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Abstract

G protein coupled receptors (GPCRSs) have beenicddlysdescribed as monomeric entities
that function by binding in a 1:1 stoichiometri¢gioao both ligand and downstream signalling
proteins. However, in recent years, a growing nusibéstudies have supported the hypothesis that
these receptors can interact to form dimers anaehnigrder oligomers although the molecular basis
for these interactions, the overall quaternaryrageanents and the functional importance of the GPCR

oligomerization remain topics of intense specutatio

Muscarinic acetylcholine receptors belong to clasd the GPCR family. Each muscarinic
receptor subtype has its own particular distributiwroughout the central and peripheral nervous
systems. In the central system, muscarinic recepégulate several sensory, cognitive, and motor
functions while, in the peripheral nervous systdray are involved in the regulation of the heat¢ ra
stimulation of glandular secretion and smooth nasontraction. Muscarinic acetylcholine receptors
have long been used as a model for the study offGR@icture and function and to address aspects
of GPCR dimerization using a broad range of apgrescin this review, the prevailing knowledge
regarding the quaternary arrangement for the vanmouscarinic acetylcholine receptors have been
summarized by discussing work ranging from initegults obtained using more traditional

biochemical approaches to those obtained with mar@ern biophysical techniques.
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Introduction

Dimerization of G protein-coupled receptors (GPCR®t is, the structural arrangement of
these receptors in pairs (dimers) at the celldesma membrane, or within other intracellular
membrane structures, and its functional signifiearmain controversial subjects that have been at
the centre of debate for decades. Broadly speaétirigast for class A, rhodopsin-like, receptdrs, t
GPCR monomer represents the minimal receptor fomatiunit (Kuzalet al, 2009; Whortoret al.,
2007). However, it is now accepted that receptoreds, whether homo- or hetero-dimers, not only
can be detected in many cells and tissues (Fetrab!, 2014) but may play important roles in receptor
ontology and function (Farran, 2017; Framtal., 2016; Gahbauer and Béckmann, 2016; Margeta-
Mitrovic et al.; 2000, Milligan 2004, 2009 and 2013; Smith andliyin, 2010) as they can display
distinct and novel pharmacological features compéwehe corresponding monomers.

GPCRs can form not only dimers but also higheeoadigomers where more than two
protomers interact as a functional or structurahplex, further increasing the complexity of the
subject (Marsanget al. 2015a; Navarret al. 2016; Patowargt al. 2013; Listeet al., 2015).

However, one of the caveats of many of the appremeabpplied to study receptor ‘dimerization’ is an
inability of these to resolve and specify whetheetected complex is strictly dimeric or potentiall
oligomeric. As such the terms ‘dimeric’ and ‘oligent’ are often used imprecisely and without
intention to specify this feature.

The visual receptor rhodopsin is possibly the @stexample of a class A GPCR
demonstrated to be present as a ‘dimer’ in itsveaetting. Employing atomic force microscopy
rhodopsin appears as densely packed rows of dgar®mmers in native mouse disc membranes
(Lianget al., 2003; Fotiadigt al., 2006). Although potential caveats in interprietabf these images
have been highlighted (Chalsteal. 2003; Sudat al. 2004), such studies provide strong support for
the idea that, when in close proximity, the stregtorganization of the basic 7-transmembrane
domain architecture of members of the GPCR fanaly allow receptor protomers to pack together to

allow close association and potential direct phglsitteractions. This has opened new avenues for



studies of receptor function and organization eslatot only to the molecular structure of potential
receptor dimers but also in relation to their iat#ton with signal transducer proteins including G
proteins and arrestins (Feetal., 2014; Navarr@t al. 2016; Szalagt al., 2012). In certain cases,
principally for members of the class C, or glutagrite, family of GPCRs, homo- or hetero-dimeric
organization is a pre-requisite for function (Featral., 2014; Kniazefkt al., 2011; Lane and Canals,
2012;Vafabakhstet al., 2015). For example, metabotropic GABRceptors display an absolute
requirement for the co-expression of two distinttashsmembrane domain polypeptides (GABA
receptor 1 (GABA R1) and GABA receptor 2 (GABA R2)), derived from distinct genes, to form
hetero-dimers to allow the complex to reach thesteface and act as a functional unit @@,

1999, Kuneset al., 1999). These GPCRs have also been found to shokedhdisparity in the ligand
binding properties of the dimer, depending on thecHic two subunits present within the complex.
The function of the agonist gabapentin at hetenoetds formed by distinct splice variants of the
GABAgR1 (GABAzR1a /1b) with the GABAR2 is reportedly very different; in that at
GABAgR1a/GABAsR2 hetero-dimers it acted as an agonist whilsicks$ activity at the
GABAgR1b/GABAGR2 hetero-dimer (Negt al., 2001). Similar changes in ligand binding and
functional properties of hetero-dimers, comparethéocorresponding GPCR homo-dimers or
monomers have also been reported for some clasB@RS, for example theandd opioid receptors

(Jordan and Devi 1999).

