
teénsion and heart failure is essential to optimising
treatment with existing drugs, as well as to the
development of novel therapeutic targets.
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