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6.1 Introduction

GPCRs are transmembrane receptors that transfer signals from the outside of the cell to the inside of the cell (Pierce et al.,
2002; Rosenbaum et al., 2009). Due to their central role in cell signaling, they constitute ~50% of the current therapeutic
drugs in the market (Cooke et al., 2015; Jacobson, 2015). These receptors consist of seven a-helical transmembrane helices
alternately connected by extracellular and intracellular loops (Pierce et al., 2002). Ligands such as photons, peptides, and
neurotransmitters bind to the lumen or the extracellular domain and promote conformational changes leading to G-protein
coupling and signal propagation on the intracellular side (Venkatakrishnan et al., 2013). GPCRs have been reported to
function as monomeric signaling units, supported in part by crystallography (Whorton et al., 2007). However, complex
ligand binding kinetics of these receptors had originally suggested the presence of GPCR dimers and oligomers (Limbird
et al., 1975). Biochemical (Maggio et al., 1993) and biophysical (Angers et al., 2000; McVey et al., 2001) studies were able
to comprehensively detect GPCR association (Bouvier, 2001; Devi, 2001). Receptor pairs such as dopamine D; and D3
receptor (Lee et al., 2000a; Nimchinsky et al., 1997), serotonin and dopamine receptors (Lee et al., 2000b) and opioid
receptors (George et al., 2000) have been shown to associate in homo or heteromeric forms. A dynamic equilibrium exists
in these associated forms, and the receptors may exhibit a dynamic interconversion between the oligomer states. For
instance, the N-formyl peptide receptor (FPR) and the M1 muscarinic receptor were shown to interconvert between
monomers and dimers with a submillisecond dimer lifetime (Hern et al., 2010; Kasai et al., 2011). For the B;- and ;-
adrenergic receptor homodimers, this association time was reported to be of a timescale of seconds (Calebiro et al., 2013).

The association of GPCRs could lead to interreceptor functional crosstalk that was first demonstrated using receptor
coexpression studies in op.-adrenergic receptor (ccAR) and M3 muscarinic receptor (Maggio et al., 1993). Constitutive
heterodimerization of the GABA receptors B(R1) and B(R2) receptors was shown to be required for receptor trafficking
from the endoplasmic reticulum to the plasma membrane (Bowery and Enna, 2000; Marshall et al., 1999; White et al.,
1998). In the somatostatin receptors 1 and 5, it was shown that the function of the monomer and dimer differ and could lead
to altered ligand binding in the presence of receptor dimers (Pfeiffer et al., 2001; Rocheville et al., 2000). In the serotonin
receptor subtypes, a ligand binding deficient serotonin,c receptor mutant was shown to abolish ligand binding to the wild
type receptor, suggesting a role of the dimer in signal initiation (Herrick-Davis et al., 2005). Similarly, heterodimerization
of serotonina receptors with serotonin; receptors was shown to differentially regulate receptor signaling and trafficking
(Renner et al., 2012). The associations between GPCRs and their functional consequences in terms of ligand binding,
G-protein coupling, co-desensitization of receptors and altered pharmacology are now well established (Breitwieser, 2004;
Ferre et al., 2014; George et al., 2002; Gurevich and Gurevich, 2008; Milligan, 2004, 2007; Terrillon and Bouvier, 2004).

Although the presence of GPCR dimers and oligomers has been extensively reported, the molecular determinants that
control and modulate receptor oligomerization are less well understood. Several experimental and computational studies
have implicated several factors such as membrane cholesterol and lipids, as well as inherent sequence and structural
characteristics (Chakraborty and Chattopadhyay, 2015; Periole, 2016). In this article, we will discuss the factors and
molecular mechanisms underlying GPCR oligomerization. We have focused on the serotoninia receptor to highlight
experimental and computational approaches to probe receptor association.
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6.2 Structural features of GPCR dimers

The key structural features for GPCR association appear to be receptor-specific. For instance, the GABA receptors that
belong to class C GPCRs, primarily dimerize through the large extracellular loop domain characteristic of this class of
GPCRs (Marshall et al., 1999). In contrast, the metabotropic glutamate receptors belonging to the same subclass were
reported to associate with both the extracellular domain and the transmembrane domains (Wu et al., 2014). For class A
GPCRs, early studies were able to show the importance of the transmembrane domains and helix VIII at the dimer/
oligomer interfaces (Devi, 2001). Similarly, transmembrane helix VI was implicated at the dimer interface in some GPCRs.