M uscarinic acetylcholine receptors

The muscarinic acetylcholine receptor family cotssig five members (MR-MsR) and has
long been established as a paradigm for the stu@PER structure and function, as well as for the
development of non-orthosteric receptor ligandsweler, the high degree of similarity of the
binding pocket for acetylcholine across the familgmbers has hindered the identification of
selective orthosteric ligands. As of 2016 multipgstal structures of four of the receptor subtypes
bound by various ligands have been obtained (ldagla, 2012, Kruseet al., 2012, Thakt al., 2016),
leaving only the structure of §R to be determined. Consequently, details of thmat level

structures have begun to be used in structure-ldrsgddesign for the identification of subtype



selective ligands, whilst also promoting undersilag@f the mode of binding of various classes of
allosteric modulators (Kruse al., 2014; Miacet al., 2016). Continuing efforts to use such structure-
based drug design is resulting in significant adeanas discussed elsewhere in this book.

Although none of the currently available crystalistures of muscarinic receptor subtypes
shows a dimeric arrangement of the receptor, infdion inferred from the arrangements of the
helices of the transmembrane domains and potentéxhction interfaces identified from both
modelling studies and comparisons with atomic Ieuelctures of other class A receptors where
dimeric contacts have been observed (G, 2016; Huangt al, 2013; Mangliket al., 2012),
have been used to design rational hypothesesdattinly of the molecular basis of muscarinic
receptor dimerization.

Interestingly, as will be discussed later, studiedoth muscarinic Mand M receptors have
suggested that these can present in multiple cibegiand interchanging states, in both transfected
model cell systems and in native tissues, with saperts indicating that contacts are fleeting and
may be generated by different regions of the rexegitucture (Heret al., 2010; Nenashew al .,
2013). By contrast other reports suggest that trexseptors exist predominantly if not exclusivedy a
dimers (Herrick-Davigt al., 2013) or even as tetramers (Pistetal., 2010; Redkat al., 2013;
Redkaet al., 2014; Shivnarainet al., 2016a). Defining this more clearly and assessing different
approaches appear to result in quite distinct emnahs is a key issue for further research on
muscarinic receptor (and other GPCRs) dimerizatimally, a number of studies, both theoretical
and experimental, suggest that key interactionsdxt receptor protomers are more likely to be
mediated via lipid-based contacts rather thann edidition to, direct protein-protein interactions
(Guptaet al., 2017). Given the long standing interest in mustareceptor function and
pharmacology, it is hardly surprising that this fignof receptors has been used as a model to asldres
aspects of receptor dimerization using a wide rariggproaches. In addition to the potential for
muscarinic receptor interactions to be intrinsicdynamic, there are recent new insights into the
extent to which such interactions can also be e#gdlby receptor expression levels and by both
certain receptor ligands and other receptor-intergenolecules and toxins (Hirschberg and

Schimerlik 1994; llieret al., 2009; Alvarez-Curtet al., 2010a; Herret al., 2010, Huet al, 2013,



Nenashevat al., 2013, Patowarsgt al., 2013, Listest al., 2015; Aslanogloat al., 2015; Pediandt
al., 2016).
This review will examine earlier work and overldystwith results being derived from more

recently adopted approaches (3eble 1).

The first observations suggesting that muscarioatydcholine receptors might be arranged in
dimers and/or higher-order oligomers were basegsults from radioligand binding studies (Potter
et al., 1991, Hirschberg and Schimerlik 1994; Wreggett ®Wells, 1995). In the early 1990s, for
example, the complex profile of the competitionvesr between®H]NMS and various agonists to the
MR were interpreted as reflecting the presence ofagonist binding sites (guanine nucleotide-
sensitive high affinity (H) and low affinity (L) &s) located on dimeric ® molecules in rabbit heart
and rat brain stem (Potteral., 1991). Likewise, computer simulation of the kinstof binding of the
agonist fH]oxotremorine-M at the porcine R were consistent with the receptor existing as a
mixture of monomers and potentially asymmetricalelis (with one ligand-bound protomer while the
second remained unbound) in cultured cells anemipe atrium (Hirschberg and Schimerlik 1994).
This work also highlighted the impact that levelsexeptor expression may have on the equilibrium
between monomers and dimers and suggested a ddgreeperativity between protomers in ligand
binding (Hirschberg and Schimerlik 1994). This cexgtivity has been further reflected in additional
studies on MR where binding data were interpreted in termsoofperative interactions within
receptors organized in higher-order oligomers stschomo-trimers or homo-tetramers (Wreggett and
Wells, 1995). This piece of work was also one effilst to show biochemical support of the
multimeric nature of the MR, as shown in SDS-polyacrylamide gels of purifieceptors from
porcine atrial tissue (Wreggett and Wells, 1995¢ll¢/and collaborators have made extensive use of
ligand binding studies to gain further insightittie pharmacological profile of /R (Redkaet al.,
2013; Redkat al., 2014). In competition binding studies, usifig]NMS and seven diverse agonists,
these authors observed a dispersion of affinityicative of two or more classes of sites (Reekal.,
2013). This has traditionally been explained asefifect of the G protein on an otherwise

