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Membrane-Mediated Oligomerization
of G Protein Coupled Receptors and
Its Implications for GPCR Function

Stefan Gahbauer and Rainer A. Béckmann *

Computational Biology, Department of Biology, FriedrichAlexander University of Erlangen-Nurnberg, Erlangen, Geany

The dimerization or even oligomerization of G protein coupdtl receptors (GPCRS)
causes ongoing, controversial debates about its functionlarole and the coupled
biophysical, biochemical or biomedical implications. A cetinously growing number
of studies hints to a relation between oligomerization anduhction of GPCRs and
strengthens the assumption that receptor assembly plays a dy role in the regulation
of protein function. Additionally, progress in the structtal analysis of GPCR-G
protein and GPCR-ligand interactions allows to distinguls between actively functional
and non-signaling complexes. Recent ndings further suggst that the surrounding
membrane, i.e., its lipid composition may modulate the prefrred dimerization interface
and as a result the abundance of distinct dimeric conformadins. In this review, the
association of GPCRs and the role of the membrane in oligomization will be discussed.
An overview of the different reported oligomeric interfaceis provided and their capability
for signaling discussed. The currently available data is sumarized with regard to the
formation of GPCR oligomers, their structures and dependery on the membrane
microenvironment as well as the coupling of oligomerizatioto receptor function.
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1. INTRODUCTION

G protein coupled receptors (GPCRs) form the largest and mogtrgliéesgroup of transmembrane
proteins and are considered key players involved in numeroosgsses, including in particular
the communication between cells. The membrane-embeddetibpasf all GPCRs is built by seven
transmembrane helices (TM1-TM7). Upon activation they coupla @protein at the intracellular,
carboxyl-terminal part. The activation-inducing ligand eceived from the extracellular domain of
the receptor. For both, ligands and G proteins, GPCRs typicadiws high plasticity with regard to
engaging with di erent types of interaction partners, hencéngke GPCR can be involved in many
di erent signaling pathways. Even though GPCRs have beeneduidir several decades, certain
aspects of their function still lack a complete characteraratUntil the early 2000s, GPCRs were
considered as functional monomeric units. However, a cumusly growing number of studies
reported the presence of homo- or heterodimers or even highider oligomers throughout the
vast family of these receptoréifgers et al., 2002The importance of receptor assembly is still
debated: On the one hand, di erent studies present evidenaedimerization is required prior of
signaling, especially for the group of class C GPCRsaze et al., 201). On the other hand, for
the overall less investigated class B GPCRs, functional mersowere shown by actively disrupting
dimerization by mutations®ioszak and Xu, 2008Still, there is rising evidence that these receptor
types form also functional dimer$ig et al., 201
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Similar ndings were reported for the medically most helix, i.e., a dimer interface without TM6 (e.g., a symmetric
relevant and largest group of class A GPCRs: Evidence has beeterface around TM1 and TM4). Such a dimer-speci ¢ activity
collected for both, functional monomers as well as functéibn and functional selectivity could o er new opportunities to taty
dimers or oligomers. For example signaling monomers hav&PCR function with medical drugs{(pser et al., 2010
been reported for rhodopsinBayburt et al., 20Q7and the Furthermore, an increasing number of studies suggests that

2-adrenergic receptor\ifhorton et al., 200); while the same dimerization and signaling of GPCRs are modulated by the
receptors have been observed in dimeric con gurations irsurrounding membrane. This review will focus on how di erent
crystal structuresKalczewski et al., 2000; Cherezov et al., R007%types of lipids and other membrane components may in uence
Additionally, other experiments also hint to functional dars  dimerization patterns of GPCRs and thereby possibly regulate
of these receptorsAfgers et al., 2000; Jastrzebska et al., )201Function and signaling. There are two possible paths for how
In general, the ongoing development and improvement ofipids may in uence GPCRs association: by direct binding to
membrane protein crystallography allowed to resolve severdbe receptor surface, or indirectly by modulating the propesti
crystal structures of GPCRs5(iosh et al., 20)5 frequently  of the surrounding membrane. Here, we review and discuss
with the receptors in stable dimeric conformatioridqsenbaum available information for both mechanisms, as well as comiymon
et al., 2009; Katritsch et al., 2Q01However, crystal dimer employed methods for the study of GPCR oligomerization.
con gurations may not necessarily reect native dimer
con gurations, since the crystallization may require seqce

modi cations and in particular since the crystal environnten 2. METHODS TO ANALYZE GPCR
di ers considerably from the membrane environmentvivo. In -~ QLIGOMERIZATION
addition to the growing number of structures, more and more
computational methods were employed to unveil the dynamic3wo frequently used methods to analyze GPCR dimer- or
of GPCR multimerization Ifleng et al., 2014; Kaczor et al., oligomerization are resonance energy transfer (RET) tepies
2015. The functionality of GPCR dimers was further validatedand computational approaches such as molecular dynamics
by advanced uorescence methods such as Fdrster resonan@®D) simulations. In FRET and BRET experiments, the
energy transfer (FRET), bioluminescence resonance energgsonance energy transfer between an energy donor and an
transfer (BRET), or uorescence correlation spectroscopySJ-C energy acceptor is used to analyze protein associatitritét
experiments, which allow to measure signaling and aggregati et al., 201p The eciency of this non-radiative energy
of GPCRs simultaneouslyoddard and Watts, 2012a; Kasai andtransfer (via long-range dipole-dipole interactions) is irsedy
Kusumi, 2014; Vischer et al., 2015 proportional to the sixth power of the distance between donor

Based on the continuously growing number of studiesand acceptor Korster, 1948 In general RET methods have
indicating class A GPCR assembly as a part of proper signaling,spatial resolution of 10-100 AS¢kar and Periasamy, 2003
the process of dimer formation and dierences in dimer FRET studies are performed by fusing uorescent proteins to
interfaces among dierent GPCRs shifted into the focusthe C-terminal parts of the GPCRs of interest. The uorescent
Recent cross-linking studies revealed that active GPCRs mapyoteins are usually variants of the green uorescent protein
form dimer interfaces that dier from that of their inactive (GFP) Shimomura et al., 19§2hat show a certain overlap of
conformation Guo et al., 2005; Mancia et al., 200Fhese their excitation and emission spectra (e.g., CFP and YFP), in
intriguing shifts in GPCR dimerization interfaces suggést order to allow for the absorption of the donor-emitted lighy b
involvement in the regulation of GPCR activation and sigmgl the acceptor.
strength. Due to the fact that the uorophor proteins consist of

Structural studies revealed that GPCRs share a typicapproximately 230 amino acids, hence are of comparable size
conformational change upon activation. This con guratidna as GPCRs themselves, the receptor stability needs to be tested
transition mainly involves an outwards movement of TM6, and possible uorophor-driven associations between the pratei
opening up the intracellular part of the TM helix bundle in orde should be excluded (see elghse et al., 20)2As an alternative
to enable G protein coupling{obilka, 2007; Kimata et al., 2015 to the large GFP, small peptides binding extracellular uoeésc
In addition to this commonly observed conformational ch&yg were presented that may in many cases reduce steric side
functional selectivity of the serotonin 5-Hydroxytryptangi(2A) e ects (Grinetal., 1998).