The molecular details of receptor-receptor interfaces have been elucidated from crystallography studies. Most GPCRs
that have been crystallographically resolved are monomers, although a few dimer structures have been reported. The
crystal structures of the Pj-adrenergic receptor (BjAR) (Huang et al., 2013), adenosine A; receptor (A;AR) (Glukhova
et al., 2017), the CXC Chemokine Receptor 4 (CXCR4) (Wu et al., 2010) are shown in Fig. 6.1A—C. In addition, the
structure of the B,-adrenergic receptor (B,AR) that forms a dimer via crystal contacts (Cherezov et al., 2007) is shown in
Fig. 6.1E. Several different transmembrane helices constitute the dimer interface; transmembrane helices I/Il in $; AR, II/IIT
in AjAR and IV/V in CXCRA4. Interestingly in B,AR, transmembrane helix I and helix VII are involved in crystal contacts
together with cholesterol molecules (Fig. 6.1E). In the metabotropic glutamate receptor 1 (mGluR1) dimer, several
cholesterol molecules were observed, but only a few direct contacts between the transmembrane helices (Fig. 6.1D).
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FIGURE 6.1 Experimentally determined structures of GPCR dimers. The crystal structures of the (A) B;-adrenergic receptor (;AR), (B) adenosine
A receptor (A;AR), (C) the CXC Chemokine Receptor 4 (CXCR4), (D) the metabotropic glutamate receptor 1 (mGluR1), and (E) B,-adrenergic receptor
(B2AR). The left and right columns depict a top view and side view of the receptors, respectively. The transmembrane helices participating in receptor-
receptor interactions are shown in violet and blue color for each monomer. The remaining receptor domains are shown in gray. The intracellular and
extracellular domain fusion proteins (used in crystallography) are not shown for clarity. In panels (D and E) the cholesterol molecules that mediate the
GPCR dimer states are shown in cyan with the headgroup hydroxyl moiety in red.
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In addition, several dimer interfaces have been elucidated by molecular dynamics simulations (Mondal et al., 2013; Periole
etal., 2012; Prasanna et al., 2014, 2016; Pluhackova et al., 2016). The dimer interfaces probed by both crystallography and
simulations suggest a receptor-specific dimerization with varying transmembrane domains. However, the structures of
GPCR dimers only appear to reflect a given state and several factors, such as membrane effects, have been observed to
modulate GPCR association.

6.3 Role of cholesterol in GPCR oligomerization: monitoring serotonin;a receptor
oligomerization utilizing time-resolved fluorescence anisotropy

One of the earliest and most comprehensive membrane effects have been shown with cholesterol, a predominant
component of eukaryotic membranes with a cell-type dependent abundance (typically ~25—40 mol%). Several GPCRs
are now known to be functionally modulated by membrane cholesterol (Jafurulla et al., 2019; Paila and Chattopadhyay,
2009; Sengupta et al., 2017). In particular, ligand binding, G-protein coupling and receptor stability of the serotoninjp
receptor have been shown to be dependent on membrane cholesterol (Patra et al., 2015; Pucadyil and Chattopadhyay,
2004, 2007; Saxena and Chattopadhyay, 2012). An emerging role of cholesterol in receptor association is now becoming
evident. For example, as described in Fig. 6.1, a few crystal structures of GPCRs (AR and mGluR1) have shown
cholesterol associated with receptor dimers (Hanson et al., 2008; Jafurulla et al., 2019). These structures indicate a possible
role of cholesterol in the dimer conformations.

Several fluorescence based-approaches have been developed and tested to analyze the effects of cholesterol in GPCR
organization. Chattopadhyay and coworkers have used photobleaching homo-FRET (Ganguly et al., 2011), analysis of
time-resolved fluorescence anisotropy (Paila et al., 2011) and photobleaching image correlation spectroscopy (pbICS)
(Chakraborti et al., 2018) to comprehensively analyze cholesterol-dependent serotonin;a receptor oligomerization at
varying time scales. These results, taken together, have provided evidence for cholesterol-dependent GPCR organization at
a wider spatiotemporal range. We will describe below the analysis of time-resolved fluorescence anisotropy approach.

Fluorescence resonance energy transfer (FRET) is a popular and powerful spectroscopic approach to monitor the
oligomerization of membrane proteins in live cells. FRET involves the nonradiative transfer of energy from a donor to an
acceptor fluorophore via a dipolar mechanism, which exhibits a sixth power distance dependence between the two mol-
ecules. FRET between two different fluorophores (hetero-FRET) is commonly utilized to monitor oligomerization in
heterologously expressed systems. However, this method is associated with caveats arising from intensity-based hetero-
FRET measurements due to the use of receptors conjugated to two different fluorophores. Moreover, the lack of strin-
gent control over relative expression levels of the two fluorophores and bystander FRET in an overcrowded system are
major limitations associated with hetero-FRET measurements (for a comprehensive discussion, see Chakraborty and
Chattopadhyay, 2015; Clayton and Chattopadhyay, 2014). Homo-FRET offers a suitable alternative to overcome the
disadvantages of hetero-FRET since it involves energy transfer between identical fluorophores. The excitation and
emission spectra of fluorophores exhibiting homo-FRET should have considerable overlap. It is for this reason that flu-
orophores with relatively small Stokes’ shift offer a greater probability of homo-FRET. Importantly, homo-FRET mani-
fests itself by the appearance of a new decay process in the time-resolved anisotropy decay. The fact that time-resolved
anisotropy is independent of fluorophore concentration to a large extent becomes useful in homo-FRET measurements to
explore the oligomeric status of GPCRs. Further, homo-FRET is usually accompanied by no change in fluorescence
lifetime or intensity.