homogeneous population of sites in studies in wtliehaggregation state of theRIwas not taken



into consideration (Birdsadt al., 1978; Ehlert, 1985; Berrig al., 1979). With this purpose, these
authors compared two forms of the purifiedgRvtlevoid of G protein and reconstituted as a momome
in micellar dispersion or as a tetramer in phosipiait vesicles (Redket al., 2013). They concluded
that the heterogeneity revealed by the seven agatishe MR is intrinsic to the receptor tetrameric
state, is independent of coupling to G proteiniars] at least in part, a consequence of the
cooperativity between linked orthosteric sites (Redl al., 2013). In subsequent work designed to
identify the biologically relevant form of pR, studies compared the ligand binding propertiesthe
effect on the binding profile of the poorly-hydregd analogue of GTP, guanosine Bi{imido]
triphosphate (GMP-PNP), on reconstitutegRMnonomers and tetramers, with muscarinic receptors
present natively in sarcolemmal membranes (Retl&h, 2014). They concluded that tetrameric but
not monomeric forms of the M resemble muscarinic receptors in such myocanskéahbranes and

suggested that theJ® may signal as an oligomer (Redkal., 2014).

Returning to the early 1990s, in an attempt toysthé folding and assembly of GPCRs,
Maggio and collaborators (Maggabal., 1993) generated two hybrid;®/a,c-adrenergic receptors
in which the first five transmembrane domains (TIN) of one receptor were fused to TMVI and VII
of the second andce-versa (Maggioet al., 1993). Expression of the individual hybrids wasble to
result in stimulation of phosphoinositide (P1) hglyisis in an agonist-dependent fashion or to allow
detection of either adrenergic or muscarinic ragasid binding activity (Maggiet al., 1993). In
contrast, co-expression of the two hybrid receptessited in the appearance of both muscarinic
[*HINMS and adrenergiclf]rauwolscine binding sites and, following inculoatiof cells co-
transfected with the two hybrid receptors the mris@aagonist carbachol generated an increase in Pl
hydrolysis (Maggicet al., 1993). Such ‘rescue’ of receptor activity waeipreted to reflect direct
interactions between the two hybrid receptors fagva dimeric complex that allowed the
reconstitution of functional receptor units (Magegial., 1993). Interestingly, co-expression of short
hybrid MsR/a,c-adrenergic receptors in which 196 amino acids weteted from the internal loop 3
(IL3) prevented the reconstitution of functionateptor units, suggesting a role of the residues

located in this internal loop in regulatingsRHM3R interactions (Maggiet al., 1996).



Although these studies were consistent with tha @fea least a proportion of muscarinic
receptors being present as dimers and/or oligortierg,did not provide any intrinsic evidence of a
direct physical interaction between protomers. Kinisl of evidence was obtained sometime later
when membrane preparations from raRMrMsR) expressing cells were analysed by Western
blotting under non-reducing conditions (Zeng ands8yd 999). Such analysis showed several
immunoreactive species corresponding in size tatjwat rv\iR monomers, dimers and oligomers.
Although differential mobility in such gels is chalging to interpret and can reflect protein
aggregation stemming for the preparation conditisabsequent co-immunoprecipitation studies
provided further support for the formation of naswalently associated ri® dimers and oligomers
expressed within transfected COS-7 cells and ibnah membranes (Zeng and Wess, 1999).
Moreover, site-directed mutagenesis studies demairdtthe importance of disulphide-bond
formation between conserved cysteine residuesddaatthe extracellular loops (EL) 2 and 3 of the
rM;R for protomer-protomer interaction (Zeng and Wé&889). Wess and collaborators have made
extensive use of Western blot analysis in combomatiith cysteine substitutions and a disulfide
cross-linking strategy to gain insights into mealars of muscarinic receptor dimerization (el .,
2012; Huet al., 2013). Recently, they proposed a model in whidkR-rMs;R protomers interact to
form at least three structurally distinct dimenpesies in which protomer-protomer interactions occu
as part of the formation of three distinct intedacThe first proposed dimeric interface, the TMV-
TMV interface (Huet al., 2012), involves residues at the cytosolic end@M¥/, the second, the
TMIV-TMV-IL2 interface, involves residues in IL2, lilst the third involves residues from the
carboxy-terminal helix VIII and has been designdated TMI-TMII-Helix VIl interface (Huet al.,
2013). Treatment of rjR-expressing COS-7 cell membranes with the muscaagonist carbachol
was indicated to be without effect on the croskitig pattern observed using mutants in each of
TMV, IL3 or IL2, supporting a hypothesis that TMWIV rM ;R and TMIV-TMV-IL2 rM3R dimers
form in a constitutive fashion and that these ageaments remain unchanged uporsRMctivation. In
contrast, agonist-treatment of COS-7 cell membranpsessing riMR-mutants within Helix VIII
resulted in an increase in the efficiency of receptoss-link formation (Het al., 2012; Huet al.,

2013).