(5-HT2a) receptor was assigned to smaller yet specic ligand- If the donor is excited via light waves at its absorbance
dependent conformational changes of the intracellular loopvavelength and the acceptor is in close vicinity, FRET occurs
2 (connecting TM3 and TM4) Ferez-Aguilar et al., 20).4 between the donor and the acceptor resulting in a detectable
These observations allow to hypothesize that the modulatfon emission of light from the acceptor (s€gure 1). However, not
dimeric or oligomeric interfaces may contribute to the feional  only the distance but as well the relative orientations betwe
selectivity by inducing or hindering specic conformatiodna donor and acceptor a ect the energy transfer: If the dipoles are
changes. Forinstance, involvement of TM6 at the dimer igteef oriented perpendicular to each other, no FRET occurs. Only a
may possibly result in conformational trapping of TM6 in parallel orientation between donor and acceptor dipoles alow
an activation-incompetent conformatiorCordomi et al., 2015; for a resonance energy transfer. Further the e ciency of the
Vafabakhsh et al., 20L.5Vice versa, active receptor dimer energy transfer between FRET proteins is rather small (about
con gurations will likely require a conformationally ekile TM6  10-40 %), hence only small uorescence intensities have to be
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FIGURE 1 | Model of FRET experiments applied to GPCR dimerizati  on. The GPCR (here: CXCR4 chemokine receptor, PDB: 30DWYu et al., 2010) is shown in
surface and cartoon representation and colored in a laterajradient from red to green. Fluorescent proteins (PDB: 1YFRVachter et al., 2000 are linked to the
C-terminal part of the crystal structures. CFP is shown in @n, unexcited YFP in gray and YFP in its excited state in yello(Figure inspired byl.ohse et al., 2012;
Broussard et al., 2013.

measured which can be quite challengingrqussard et al., the relative a nity between the acceptor and the donor remedh
2013. Therefore, experimental instruments need to be justi edequal Percherancier et al., 2005; Szidonya et al., 2008

carefully and extensive mathematical analysis of the detlec =~ MD simulations provide atomistic detail of biomolecular
signals is required for reliable conclusions. Additiogalthe processes at high spatial and time resolution and proved
absence of FRET is not equivalent to the absence of proteiextremely useful in the study of GPCR dynamics, GPCR oligome
protein interactions, the uorophors might not be in a close formation and in the analysis of the in uence of the membrane
enough proximity or their relative dipole orientation mighbh  environment on oligomerization§abbadin et al., 2014; Sengupta
be properly aligned, i.e., the proteins formed a FRET-negativend Chattopadhyay, 2015; Tautermann et al., 0lkbgeneral,
con guration. Furthermore, the surrounding environmentie  MD simulations at atomistic resolution of biomolecular s1sts
quench the uorescence up to a degree that no FRET signatge limited to the timescale of hundreds of nanoseconds to
can be detected. On the other hand, the overexpressiom few microseconds. However, protein aggregation occurs on
of uorescence proteins or high protein concentrations cantimescales of tens of microseconds. Additionally, membrane
lead to FRET between non-interacting proteins in closesystems typically contain more than 100,000 atoms and are
vicinity. therefore computationally rather expensive. Therefore, dtm

In BRET assays, a bioluminescent protein (e.g., luciferaddD simulations can hardly be employed in the study GPCR
from Renilla reniformis Rluc) is used as the donor, i.e., noassociation.
light excitation of the donor is required but a substrate A signi cant speedup is gained by switching to more coarse-
(e.g., coelenterazine h for Rluc) in order to stimulate thegrained resolutions. For example, in the widely used Martini
bioluminescence. Rluc can serve as a donor with YFP or GFP egarse-grained (CG) model, four heavy atoms are grouped
the acceptorfAyoub and P eger, 2010 The basic advantages of together in one superatom (or bead) that re ects the properties
BRET techniques are the reduced background signal as comparefthe 4 atoms{larrink et al., 2004, 2007; Monticelli et al., 2008
to FRET methods, since the excitation is biochemically 8igd (seeFigure 2). In this way, the number of degrees of freedom is
instead of light-induced. Additionally, BRET enables to parf  reduced, high frequency motions of hydrogen atoms are exsdud
kinetical measurements, given that the signals can be@etémr  and the di usion of proteins is increased by a reduced friction
up to 30 min (Cottet et al., 2012 A notable drawback of BRET between CG beads as compared to atoms. Taken together, the
strategies as compared to FRET techniques is that the substrabmputation time required to study a biomolecular process at
not only excites the bioluminescent proteins at the cell acef CG resolution is by 100-500 times reduced as compared to a
but possibly as well cell-interior proteins. corresponding atomistic simulation.

FRET and BRET techniques are very powerful tools to Of course this loss of resolution comes with several drakdbac
investigate protein association, however the interpretattd  as compared to atomistic simulations. One important aspect in
RET e ciencies can be rather challenging because dierenthis regard is the inability of the CG force eld to describe
e ciencies can result from either an increased or decreasedonformational changes of proteins, which is due to the
number of receptor oligomers or from conformational simple design of the protein backbone in the Martini force
changes in preexisting complexes ($égure 1). Nevertheless, eld (Marrink and Tieleman, 2003 In fact, the secondary
conformational changes can be concluded if the maximal RES$tructure is constrained by an additional force network &ek
changes while the REgvalue (acceptor/donor ratio resulting in a preset structurede Jong et al., 20).4n addition, the reduction
a half maximal RET signal) remains una ected, indicating thatof resolution also aects the energy landscape of molecular
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FIGURE 2 | Coarse-grained MD simulations. (A) Several molecules are shown as overlays between the atomistand the corresponding Martini coarse-grained
models. (B) A typical coarse-grained simulation system as used in recepr dimerization is shown before and after the simulatiorP(uhackova et al., 2016.