Although approaches such as immunoblotting, crioé$alg and co-immunoprecipitation
have been employed to study the basis of GPCR thatem/oligomerization, they have limitations
for the study of interactions involving integral mierane proteins due to the use of non-physiological
buffers and detergents that may cause either ntivereggregation or disruption of native biological
interactions. Those limitations have been addresstthe development of biophysical methods
based on resonance energy transfer (RET) betwaemblecules, known as the “donor” and
“acceptor,” positioned within a restricted distaificethe region of 2 to 8 nm) and defined oriermtati
(Alvarez-Curtoet al., 2010b; Ayoulet al., 2010; Ayoub, 2016). These include both bioluragence
resonance energy transfer (BRET) and variantauofdiscence resonance energy transfer (FRET),
and both have been widely applied to the studyratem-protein interactions and the dimerization of
muscarinic receptors and other GPCRs in parti¢@ain and Nathanson, 2006; McMillat al.,
2011; Alvarez-Curt@t al., 2010a; Ciruelat al., 2010; Marsanget al., 2015a; Sposirgt al., 2015).
The most significant difference between these aggires is that BRET measures energy transfer
betweera bioluminescent dongmost usuallyariants of the luciferase froRenilla reniformis) and
a fluorescent acceptor (eYFP, GFP or other) wHR&T takes place between two fluorescent proteins
with overlapping emission and excitation spectfai{e donor and acceptor, respectively) after the
excitation of the donor molecule by an externditigource (Ciruelat al., 2010). In both FRET and
BRET studies, it is important to experimentallyetetine that the energy transf&ige) between
donor- and acceptor- tagged species exceedSgdihg between the co-expressed and unlinked donor
and acceptor molecules, in order to be able tandisish between specific oligomerization and
random collisions. Moreover, thgger) between donor- and acceptor- tagged speciesaheul

compared to that from donor- and acceptor-linkekinbwn non-interacting proteins.

An example of the use of RET techniques, in contlmnavith molecular studies and site-
directed mutagenesis was also provided by Wessdaltaborators in a study in which the mechanism
of homo-dimerization of the humansvhuscarinic acetylcholine receptor (bR} was assessed and
protomer-protomer interfaces of dimerization mapfdMillin et al., 2011). Mutants in which

selected outward, lipid-facing residues within eatthe TMs were simultaneously replaced by



alanines were produced. By performing BRET assaiygsuch mutants the authors were able to
identify residues in TMs |-V and VIl that impairéae ability to these variants to form dimers. The
results of this study were interpreted by mears mibdel in which hR exists as multiple,
energetically favourable, homo-dimers characterlaedifferent geometries and in which protomer-
protomer interactions could occur through eachidWVITMV, TMVI-TMVII, TMIV-TMV and
TMI-TMII (McMillin et al., 2011;Figure1).

In broad agreement, Patowary and collaborators3R€liowed that at the cell surface of a
HEK293-derived cell line the hjR is able to form not only homo-dimers, but alsghieir-order
oligomers. Herein spectrally-resolved two-photoenwscopy (SR-TPM) allowed mathematical
fitting of the data to indicate the hR as being predominantly tetrameric, with the dbotmg hMR
protomers being organized in a rhombus-shaped @mphis tetrameric form was shown to be in
equilibrium with dimeric species (Patowaetyal., 2013;Figure 1). This model has subsequently been
supported by mutational studies in which outwauinfa residues of TMI, TMIV, TMV, TMVI,

TMVII as well as Helix VIII were replaced with alenes and the ability of such mutants to form
dimers assessed using homogeneous time-resolvetl FRERET, see below for further details)
(Listeet al., 2015). The mutagenic strategy was based onthetharlier studies described above
(McMillin et al., 2011) and molecular modelling studies that tasla starting point a high resolution,
inactive state, structure of g (Kruseet al., 2012). Although many mutants impaired the
competence to the receptor to generate effectteeacting complexes, in no case were protomer-
protomer interactions fully abolished (Lis#eal., 2015). This also suggested the potential of the
hM;R to form higher-order complexes. To define thesamlexes, both rhombic (Patowaatyal .,

2013) and linear (Manglikt al., 2012; Huangt al., 2013) tetramer models were considered, as these
were the only ones in which modelling allowed thmwtaneous binding of two heterotrimeric G-
proteins in their nucleotide-free form, as in thenaic level crystal structure of tfig-adrenoceptor
complexed with nucleotide-freed{Rasmussest al., 2011). However, even though both models
could explain roles for TMI and Helix VIII as weds TMV and TMVI, only the rhombic-shaped
tetramer was compatible with a role of TMVII in engr + dimer interface involving TMVI-TMVII

and part of TMI (Listeet al., 2015). This model generated a complex of twoedigin which



protomer-protomer interactions occur through aerfate involving residues from TMI-TMII and
Helix V1) that interact to form a dimer + dimemterface utilizing residues from TMVI-TMVII and
part of TMI. Moreover, molecules of cholesterol eepecifically introduced into the model in
positions that had already been observed in othigiighed class A GPCR crystal structures (Léste
al., 2015). In particular, two cholesterols interagtivith the extracellular side of TMVI (making a
total of four molecules in the tetrameric complexere suggested to form a buffer between the dimers
and to mediate interactions of TMVI with TMVII, agell as with residues from TMFgure 1).
Molecules of cholesterol in equivalent locationsénbeen described in both the quaternary
arrangements of the adenosing fJaakolaet al., 2008) and p-opioid receptors (Mangttial .,

2012). Furthermore, these cholesterols superimpaséidvith those observed in the extracellular
side of the TMVII of the P2Y12 receptor (Zhaetcal., 2014). Two molecules of cholesterol were
also described at the TMI- Helix VIII dimer inteckapositioned as observed in the crystal struafire
the B,-adrenoceptor (Cherezetal., 2007) and serotonin 5-Hd (Wackeret al., 2013) receptors.
Organization of the bR has also been investigated using FRET-based agipes (Pisterat al .,

2010). Herein, as measured using combinationsiofdlscence intensity-based microscopy and
fluorescence lifetime measurements, and in accdfdthe ligand binding studies discussed earlier,
these studies also concluded that th&® ¥4 present as a tetramer at the cell surfacexn$iently
transfected CHO-S cells. Subsequently, a combinatigingle-particle photobleaching, FRET, dual-
color fluorescence correlation and molecular dyramroduced similar conclusions thaiRVexists

as a tetramer, but also suggested that each pfobhemers in this arrangement is coupled tg-a G
family G protein. This conclusion produces a compiEhetero-octamers in which the adjacent
protomers interact via an oligomerization interfaoenposed of residues within TMIV and V and in
which each of the protomers directly communicatihb s coupled G protein and indirectly with the
G protein coupled to a neighbouring protomer (Shiameet al., 2016a). In a parallel study,
Shivnaraine and collaborators (2016b) concludetidhly interactions between constituent protomers
of an MpR oligomer complex could explain the observed #dliis effects of ligand binding that are
characteristic of MR in myocardial preparations. To monitor such &os interactions, the authors

developed an MR conformation sensor at the allosteric site, baseBRET between inserted



‘FIAsH’ (Hoffmann et al., 2010) sequences and the mCherry fluorescergiprand performed
pharmacological assays involving mutants enginegrgdeclude intramolecular effects (Shivnaraine

et al., 2016b).

Aside from efforts to define dimeric interfacesitaka strictly structural perspective, RET
techniques have been widely used to detect muscagiceptor dimers in living cells. In early stuslie
Goin and Nathanson (2006) used BRET to demongtrateeach of NR, M;R and MR have the
ability to form both homo- and hetero-dimers thati@d slightly in their interaction affinities and
suggested a propensity to form homo-dimers rattaar higher-order or hetero-meric complexes.
Such BRET studies, however, did not allow discriamion between receptors at the cell surface and
the total receptor population present within thié Eeetection of dimerization of the M has,
therefore, been studied in greater detail using FRiicroscopy to allow selection of specific regions
of interest, for instance, within the plasma membréAlvarez-Curtcet al., 2010a, Patorwarst al.,

2013).

Homogeneous time-resolved FRET (htrFRET), whichsdust require the use of a
microscope, has also been developed and extensisetyin the study of GPCR oligomerization
(Maurelet al., 2008). Herein, specific self-labelling proteaig$ e.g. SNAP, CLIP or HALO tags
(Alvarez-Curtoet al 2010a, Hussaigt al., 2013, Kolberget al., 2013, Aslanogloet al., 2015,
Marsangcet al., 2015a; Marsanget al., 2015b; Wardt al., 2010) have been fused to (usually) the
N-terminal domain of a GPCR. Covalent labellinghngpecific lanthanide (terbium or europium)
cryptates that act as energy donor, and a compaitdrgy acceptor allow htrFRET. Use of non-cell
permeant substrates to label the tags allows ttlesxe detection of those present at the cellesaxf
Additionally, the long lifetime of emission fromeldonor lanthanide means that the signal can be
recorded at times after which short-lived celldatofluorescence has decayed (Maurel et al., 2008;
Alvarez-Curtoet al 2010a, Hussaigt al., 2013, Kolberget al., 2013, Aslanogloet al., 2015,
Marsangcet al., 2015a; Marsanget al., 2015b; Listest al., 2015; Wardet al., 2010). As well as
basal homo-dimerization of }& and hetero-dimerization of JR/M3R at the cell surface (Alvarez-