systems: free solvation energies can be reproduced quitgerface Pluhackova et al., 20)fsing the standard Martini
accurately in CG systems as compared to atomistic simulgtionforce eld were shown to be arti cially enhanced, in particufar
however, the decomposition of these free energies into guitha the original Martini force eld for proteins Prakash et al., 2010;
and entropic contributions can dier stronglyMarrink and  Stark et al., 2013; Chavent et al., 2086 a cure, it was shown
Tieleman, 2018 The reduction of the number of degrees of for the older variant of the Martini force eld that a reducin
freedom in uences the entropy of the system. In order toof the Lennard-Jones interactions between protein beads may
reproduce the correct free energy, the enthalpic energies acempensate this overestimatiogt@rk et al., 2013
therefore increased in the Martini model. In the same cotitex  Nonetheless, the Martini force eld shows good performance
electrostatic interactions between charged particles eseribed for membrane systems, hence it is commonly used to investigate
implicitly in order to compensate the reduced number of partialtransmembrane proteins on long timescal&uhackova et al.,
charges and dipoles as compared to atomistic force eld2013; Pluhackova and Bdckmann, 2QIGPCR association is
Consequently, Coulombic interactions in apolar environnmgent usually addressed by simulating a CG system that contains
are too weak in CG Martini modelsMarrink and Tieleman, several copies of the receptor, embedded in a membrane bilayer
2013. for up to tens of microsecondsP(ovasi et al., 20)5In this
Additionally, interactions between proteins in aqueousway, dierent dimeric interfaces can be identied from one
solution (Stark et al., 2013; Larisch et al., 2)lfiembrane- simulation. However, the method is hampered by the low
embedded proteins Rrakash et al., 2010; Chavent et al.dissociation rate, i.e., dimers were not observed to dias®c
2019, as well as between peptides and the membranagain on the accessible simulation timescaleatanna et al.,
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2014; Provasi et al., 2013 he obtained statistics from only a few caveolin proteins with pro les of marked receptoris€ad et al.,
of such simulations is thus quite limited. 2005; Insel et al., 20n3n some cases the receptors colocalized in
A recently developed high-throughput simulation these domains before any stimulations by an agonist (e:4\R
method termed DAFT (Docking Assay For Transmembraneand >AR Schwencke etal., 1999; Xiang et al., 28@#otonin 5-
components) oers an automated, extensive sampling oHT2a receptorBhatnagaretal., 200dr -opiod receptoiHuang
di erent GPCR dimerization interfaces\(assenaar et al., 2015b; et al., 200), in other experiments it was observed that the
Pluhackova et al., 20).6n this methodology, several hundreds colocalization is agonist-induced (e.g., angiotensin ipetyl
of CG simulations are performed, each consisting of two copieseceptorishizaka et al., 199&inin B receptorSabourin et al.,
of a GPCR embedded in an explicit membrane environmenf002 or gonadotropin-releasing hormone receptomwson et al.,
and surrounded by waterV(assenaar et al., 20)5adhe two  2003. Furthermore, multiprotein complexes involving theAR
proteins are initially placed at a xed starting distance fremch were observed in caveolin-rich areas of the membrdagaqul
other, but at di erent starting orientations. Using this esteble et al., 200k
simulation setup, allows to gain statistical insight into G® Non-caveolar nanodomains were also shown to organize
dimerization patterns and how changes in the lipid environmhen GPCRs and regulate their signaling and oligomerizatioh (
alter the protein association. Despite the aforementione@t al., 2006; Fallahi-Sichani and Linderman, 2009; Villar
possible overestimation of protein-protein interactions,eth et al., 2015 A study on the G protein coupled purinergic
DAFT approach in combination with the Martini force P2Y12 receptor showed that disruption of functional oligomers
eld (de Jong et al., 20} allowed to determine preferred dimer which are incorporated in membrane nanodomains, into non-
interfaces for di erent systems that are in excellent agreetm functional dimers or monomers leads to partitioning of the
with experiments lan et al., 2015; Wassenaar et al., 2015kreceptors out of the lipid raftsavi et al., 20060ligomerization
Pluhackova et al., 2016 may thus be required for correct localization in membrane
nanodomains important for proper signaling.

3. COMPARTMENTALIZATION OF GPCRS
IN MEMBRANE NANODOMAINS 4. HYDROPHOBIC MISMATCH PROMOTES
RECEPTOR ASSEMBLY
Possible membrane-driven mechanisms that inuence the
dimerization or oligomerization of GPCRs will sensitivelyAn evident mechanism how membrane properties may
depend on the membrane environment around the receptorgegulate GPCR assembly in membrane nanodomains is due
Further, the lipid environment was shown to in uence GPCRto hydrophobic forces coupled to a hydrophobic match or
function and several health disorders during aging werggassl mismatch. The hydrophobic mismatch is dened as the
to changes in the membrane composition that altered GPCHRli erence between the hydrophobic membrane thickness and
signaling Alemany et al., 2007 The colocalization of GPCRs the peripheral length of the hydrophobic part of the membrane-
and other components involved in signal propagation in dynamicspanning protein. Consequently, if the protein's hydrophobic
membrane nanodomains (sometimes referred to as lipid raftg)art exceeds the bilayer thickness, oligomerization might
has been reported in a vast number of studig€sofdard reduce the exposed hydrophobic area of the proteiilian,
et al., 201R These nanodomains are characterized as denselp99 (see Figure3. Using FRET experiments it was
packed, dynamic membrane areas with increased concentgtioshown that the reduction of membrane thickness or the
of glycosphingolipids and cholesterol and have been inditateincrease of the protein/lipid molar ratio promote rhodopsin
to play important roles in the sorting and organization of association®otelho et al., 2006 This observation was assumed
membrane proteins \(illar et al., 201k Caveolae (“little to be based on the hydrophobic mismatch induced curvature
caves”) show a similar lipid composition, but they additidpal of the membrane at the protein-lipid interface. Association
contain the protein caveoline on the inner leaet of the of proteins into protein clusters relieves the curvature free
bilayer (nsel et al., 2005 GPCR signaling involves many energy Botelho et al., 2006
components like heterotrimeric G proteins (consisting of ,G Association of GPCRs to improve the hydrophobic match
G , and G subunits), adenylyl cyclases, channel proteinswas additionally analyzed using computational methods to gain
phospholipases or GTP exchange factdtst(om and Insel, molecularinsightin this processi(et al., 2012; Sadiq et al., 2013;
2009. Signal transduction is mainly performed by specic, Rog and Vattulainen, 20)4 Performing coarse-grained MD
physical interactions between these components. Howeveimulations on systems containing several copies of rhodopsin
GPCRs, G proteins and other e ector enzymes have beesmbedded in membranes of di erent thickness, it was shown
reported to be expressed at low concentrations in cé€llsom  that rhodopsin alters the membrane thickness at the membrane
et al., 200)) thus suggesting a selective compartmentalizatioprotein interface Periole et al., 2007The shorter the lipid chain
of the involved molecules as necessary for e cient sigr@lin length, the more pronounced was the hydrophobic mismatch
Obviously, the compartmentalization of GPCRs would as weihduced deformation of the bilayer. Local thickening of the
increase the probability for GPCR oligomerization. membrane was observed near the transmembrane (TM) helices
Colocalization of GPCRs in caveolae was determined fa&, 4, and 7 while thinning was reported near TM1, TM5,
several GPCRs mainly by comparing uorescence pro les ofM6, and helix 8 (H8). The most frequently observed dimer
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Hydrophobic mismatch

Protein Association

Protein properties

hydrophilic

stressed relaxed stressed "N
Translation to membrane domains
of increased thickness

FIGURE 3 | In uence of the hydrophobic mismatch on membrane-prot ein systems. The GPCR (A adenosine receptor, PDB entry 4EIYl.iu et al., 2012b) is
shown in surface representation and colored according to & hypothetical hydrophobicity (red, hydrophobic membraneembedded portion; blue, hydrophilic,
solvent-exposed region). Due to protein insertion, the hydphobic mismatch induces stress and curvature in the memlane (purple areas in the membrane). In order
to reduce membrane stress, the proteins can associate (upperight) or move to membrane areas of increased thickness, g., membrane areas with higher cholesterol
content (green, lower right). For models on protein-lipichteractions and the hydrophobic match/mismatch please see<ralchevsky et al.(1995) and Mouritsen (2013).