Curtoet al., 2010a, Aslanoglost al., 2015; Listeet al.2015) potential regulation of homo-dimer and



hetero-dimers formation by ligands has also beeasitigated using such approaches (Alvarez-Curto
etal., 2010a, Aslanoglost al., 2015; Listeet al.2015). To explore this Alvarez-Curto and
collaborators (2011) used combinations of wild thiMsR and a genetically engineered form of this
receptor designated as a ‘RASSL’ (Receptor Activ&elely by Synthetic Ligand) mutant (Conklin
etal., 2008; Pett al., 2008; Donget al., 2010). The hMRASSL receptor incorporates mutations in
TMIIl and TMV that render it unable to bind effeatly the endogenous ligand, acetylcholine, whilst
in parallel it acquire affinity for the synthetigdnd clozapine-N-oxide (CNO), (Alvarez-Cuebal .,
2011). Cells expressing both forms of these recggtdvkR + hM;-RASSL) that were tagged with
appropriate pairs of fluorescent proteins or wiNA®/CLIP tags were used to demonstrate the
presence of homo-dimers (Alvarez-Cuetal., 2011). Here, it was found that treatment with th
agonist carbachol significantly reduced the FREjhal whilst treatment with the muscarinic
antagonist atropine was without effect, suggedtiad; in the presence of the agonist, the complexit
of the quaternary structure of the fRMwas reduced (Alvarez-Curébal., 2011). However, when
measurements were focussed exclusively at theswddce treatment with appropriate selective
agonists (carbachol and acetylcholine for the wifge receptor and CNO for the RASSL) the
oligomeric structure became more complex (Alvarezt@et al., 2011). Once more, the antagonist
atropine was without effect (Alvarez-Curtbal ., 2011). Whilst these results appear contradictory
conventional “imaging” FRET using pairs of fluorest proteins monitors receptor proximity
throughout the cell whereas htrFRET using the Iséiélling protein tags only detected receptors at
the cell surface. This may reflect genuine diffeesin the effects of ligands upon quaternary
structure depending upon cellular location but negufurther analysis. The use of htrFRET to
analyse muscarinic receptor organization has hagmefr exploited to concurrently monitor homo-
dimers of hM-RASSL or hMR and hM-RASSL-hMR hetero-dimers in cell co-expressing i\
and hMR (Aslanoglowet al., 2015). Here once more, atropine had no effe¢herextent of
dimerization, whilst the selective (in this conjexM,R agonist, carbachol, caused an increase in
level of hMLR homo-dimerization and a reduction in the leveh@bR-hM;-RASSL hetero-

dimerization.



Recently, to gain further insights into the dimatian of GPCRs and potential effects of
ligand binding Milligan and collaborators (Weetal., 2015, Pediaret al., 2016; Wardt al., 2017,
Marsangcet al., 2017) have adopted a biophysical techniqueti@patensity Distribution analysis
(SpIDA), developed by Wiseman and co-workers (Getlad., 2011 and 2015; Barbeatal., 2013).
This allows the detection of protein-protein int#rans with a spatial resolution of 220 nm; a
limitation which is overcome by oversampling thedaspot confocal volume and quantifying the
excitation illumination volume for membrane oligaomzation measurements as a surface as opposed
to a 3-dimensional volume (Pediatial., 2017) Briefly, SpIDA is based upon the analydisegions
of interest (Rols) selected within laser scanniogfoecal images of cells expressing the protein of
interest tagged with, for example, an appropriad@@meric fluorescent protein (Godshal., 2011
and 2015; Barbeagt al., 2013; Wardet al., 2015; Pedianét al., 2016; Wardet al., 2017; Marsango
etal., 2017). Images are then analysed by construdiogdscence intensity histograms for the pixels
within the Rol and then applying super Poissoniatridution curves. From these, both the average
quantal brightness (QB) within the Rol and alsortiean fluorescent intensity of the fluorescent
particles can be calculated (Godiral., 2011 and 2015; Barbeatal., 2013; Wardt al., 2015;

Pedianiet al., 2016; Wardkt al., 2017; Marsanget al., 2017).

The normalization of such values for the QB offlherescent label alone (expressed in a
manner which ensures that it is appropriately ledat cells and is in a monomeric state) allows the
determination of the quaternary structure of tlygéa protein of interest (expressed as monomeric
equivalent unit, MEU) and its density (expressegarticles per pf) (Zakryset al., 2014, Wardt
al., 2015, Pediargt al., 2016). Thus, if a suitably tagged GPCR has a QBetthat of the label in a

monomeric state, then it is likely to be a dimer.

In various studies in which the protein of intenests labelled with monomeric enhanced
Green Fluorescent Protein (MEGFP) for exampleQiBef the fluorescent label alone was
determined by performing SpIDA measurements otb#smlateral membrane of cells expressing a
single mEGFP modified at the N-terminal region garporation of a palmitoylation +

myristoylation consensus sequence (PM-mEGFP)r¢etahe expression of the mEGFP to the



plasma membrane) or the equivalent forms of mME@ed to the C-terminal region of the
monomeric, single transmembrane domain protein Ql288ryset al., 2014, Wardkt al., 2015,
Pedianiet al., 2016, Marsanget al., 2017). For example, the analysis of the futhdset obtained
with the PM-mEGFP construct showed these to beibliged in Gaussian fashion with an MEU
value very close to 1. This indicates that acrbssrange of expression levels achieved, PM-
MEGFP was routinely observed as being monomeridlzatdeven at higher levels of expression it
was not erroneously identified as being dimeriolagomeric (Pedianet al., 2016 and Marsango

etal., 2017).