conformations were formed by symmetric TM1,2,H8/TM1,2,H8,state rhodopsins may likely di use to membrane areas with more
TM4/TM5, or TM6/TM7 interactions. Overall, oligomerization suitable properties. Additionally, an altered membrane-pirote
was enhanced in membranes consisting of lipids with shorteinterface due to activation may result in a shift in protorwatiof
chain length Periole et al., 2007 Another computational a conserved glutamic acid of TM3 in rhodopsin and a thereby
investigation was reported for the adrenergic receptofAR  stabilized conformation§andoval et al., 20).6

and 2AR. The aim was to predict oligomerization interfaces Receptor movementto areas of increased membrane thickness
by analyzing the residual hydrophobic mismatch (RHM,was observed for the humaropioid receptor using plasmon-
contributions to the energy penalty associated to particulawaveguide resonanceilfes et al., 2005 The receptor was
residues) Iflondal et al., 2013 Notably, it was observed shown to be preferentially incorporated in POPC-rich domains
that TM1, TM4, and TM5 were most frequently involved in in the absence of any ligand, while agonist-bound proteins
receptor-receptor interactions and showed the highest RHMended to move into sphingomyelin-rich domains of increased
in monomers which was substantially alleviated in oligosier thickness Qlves et al., 2005 Possible dimerization of the
Interestingly, in spite of the similarity in sequence andusture, receptors in both domains was not further investigated. In
the 1AR showed by far the highest RHM for TM1, while summary, the hydrophobic mismatch occurs as one of the driving
TM4 and TM5 revealed a much smaller RHM as comparedorces in the association and localization of GPCRs in memdbra
to AR. Earlier experiments revealed thatAR indeed nano- or microdomains.

mainly dimerized via TM1/TM1 interactionsCalebiro et al.,

2013. Inclusion of 10% cholesterol in the membrane overall

decreased the RHM, probably by increasing the membrang. SPECIFIC MEMBRANE COMPONENTS

thickness by inducing an increased order to the lipidSINFLUENCE GPCR OLIGOMERIZATION
fatty acid chains de Meyer and Smit, 2009; Mondal et al"AND SIGNALING
201).

A few experimental studies addressed the relation betweén.1. Cholesterol
membrane thickness and receptor activity. A more dispers®ne of the most prominent membrane components which shows
membrane, consisting of diverse lipid types, possibly enablingnlarged concentrations in membrane rafts or nanodomains
dierent membrane domains of dierent thickness, was and was frequently reported to regulate GPCR signaling is
shown to facilitate the formation of the active MIl state of cholesterol Qates and Watts, 20).1In general, cholesterol is
rhodopsin Brown, 1994; Botelho et al., 2Q0Bue to activation, considered to increase the membrane thickness by inducing
TM6 moves outside of the protomer which overall expands théigher order to preferentially saturated lipid tails. Sevetaties
receptor surface (u et al., 2012gand consequently increases therevealed cholesterol as one of the key players in GPCR fumctio
hydrophobic mismatch. To compensate this e ect, the receptohowever it should be noted that certain GPCRs have been shown
has three options: association with another receptor, tati@h  to function as well in membranes free of cholesterBlafes
to a di erent membrane domain of overall increased thicknessand Waitts, 201)l Furthermore, cholesterol was reported to
or both. In a more disperse membrane environment, active Mlbe important for receptor crystallizationSglom et al., 20)3
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thus indicating that cholesterol-receptor interactionsgimi be alignment studies Jafurulla et al., 20)1The CRAC sequence
important for the stability of the receptor. isdenedas[ LIV (X)1 5 Y (X)1 5 RIK ]Jwhere (X) 5
Using dynamic single-molecule force spectroscopy it wadenotes between one and ve unspeci ¢ amino acids, and also
shown for the >AR that cholesterol strengthens the interactionsthe inverse CARC motif [KIR (X)1 5 Y (X)1 5 LIV ]
between structural segments and thereby stabilizes treptec has been identied as a possible specic cholesterol binding
kinetically, energetically and mechanicalBo¢Cher et al., 200)2 site Baier et al., 2091 With the aid of CG MD simulations,
The mechanism behind the stabilization was suggested zx eit cholesterol binding to the serotonin 5-HX receptor was
direct binding of cholesterol to the receptor, cholestermuced investigated and the highest cholesterol occupancy wasnelta
facilitation of receptor oligomerization or as modulationthie  for a CRAC motif on TM5 Gengupta and Chattopadhyay,
bilayer properties. Together with earlier observations ttieg 2012. A computational model of a symmetric TM4,5/TM4,5
2AR forms dimers in living cellsngers et al., 2000; Salahpour serotonin 5-HTia receptor dimer was generate@¢rinski et al.,
et al., 200B and that the depletion of cholesterol increased2012 based on the obtained molecular model of rhodopsin
coupling of 2AR to Gs proteins Pontier et al.,, 2008 this  oligomers from atomic force microscopy mapsofiadis et al.,
functionally relevant stabilization by cholesterol maytmmly  2003. With this model, several amino acids were identi ed
act on the tertiary structure but moreover on the quaternaryto stabilize the dimer interface which was subsequentlietes
structure of the receptors. Previous crystallography studie using FRET experiments on systems containing di erent types of
the AR revealed a cholesterol consensus motif (CCM) given agceptors carrying mutations at the identi ed residué&ofinski
[4.39-4.34(R,K)] [4.50(W,Y)] [4.46(],V,L)] [2.41(FY)] based et al., 201p Interestingly, mutations of several amino acids
on the Ballesteros-Weinstein numbering scherrerf{son et al., reduced the apparent FRET e ciency from 18.9% to about
2009. Additional sequence analysis predicted that 21% of clad2%, indicating that the proposed TM4,TM5/TM4,5 dimer is
A GPCRs contain this CCMHanson et al., 2008 however indeed, among other dimer conformations, presentin livintice
crystal structures of several of those GPCRs did not show dounTogether with the aforementioned experiments which reviéale
cholesterol at this site but on other parts of the recepteimipl, a cholesterol-mediated function and activity of the serito
2019. 5-HT1a receptor (afurulla et al., 20)4the increased FRET
In case of the AR, two cholesterol molecules were bound tosignals upon cholesterol depletioRila et al., 20)land the
the CCM and thereby increased the packing interactions betwe identi ed cholesterol binding site on the CRAC motif locdten
TM4 and the rest of the helix bundle, yielding an overall iresed TM5 (Sengupta and Chattopadhyay, 2)1¢holesterol appears
thermal stability. Additional CG MD simulations on thec/AR  to regulate receptor activity by occupying the TM5 helix that
were performed in order to elucidate the in uence of choleste modulates the involvement of TM5 in dimer conformations.
on receptor dimerization and it was observed that increasing In case of the chemokine receptor CXCR4, the depletion of
levels of cholesterol reduce the involvement of TM4 at theatim cholesterol with either hydroxy-propyl-cyclodextrin (Nguyen
interface but enhance the in uence of TM1 and TMRrésanna and Taub, 200R or methyl- -cyclodextrin {Vang et al.,
et al., 201 Due to binding of cholesterol to TM4 (in a similar 200§ abolished CXCR4 signaling by impeding ligand
manner to binding to the CCM) the TM4,5/TM4,5 interface, binding. Further FRET studies showed that the absence of
observed for the receptor in a pure POPC bilayer, was blockedholesterol or blocking the TM4 helix also reduced receptor
while increasing levels of cholesterol (9-50%) shifted iheed association\(vang et al., 2006 BRET studies showed that the
con gurations over TM1,2/TM4,5 to a symmetric TM1,2/TM1,2 presence of TM2 and TM4 peptides (derived from TM2 and
interface. TM4 of CXCR4) abolished agonist-induced rearrangement in
Modulation of receptor function and organization was alsopreexisting CXCR4 homodimers and further blocked receptor
reported for the serotonin 5-Hia receptor. It was observed signaling Percherancier et al., 2005TM6 and TM7 petides
that the enantiomer of cholesteraft-cholesterol) could restore did not impede conformational changes upon ligand binding,
ligand binding and receptor signaling after cholestergbldéon, whereas receptor signaling was still reducéterCherancier
whereas the diastereomeegicholesterol) did not {afurulla et al., 200k In addition, oxidation of membrane cholesterol
et al., 201} Epicholesterol was shown before to have di erentto 4-cholesten-3-one catalyzed by the cholesterol oxiddse
biophysical e ects on the bilayer due to dierent tilt angles inhibited binding of an agonist and thus led to reduced silma
and phase transition characteristicEHeetham et al., 1989 of the chemokine receptors CXCR4 and CCR¥yen and
The ligand-independent oligomerization of serotonin 5-FAT  Taub, 200R These observations indicate the speci c requirement
receptors in living cells was observed with FRET and appeared &td membrane cholesterol for proper receptor function where
be enhanced upon acute cholesterol depletieail@ et al., 20)1  the sterol may either speci cally bind to the protein or altéet
This could be due to reorganization of the receptors inducednembrane properties in a speci ¢ manner. In order to shed light
by the change in membrane properties (e.qg., larger hydrophobian the interplay of cholesterol and CXCR4, CG MD simulations
mismatch caused by the reduced membrane thickness) or lwere performed on the CXCR4 crystal structuvél( et al., 201D
disrupting speci ¢ cholesterol-protein interactions that pdgdy  with the goal to investigate the receptor's cholesteroletboned
occupied parts of the protein, thus impeding oligomerization athomodimerization Pluhackova et al., 20)1.6The main ndings
these parts. Among di erent GPCRs, including the serotoninare that while the most frequently observed dimer interface
5-HTa receptor, another cholesterol recognition amino acidin pure POPC membranes, namely TM1/TM5-7, is strongly
consensus (CRAC) was identied by performing sequencémpeded in presence of cholesterol due to specic binding of

Frontiers in Physiology | www.frontiersin.org 7 October 2016 | Volume 7 | Article 494


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Gahbauer and Béckmann Membrane-Mediated GPCR Oligomerization

cholesterol to a groove between TM1 and TM7, the symmetri@ M6 and TM7 reaching toward TM5 of the associated receptor.
TM3,4/TM3,4 interface was enabled rst by intercalation ofinterestingly, the second crystal structure shows thepioid
cholesterol molecules between the protomers. In orchesitta w receptor bound to an agonist and coupled to a G protein mimetic
the previously reported experimental studies where cholektercamelid antibody fragment, thus resembling a ligand-attd
depletion and TM4 blocking was shown to reduce CXCR4GPCR con guration Huang et al., 200)5(seeFigure 4A). As
signaling, the cholesterol-induced TM3,4/TM3,4 dimer appearseported for the former structure, one cholesterol molecule
as an intriguing candidate for an active conformation. Onis bound to the groove between TM6 and TM7 and one of
the other hand, the TM1/TM5-7 interface, highly present inthe dimeric interfaces is mainly constructed by symmetric
cholesterol-free membranes, might show an inactive dinasell  interactions involving TM1, TM2 and H8. On the other
on the fact, that TM6 is directly involved and thereby possiblyhand, due to the activation-related outwards movement @& th
trapped at the dimer interfacé’(uhackova et al., 20).6 intracellular part of TM6, the compact TM5,6/TM5,6 dimer, as
For the oxytocin receptor (class A GPCR) it was shown thait was observed for inactive receptors, could not be formed by
the presence of cholesterol increases receptor stabilitytleed active receptors (sdegure 4B).
a nity for agonist or antagonist binding Klein et al., 1995; These ndings again illustrate, that dimer conformations of
Muth et al., 201). This stabilization was further suggested asGPCRs di er between active and inactive forms and additignall
being highly specic, given that structure-activity analysef allow to speculate that specic cholesterol intercalationyma
several cholesterol analogs showed reduced stabilizgEionpl  contribute to the regulation of GPCR activation. This regidn
and Fahrenholz, 2002 In vivo oxytocin receptor oligomers may be especially important in case of receptors that activate
have been observed using BRET and it was further showeonstitutively. Constitutive activation was proposed fovesal
that a treatment with oxytocin weakens the observed BREGPCRs if the “ionic lock’-salt bridge between an arginineated
signals Pevost and Zingg, 2004These observations could hint in the conserved intracellular DRY motif on TM3, and negatyvel
to a mechanism where cholesterol either speci cally altbes t charged residues on TM6 is missirfgahneider et al., 2010
membrane properties or binds to the oxytocin receptor and
thereby facilitates receptor oligomerization which enremthe 5.1.1. Cholesterol Intercalation in GPCR Crystal
activity of the receptor. Ligand-binding may either modulétte ~ Structures
oligomeric interface or disrupt protein complexes due to indidice In regard to the continuously growing number of available@®
conformational changes in the receptor protomers. crystal structures, the requirement of cholesterol duritig
Another prominent member of class A GPCRs is thecrystallization trial is reported with increasing regutstr{Salom
-opioid receptor which was also reported to show cholesterolet al., 2013; Gimpl, 20)6 Some of these GPCR structures
regulated activity lluang et al., 2007; Qiu et al.,, 201By were actually solved as receptor dimers or oligomers and
comparing the in uence of two di erent membrane nanodomain showed cholesterol intercalation between protomers. Tlstat
disrupting agents, namely simvastatin (reductase that Ksloc structure of the Aa adenosine receptor showed an asymmetric
cholesterol synthesis) and reol-phenyl-2-decanoylamino- TM1-TM3/TM5,6 interface [(iu et al., 2012)(seeFigure 5A). In
3-morpholino-1-propanol (DPDMP, inhibitor that blocks totalthree cholesterol and 14 single chain lipid molecutesinly
glycosphingolipid synthesis), possible regulation mechmsis from the extracellular lea et, are present between the protame
of cholesterol in receptor function were investigatechéng One cholesterol molecule is bound to a groove between TM2 and
et al., 2012 DPDMP disrupted membrane nanodomains TM3, which is further stabilized by a hydrogen bond between
without reducing the cholesterol content but did not a ect G cholesterol and the extracellular loop between these Iwlice
protein coupling to the -opioid receptor, whereas treatment The other two sterols are closely packed to TM6 reaching into
with simvastatin impaired receptor signaling. Thereforewéis grooves between either TM5 and TM6 or TM6 and TM7. The
suggested that cholesterol is not only important to stabiliz crystal packing additionally shows a symmetric TM4,5/TM4,5
membrane nanodomains in order to provide a platform for dimer interface without any intercalating cholesterol malles,
protein partitioning, thus facilitating the coupling between however a small number of lipids reaching into the interpratei
receptors and G proteins. Moreover, direct protein-choledteroclefts. The interplay between the;~Aadenosine receptor and
interactions seem to be essential for proper signaling. &kevercholesterol was analyzed earlier with biochemical tectesagnd
earlier studies suggested that the association ebpioid revealed the requirement of cholesterol for proper G protein
receptors to homo- or heteromultimers with other opiod coupling Zezula and Freissmuth, 200&urther computational
receptors also plays a role in receptor functiairdan and studies suggested that binding of cholesterol moleculé&ava
Devi, 1999; Li-Wei et al., 20N2Recent crystal structures of markedly stabilized the receptor conformatiohy(man et al.,
the -opioid receptor revealed receptor dimers and oligomer2009.
with bound cholesterol molecule$/@nglik et al., 2012; Huang The above discussed P2Y12 receptor was recently invesdtigate
et al., 201p The rst crystal structure was obtained from via protein crystallography. The resolved dimer structure
antagonist-bound receptors and actually revealed two pmetei involved TM5 and TM6 contactsZhang et al., 2004 This
protein interfaces formed by TM1,TM2,H8/TM1,TM2,H8 dimer interface is further stabilized by bound cholestefroim
or TM5,6/TM5,6 interactions Ilanglik et al., 201p (see the lower intracellular lea et between TM3 and TM5 of each
Figure 4A). The latter interface appears to be stabilized byeceptor (se&igure 5B). Another cholesterol molecule from the
cholesterol molecules located at the N-terminal grooveveen extracellular lea et was found to bind between TM1 and TM7,
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p-opioid receptor