The first class A GPCR to which this methodologyswapplied was the serotonin 55T
receptor and it was found that the receptor exiaged complex mixture of oligomeric states from
monomer to higher-order oligomers, with the moshownly found state being a dimer (Watdil .,
2015). Interestingly, upon treatment with a nundfereceptor sub-type specific, but chemically
distinct antagonists, this state was transformemlarpredominantly monomeric one. Importantly for
the potential pharmacological and, indeed clinickvance of these observations, washout of the
drugs resulted in reformation of the original, cdéexpoligomeric state, indicating the reversibildy

the ligand effect (Waret al., 2015).

SpIDA has also been applied recently to study tfeets of ligands on the quaternary
structure of the YR (Pediankt al., 2016). At the basolateral membrane of cells @sging an MR
fused to monomeric enhanced green fluorescentiproteeGFP), a 75%:25% mixture of;®
monomers to R dimers or higher-order oligomers was detecteatiérbasal state (Pediaatial .,

2016). Upon treatment with the;R selective antagonist pirenzepine a large stafhfthe
predominantly monomeric basal state, to a much mongplex one containing receptor dimers and
oligomers was observed (semure 2). A similar result was also produced by treatnweitih the
chemically closely related MR selective antagonist telenzepine (Pedéhal., 2016). However, this
was not a general effect produced by all muscagntagonists. For example, neither atropine nor N-
methylscopalamine (NMS), produced a change jR ligomeric structure (Pediadial., 2016).

Furthermore, although markedly selective folRvat higher concentrations both pirenzepine and



telenzepine can bind thes®. However, despite both being used at concentrmt@propriate to their
lower affinity at this receptor, neither antagomsts able to affect the organizational structurthef
M3R (Pedianiet al., 2016). This highlights that ligand regulationynee a receptor selective
phenomenon and further studies to understand thecolar differences between;® and MR that
result in this divergence should be illuminatingitébly, although not often quoted in reports on
muscarinic receptor organization, earlier work leynland collaborators (2009) had already noted
that pirenzepine could promote;RIdimerization. These studies indicated that réigahd binding to
a site on the periphery of the receptor acts agger for a series of conformational changes. €hes
in turn, were suggested to allow the ligand to asceore deeply buried regions of the receptor,
promoting the formation of high affinity dimers. Ameresting corollary to this is the studies ofrile
and collaborators (2010) who used a single moleioudging technique, with a resolution of 20nM,
known as total internal reflection fluorescencenwscopy (TIRFM) to identify and track in real time
individual M;R molecules bound to (fluorescent) Cy3B-telenzepine receptors were found to be
randomly distributed in the outer membrane of tieeted CHO cells and at any given time 30% were
in the form of dimers, in broad agreement withwoek of Pediani and collaborators (2016).

Hern and collaborators (2010) considered “dimeodja those tracks whose intensity was
double that of the single fluorophore-ligand noefcally bound to the glass slide. In more recent
studies, the validity of receptor dimerization atveel with TIRF analysis has been assessed using
SNAP-tagged forms of CD86 (known to be monomenit) @mparing the intensity of its tracks with
those measured for SNAP-SNAP-CD86 (Calebtra ., 2013) or SNAP-CD28 (known to be dimeric)
(Taboret al., 2016).

SpIDA analysis on effects of ligands on muscarmeieptor organization has, to date, centred
upon effects of antagonists. This reflects thepimal for agonists to promote internalization tod t
receptor, and the approach requires analysis epters located at the cell surface. In the futuse,
of inhibitors that interfere with clathrin- or dymén-mediated internalization may be useful. An
alternative, and potentially more clear-cut apphoacay be to employ genome-edited cells in which
receptor internalization is blocked: e.g. uspragrrestin 1/2 knockout HEK293 cells (Alvarez-Cueto

al., 2016).



A number of studies have also examined the effifatsuscarinic agonists as parts of wider
studies on muscarinic oligomerization. For examilerrick-Davis and collaborators (2013) made
use of Fluorescence Correlation Spectroscopy (M@t8)photon counting histogram analysis to
examine the oligomeric structure of a number odslda GPCRs including the f® and MR. These
studies concluded that these receptors are exelysiimeric and that treatment with the agonist

carbachol had no effect upon this (Herrick-Daatial., 2013).

Finally, in a wide range of studies sustained tnegit with antagonist ligands has resulted in
upregulation of receptor levels and enhanced oefhse delivery. The muscarinic antagonist atropine
has been found to increase expression and regibicface delivery of many of the mutants that
Liste and collaborators generated and that sholaedbst impaired dimerization /oligomerization
characteristics (Listet al., 2015). Interestingly, long term atropine treattrggmerally promoted
enhanced organization of such mutants, with theritgjshowing a more similar organization to that
of the wild-type receptor (Listet al., 2015). The role of so called molecular or phamhagical
‘chaperones’ has been widely discussed in the gbofaeceptor trafficking and clearly can promote
oligomeric organization at the cell surface. Thisikely to be directly linked to early studiestha
centred on the role of receptor dimerization wittie endoplasmic reticulum and the idea of

oligomeric contacts as a key quality control pointthe ontogeny of many GPCRs.

Conclusions and Future Per spectives

In this review, we have summarized current knowdedggarding the quaternary structure of
the muscarinic acetylcholine receptor family by sidering both of early work, particularly
considering outcomes from ligand binding studiesl also results derived from more recently
adopted approaches. For at least thR#WI;R subtypes, where most work has been focussed,
different and sometimes contradictory quaternargragements, have been described by various
research groups. In this regard, it is importanhéention that a large scale comparative studyusts
been published in which the quaternary structurg@loflass A rhodopsin-like GPCRs was analysed

by BRET- and single-molecule microscopy-based as@agiceet al., 2017). The conclusion was that



only a small proportion of class A GPCRs (about 283ms authentic dimers while most of them,
M3R included, are present as monomers in HEK293 @edlikeet al., 2017).

Moreover, the authors concluded that dimers waradd from closely related phylogenetic
clusters and that even closely related receptarkldme organised in different quaternary structures
(Felceet al., 2017). Finally, the authors hypothesised thatedization is an evolutionary process, one
that increased the “fitness density” of those rémesp such as frizzled and glutamate, for which
dimerization is essential for their function pretreg them from diverging (Felcst al., 2017). This
was suggested to explain why dimerization, thasdus confer functionality, is not a common future
among class A GPCRs (Feleeal., 2017).

Similarly ligand binding to the receptors has bdescribed as able, or not, to alter the
guaternary arrangement of muscarinic receptors.gdew despite this, the concept of class A GPCR
oligomerization is one which has moved from thepsesry of receptor biology to the mainstream. A
great deal of extra study may be required befareh@rent picture of the quaternary structure and
physiological function of these receptors emergeksitis likely that further studies on muscarinic

receptors will be involved in many aspects of this.
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Technique

Receptor subtype/model system

Reference

Binding assays

M-R; heart tissue

MsR; heart tissue

M4R; brain

M,R;M3R heterologous system
M,R; phospholipid vesicles
M,R; phospholipid vesicles

Mattera et al., 1985
Galper et al., 1987
Potter et al., 1991
Maggio et al., 1999
Redka et al., 2013
Redka et al., 2014

Photo-affinity labelling

M4R; brain

Avissar et al., 1983

Western blot/Co-
I mmunopr ecipitation

M3R; heterologous system
M3R; heterologous system
M,R; heterologous system
M3R; heterologous system
M3R; heterologous system
M3R; heterologous system
M3R; heterologous system

Wreggett and Wells, 1995
Zeng and Wess, 1999
Park and Wells, 2004

Hu et al., 2012

Hu et al, 2013

Liste et al., 2015

Pediani et al., 2016

MR, M;R, M3R; heterologous system

Goin and Nathanson, 2006

BRET M;R; heterologous system Marquer et al., 2010
M3R; heterologous system McMillin et al., 2011
M3R; heterologous system Alvarez-Curto et al., 2010a
M,R; heterologous system Pisterzi et al., 2010

FRET/htrFRET M3R, M;R; heterologous system Patowary et al., 2013
M3R; heterologous system Aslanoglou et al., 2015
M3R; heterologous system Liste et al., 2015
M,R; heterologous system Hern et al., 2010

TIRF M,R; heart tissue and heterologous Nenasheva et al., 2013
system

SpIDA MR, M3R; heterologous system Pediani et al., 2016

FCS MR, M;R; heterologous system Herrick-Davis et al., 2013

Table 1. Summary of approaches used to detect dimers ahigfoer-order oligomers of muscarinic

receptor subtypes.




Figure 1 Quaternary organization of the hM3;R. (A) Representation of the four distinct low energy
M3R dimeric structures as described by McMillin aptlaborators (2011). The transmembrane
domains identified as being important for fiprotomer-protomer interactions are showgriey
circles. (Bi) Schematic representation of the quaternary arraegts of MR as described by
Patowary and collaborators (2013);R/can form rhombic-shaped tetramers and dimersatigan
equilibrium at the cell membrandi() Molecular model of th&1;R tetramer with a rhombic
arrangement as a complex of two dimers represexsgiety and blue surfaces. Predicted molecules

of cholesterol are shown gdlow spheres (Figure adapted from List al., 2015).

Figure 2 Pirenzepine and telenzepine alter the quater nary structur e of hM R, whilst atropine

and NM Sdo not. The quaternary state of the fiRlis shown in a graph in which tk@B, presented

as monomeric equivalent units (MEU), is plottediagfathe receptor expression level, presented as
receptor per pfmin cells not treated{ack circle) or treated gpen circle) with pirenzepineA),
telenzepineB), atropine C) or NMS D). The percentage of Rols characterized by thegieace of
hM:R in monomeric (QB less than or equal to 1.2744i dimeric (QB bigger than 1.274 (lI+))

state, in not treatedbl@ck bars) or antagonist treateden bars) cells, is also indicated in thesert.
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Highlights
» Muscarinic acetylcholine receptors are GPCRs expressed in the nervous systems
»  These receptors can function as monomers and a so form dimers and oligomers
» A broad range of approaches have been employed to study their quaternary structure

*  The main outcomes obtained from over 30 years of work are discussed here