A Extracellular view
inactive

Activation triggers
outwards movement of TM6

Intracellular view

steric clashes

FIGURE 4| -opioid ( OR) crystal structures. Color Code: TM1: red, TM2: light blue, TM3: yellow, TM4: brow, TM5: purple, TM6: dark blue, TM7: green, H8:
orange, cholesterol: teal.(A) ORs dimer interfaces in crystal structures are shown from thextracellular site: inactive protomers (PDB: 4DKIManglik et al., 2012,
left) and active receptors (PDB: 5C1MHuang et al., 2015 right). A structure alignment between the inactive (brigtcolors) and the active (dark colors) form is shown
above the transition arrow.(B) Inactive OR form a symmetric TM5,6/TM5,6 interface that is stabilize@ly cholesterol (left), while a structure alignment of acév ORs
onto this dimer interface revealed steric clashes at the iracellular parts of TM5 and TM6 (highlighted in red).

thus not contributing to the association interface. In atifof, In summary, cholesterol appears as a key player in regulating
a symmetric TM4,5/TM4,5 interface could be resolved withoutGPCR function. Cholesterol has the ability to adjust memileran
bound sterols. The related receptor P2Y1 was as well cigstall properties and to directly interact with receptor monomers and
with one cholesterol bound to the extracellular groove betwe oligomers. Especially direct interactions between GPCRs and
TM4 and TM5 (Zhang et al., 20)5The crystal packing reveals a cholesterol are proposed to o er complex regulation mechanisms
multimeric superstructure where one TM4,5-bound cholesteroof receptor function: Cholesterol-binding to specic parts of
is in close contact to TM7 of one neighboring receptor andthe receptor surface promotes distinct con gurations eithgr b
close to TM1 and TM2 of another neighbor (segure 50. In  occupying parts of the protein, thus disabling certain areamfr
addition to the cholesterol molecules, several lipids |l ugpg contributing to a dimer interface, or by intercalating betan
between the protomers. protomers in order to stabilize certain quaternary struesir
As already mentioned, oligomerization is overall accepted t
be essential for class C GPCR functistmiaze et al., 201). 5.2. Polyunsaturated Fatty Acid Chains
The most famous member of this subfamily is the metabotropiAnother membrane component reported to be involved
glutamate receptor mGIuR whose transmembrane domain wda GPCR regulation is the polyunsaturated omega-3 fatty
recently resolved {u et al.,, 201% Here, six cholesterol acid docosahexaenocic (DHA, 22:6n-3). Membranes with
molecules are intercalated between the receptor protometfs wiincreased concentrations of DHA show low lipid ordéidi¢chell
close contacts to extracellular, mainly hydrophobic resglof and Litman, 1998 This low order can be reasoned by
TM1, TM2, and TM3 (se&igure 5D). the high conformational exibility of DHA chains due to
their large number of unsaturated hydrocarbons which
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FIGURE 5 | GPCR crystal structures show cholesterol interca  lation between protomers.  Crystal structures and packing of four different GPCRs. Cot Code:
TML1: red, TM2: light blue, TM3: yellow, TM4: brown, TM5: purle, TM6: dark blue, TM7: green, H8: orange, cholesterol: tdaDetailed cholesterol binding sites are
depicted in a combination of surface, colored according to barge (red: negative, blue: positive) and cartoon represéation. (A) Apa adenosine receptor dimers (PDB:
4ElY,Liu et al., 2012h) are shown from the extracellular site and in a site view, adtibnal lipids are shown in light orange(B) P2Y12 receptor dimer (PDB: 4NTJ,
Zhang et al., 2014 in a site view,(C) P2Y1 receptor heptamer (PDB: 4XNVZhang et al., 2015 from the extracellular site(D) Metabotrobic glutamate receptor dimer
(PDB: 40R2,Wu et al., 2014) from the extracellular site and in a site view.

allow for conformational adaptations of the membranefunction (Mitchell et al., 2008 In addition to internal free
without signi cant energetic penaltyawrisch et al.,, 2008 energy changes, it was proposed that the di erences in shape
Reconstitution of rhodopsin into membranes with high DHA between the inactive Ml and the MIl conformation imply
levels revealed that the presence of DHA in close vicinitgli erent free energy contributions arising from the work agat

of the receptor accelerates the formation of the active Mithe lateral pressure from the surrounding lipidSgwrisch et al.,
state and coupling to transducinN(u et al., 200% In turn, 200§. Membranes containing more polyunsaturated fatty acids
Mitchell et al.reported an inhibitory e ect of increased levels of typically exhibit a decreased thickness (for equally lony fatid
cholesterol and phospholipid acyl chain saturation on rhodopsi chains) and an increased area per lipid. This structural cbargy
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well as the di erence in order will be accompanied by changes iMoreover, additional attraction between DHA chains improves
the lateral pressure pro le of the membrane and thus modulatehe aggregation kinetic§&uixa-Gonzalez et al., 20116
the equilibrium between di erent receptor states that dier in
their cross-sectional area.
Apart from DHA-related di erences in the lateral pressure 6. PALMITOYLATION OF GPCRS
acting on the receptor, an altered membrane curvature was
suggested to modulate the GPCR functioBs¢riba et al., Besides interactions between proteins and membrane
2007). The lipid composition of the retinal rod outer segment components, lipids can also be covalently bound to GPCRs.
membrane, where rhodopsin is naturally abundant, contaips uDue to a post-translational modi cation called palmitoylati,
to 50% of DHA lipids and it was shown that these lipids tendthe saturated fatty acid palmitic acid (16 carbons) is usually
to induce a negative spontaneous curvature, thus faciligafie  added to carboxyl-terminal cysteine residues via a thioggfer
elongation of the receptor upon activatioR€ller and Gawrisch, bond (Chini and Parenti, 2009 It was reported that GPCRs
2005. can be mono-, bis- or even tris-palmitoylated and that this
Another hypothesis concerning the preferred solvation ofipid modi cation is reversible as well as adjustable, allogvin
rhodopsin in DHA-rich membranes was contributed from a thereby regulation of GPCR functionQ@nbar and Bouvier,
computational study. It was suggested that the entropic penalty003. However, this modulation of GPCR function by means
for lipid-protein contacts is signi cantly smaller for unsatated  of palmitoylation is not a common feature of all GPCRs, given
chains as compared to saturated hydrocarbon teisofs eld  that palmitoylation was reported to be either independent
et al., 2006 The reduction of entropic penalty can be reasonedr dependent on ligand bindingGhini and Parenti, 2009
by the increased exibility and energetic degeneracy of DHAand also the e ect on GPCR function was reported as either
chains as compared to saturated lipids. Even tightly boungigni cant (Blanpain et al., 20Q1or only small onimaskin
DHA chains at the protein surface were reported to reorient att al., 200p
similar rates as lipids distal of the proteifréller et al., 2003; The serotonin 5-HTa receptor was shown to be naturally
Gross eld et al., 200§bAlso direct binding of DHA chainstothe acylated at the two conserved cysteine residues 417 and
receptor surface was reported for rhodopsin. It was sugges&éed t 420 Papoucheva et al., 2004The palmitoylation was found
especially - interactions between the acyl chain double bond€o be independent of agonist stimulation and further to occur
and the aromatic side chains of the receptor surface stalifie  early after receptor synthesis. Prevention of the post-traiosiat
protein-lipid interactions Gawrisch et al., 2008 modi cations by mutating the carboxyl-terminal cysteines,
Additionally, due to their high exibility, DHA chains can weakened or even abolished coupling between receptors and
easily penetrate or adopt to the structured surface of the TM5 proteins, thus reducing the native inhibition of forskolin
portion of the receptor with lower energy costs as compared tpromoted cAMP formation upon agonist stimulation. These
saturated side chain&¢ller et al., 2003Using MD simulations, ndings suggest that acylation stabilizes a speci c confation
it was shown that DHA associates to a small number of distincof the carboxyl-terminal part to facilitate G protein couplingy,
regions on rhodopsin (mainly grooves between helices) aatl th that the attached palmitic acids regulate the receptors trangk
binding of DHA weakens local helix-helix interactions whic and localization into membrane nanodomains, which was
may facilitate the transition to the MIl stateSfoss eld et al., discussed before as important for proper signaliRggoucheva
20062. et al., 200% Fluorescence and gradient centrifugation studies
A recent study analyzed the e ect of DHA chains on receptoron the serotonin 5-HFa receptor indeed revealed that
oligomerization with a combination of multiscale computer native palmitoylated receptors localize mainly in membrane
modeling and BRET experimentS(ixa-Gonzalez et al., 2016 nanodomains, whereas palmitoylation-de cient mutants are
It was shown that DHA improves the oligomerization kineticsconsiderably less abundant in these raft domaim&r{ner
of adenosine Ay and dopamine I3 receptors. In coarse-grained et al., 200). The disruption of nanodomains by using methyl-
simulations, it was observed that DHA-rich lipids clusteoand -cyclodextrin led to reduced localization of wild type 5-
both receptors and that high levels of DHA enhance proteirHT 14 receptors and G protein subunitsénner et al., 2007
heteromerization. However, the amount of oligomers was nofTherefore, the palmitoylation-driven colocalization of SFih
increased by DHA lipids in the BRET experiments. Thereforereceptors is considered important for regulating the sigmali
the authors concluded a purely kinetic modulation of theprocessiRenner et al., 2007
oligomerization. Possible explanations for these obsemsiare Using advanced FRET techniques, the e ect of plaimitoylation
increased lateral di usion rates in DHA-rich membranes andon 5-HTia receptor oligomers was investigatedope et al.,
a possible lipid phase segregation into DHA-rich and DHA-2009. Wild type acylated receptors showed signicantly
poor domains. It was suggested that the redistribution ofesth decreased FRET e ciencies upon agonist stimulation, however
membrane components around DHA leads to partioning of DHA co-immunoprecipitation and cross-linking studies revealed
into DHA-rich domains (Pitman et al., 2005 similar amount of oligomers. Consequently, agonist-bimglivas
The aggregation of proteins may thus be accelerated dusiggested to induce changes in the oligomeric conformation
to membrane-driven colocalization of DHA-coated proteins,(into a FRET-negative conformation) rather than dissociati
hence the oligomerization kinetics of DHA-coated proteinsof monomers from protein complexes. In contrast, the FRET
do not purely depend on protein-protein interactions alone.e ciency was increased in cells expressing non-acylatedatece
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mutants and the agonist-induced decrease of FRET e ciencgharged lysine at position 60 on TM1 and the glutamic acid at
was completely abolishedK¢be et al., 2008 Additionally, position 338 on H8.
cholesterol depletion signi cantly increased the FRET sdigna This dimer structure as well as previous studies on the
only for wild type receptors, indicating the conversion backimportance of membrane cholesterol fosAR-related signaling
into the FRET-positive conformation. These ndings for the suggest the possibility of a speci ¢ modulation AR function
5-HT1a receptor hint to a mechanism where palmitoylation by membrane components. While theAR couples to Gand G
caters for the compartmentalization of receptors and ofproteins with similar rates in living cells, depletion of chaésl|
receptor oligomers in membrane nanodomains. It furtherrevealed an increased coupling to; @roteins (Xiang et al.,
allows for agonist-induced changes of oligomeric confdiota  2002. Additionally, Gs protein coupling was reported to occur to
either by direct interactions between the palmitic acids andeceptor monomers\{/horton et al., 200y The palmitoylation-
speci c membrane components, or by facilitating couplingmediated cholesterol recruitment possibly facilitateseptor
to G proteins (which are also more abundant in membranedimerization and thus may shift the coupling preference ower t
nanodomains). Receptor oligomers located outside of thed; proteins due to the formation of a speci ¢ quaternary strueur
membrane areas may partly be non-functional but could befthe 2AR.
“turned on” by palmitoylation-mediated tra cking into the The inuence of interactions between covalently attached
corresponding membrane nanodomairisape et al., 2008The  palmitic acids and cholesterol on dimerization were also
structure of the related serotonin 5-Hg receptor was recently addressed for the -opioid receptor Zheng et al., 201)a
solved using X-ray crystallography and showed a palmitoylatelth constrast to typical palmitoylation sites at the carboxyl-
cysteine (Cys397) on H8A(acker et al., 2003 Furthermore, terminus, cysteine 170 on TM3 was identi ed as the acylatits s
one cholesterol molecule was located in the valley formedsing immunoblotting techniques. Performing colocalipati
between TM1 and H8 with two monoolein molecules in closeco-immunoprecipitation and FRET analyses revealed that wild
vicinity. type receptors oligomerize more e ciently as compared to
A crystal structure of a 2AR dimer was solved including a populations consisting of wild type receptors and mutants
palmitoylated cysteine residue on the H8 helix (Cys341) at th(C170A) or exclusively mutated receptors. Additionally, a
dimer interface Cherezov et al., 20){seerigure 6). In addition  positive correlation between G protein coupling and receptor
to the palmitic acids, six cholesterol molecules are invblve palmitoylation was observed suggesting that reduced receptor
the symmertic TM1,H8/TM1,H8 dimer interface. Two of thesedimerization decreased G protein coupling. Cholesterol was
cholesterol molecules appear to be stabilized by interasticgith  found to be more frequently associated with receptor comgexe
the palmitic acids. Overall, more than 70% of the total buriedormed by wild type receptors hinting to the recruitment of
surface area (515%Aat the interface is mediated by lipids, and cholesterol by palmitic acid. The importance of associated
direct protein-protein interactions are only observed betwéhe  cholesterol was further analyzed using FRET methods and it

FIGURE 6 | Palmitoylated AR dimer (PDB: 2RH1 Cherezov et al., 2007 ). Color Code: TM1: red, TM2: light blue, TM3: yellow, TM4: brow, TM5: purple, TM6:
dark blue, TM7: green, H8: orange, cholesterol: teal, palrtic acid: light orange. The sulfur group of the palmitoylat Cys341 is shown as a yellow sphere. The
surface of the receptor (right) is colored according to the lsarge of the receptor (inset, red: negative, blue: positiye
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was reported that the absence of cholesterol decreased wéd tyfor e cient GPCR signaling Nlguyen and Taub, 2002, 2003;
receptor oligomerization and further G protein coupling. To Zheng et al., 2012b; Jafurulla et al., 2014kely, the GPCR
validate these results the in uence of a palmitoylation irtob ~ dimer equilibrium between both, active and inactive dimess i
(2-BP) was tested. It was indeed observed that upon 2-Bshifted by the addition/depletion of cholesterol to actinettive
treatment both, homodimerization and cholesterol assiimia ~ dimers.
were reduced to a similar level as for systems expressing the Function-competent oligomers are suggested to be stadbilize
C170A mutants. In addition, a computational homology modelvia interactions between their transmembrane helices ety
based on a crystal structure of theAR (Rasmussen et al., 2007 TM6 (Zheng et al., 2012a; Huang et al., 2015; Pluhackova et al.,
was produced for the -opioid receptor to further analyze the 2016. In order to regulate the crucial receptor-cholesterol
suggested the homodimer. Based on Conformational Memoridgateractions, palmitoylation is revealed to recruit chodrst
calculations, TM4 was indicated to mainly build up the dimerto dimeric interfaces thus stabilizing specic quaternary
interface and the palmitic acid attached to TM3 facilitatesstructures Cherezov et al., 2007; Chini and Parenti, 2009; Zheng
packing of a cholesterol molecule between TM3 and TM4 of eackt al., 2012g The in uence of speci c membrane components
protomer. can be further analyzed by performing a reconstitution of GPCRs
Consequently, similar to the previously discussesAR to artical membrane systems (e.g., GUVs) with controlled
dimer, two palmitoylation-recruited cholesterol molecsilare properties. Both, protein crystallography or computer-based
directly involved in stabilizing the dimer interface. Hove, studies are ideally suited to guide future studies on reaepto
an interesting di erence arises from comparing palmitoylationreceptor and receptor-lipid interactions. Advances in both,
sites and dimeric interfaces between the two describegterse  experiment and simulation, are expected also to solve the
The 2AR appeared to be palmitoylated at the carboxyl-terminakeeming discrepancy between the reported localization of
cysteine on H8 which is involved in building up a symmetricGPCRs in densely packed, probably ordered lipid nano- or
TM1,H8/TM1,H8 dimer interface with intercalated cholestero microdomains and their association to polyunsaturated amabst
In case of the -opioid receptor, TM3 carries the palmitoylation disordered lipids.
site which further mediates cholesterol association twisze Besides, GPCR hetero-oligomerization gains increasing
a symmetric TM3,4/TM3,4 interface. In summary one mayinterest, since a large number of GPCRs revealed
speculate that palmitoylation is regulating GPCR functioredu binding cooperativity and heterodimerization-dependent
to the recruitment of cholesterol in order to stabilize a sgec  tra cking ( Prinster et al., 2005 However, far less structural

dimer interface Goddard and Watts, 2013b information is available for hetero-oligomeric complexes a
compared to homo-oligomers. In order to further investigate
7. CONCLUSIONS the complex interaction network between GPCRs it is of great

importance to determine whether heteromers show a similar
In summary, both the experimental and computationallipid-dependent function and organization as homomers. All i
evidence for a signi cant in uence of the lipid environment all, this review stresses the necessity to carefully irdhbe e ect
on GPCR function and organization is overwhelming.of the lipid nanodomain environment in any study on GPCR
Compartmentalization of GPCRs in membrane nanodomainstructure and function.
(caveolar and non-caveolar) appears to be essential for mumser
GPCR-mediated signaling events. The reasons for this sisges AUTHOR CONTRIBUTIONS
seem to be spread over dierent factors: Colocalization of
GPCRs with other signaling components (mainly G proteins), &G and RB developed the concept of this review and wrote the
decreased hydrophobic mismatch and close vicinity to speci tnanuscript.
lipids and cholesterol. Especially cholesterol plays a keyirol
GPCR tra cking, organization and function. Several stusie FUNDING
hinted to conformational changes in preexisting dimers and
oligomers upon cholesterol depletionDévost and Zingg, This work was funded by the DFG Research Training Group
2004; Paila et al., 2011; Pluhackova et al., Rah6addition, 1962/1, “Dynamic Interactions at Biological Membranes:rkro
protein-cholesterol interactions have been reported asnéisée Single Molecules to Tissue.”
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