Homo-FRET arising due to energy transfer between the constituents of an oligomer could be analyzed in terms of time-
resolved anisotropy decay (see Fig. 6.2), a phenomenon that avoids the limitations of intensity-based measurements. The
unresolved fast component of the observed anisotropy decay is interpreted as homo-FRET between the two molecules
undergoing oligomerization. Utilizing this approach, we previously applied time-resolved fluorescence anisotropy decay to
monitor oligomerization of the serotonin;a receptor (tagged to enhanced yellow fluorescence protein (EYFP)) and its
modulation with membrane cholesterol (Paila et al., 2011). In general, the time-resolved decay in fluorescence anisotropy
is a combination of (1) depolarization due to rotational motion of the fluorophore giving rise to the longer late component,
and (2) homo-FRET arising due to energy transfer between fluorophores within Forster distance (the shorter early
component). The time-resolved fluorescence anisotropy decay can, therefore, be expressed as:

r(t) = ro{By exp(—t/db;) + By exp(—t/d,)} 6.1
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FIGURE 6.2 The photophysical principle underlying the analysis of GPCR oligomerization utilizing time-resolved fluorescence anisotropy. (A)
A schematic representation of the time-resolved fluorescence anisotropy decay of a fluorophore (EYFP) in (1) a viscous medium that inhibits rotational
tumbling of the fluorophore (shown as a green line), and (2) a nonviscous medium that allows free rotational dynamics (shown as a blue line). The
anisotropy of the fluorophore observed in a completely viscous medium is known as fundamental anisotropy (r,), which represents the maximum value of
anisotropy achieved by the fluorophore in the absence of rotational diffusion or energy transfer. The fundamental anisotropy is an intrinsic property of a
fluorophore which depends only on the angle between the absorption and the emission dipoles (transition moments). This angle changes if excitation or
emission wavelength is changed. On the other hand, rotational motion of the fluorophore in a nonviscous medium results in depolarization of fluorescence
which gets manifested as a time-dependent reduction in fluorescence anisotropy. (B) A representative time-resolved fluorescence anisotropy decay profile
of EYFP-tagged serotonin; 5 receptor heterologously expressed in CHO cells. The fluorescence anisotropy decay could be resolved into two components.
The initial fast component of the decay reflects decay in fluorescence anisotropy due to homo-FRET, and the relatively slow component of the decay is
indicative of the restricted tumbling of the fluorophore. Analysis of the observed fluorescence anisotropy decay provides information on receptor olig-
omerization. (A) Adapted and modified from Sharma et al., (2004) with permission; (B) Adapted and modified with permission from Paila, Y.D.,
Kombrabail, M., Krishnamoorthy, G., Chattopadhyay, A., 2011. Oligomerization of the serotoninlA receptor in live cells: a time-resolved fluorescence
anisotropy approach. J. Phys. Chem. B 115 11439—11447. (copyright 2018 American Chemical Society). See text for more details.

where 1 is the fundamental anisotropy of EYFP, and | and B, are amplitudes of the first and second rotational correlation
times ¢ and ¢, respectively, such that B; + B, = 1. Fig. 6.2B shows a representative time-resolved fluorescence anisot-
ropy decay profile of serotonin;a receptors tagged to EYFP. The initial fast component (¢ ) of the decay is indicative of
homo-FRET between EYFP molecules, while the relatively slow component (¢;) represents restricted tumbling of the flu-
orophore (Fig. 6.2B). Since the correlation time ¢; (ascribed to homo-FRET) is too fast to be resolved, we can assume that
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¢$1<< t (the first observable time point). Under this condition, the first term in the right-hand side of Eq. (6.1) becomes
negligible, so that

r(t) = 1B, exp(—t/d,)

Therefore, rof, corresponds to apparent initial anisotropy (ri;?) estimated from the first few data points of anisotropy
versus time curves in the actual experiment. At t = 0, r(t) = r(0) = ry, and Eq. (6.1) can be written as

o = To{B; exp(—0/d;) + B, exp(—0/d,)} (6.2)
Since exp(—0/¢1) = 1 and exp(—0/d;) = 1, Eq. (6.2) can be written as

ro = 1o{B; + By}
ro = 1Py + 108, 6.3)

Since ryf3, corresponds to rigP, Eq. (6.3) becomes

aj
rp = rof; + it

m

which can be rearranged as

By = (ro —rit") /1o 6.4

The values of B, the amplitude of the fast component of the decay, provide an estimate of the extent of receptor
oligomerization. Analysis of results obtained showed that the serotonin;a receptor exists as constitutive oligomers in live
cells. Interestingly, results showed that acute depletion of membrane cholesterol utilizing methyl-p-cyclodextrin (but not
with chronic depletion using statin, the inhibitor of the rate-limiting step in biosynthesis of cholesterol) resulted in
enhanced oligomerization of the receptor. The reasons behind this differential effect is not known, although a recent study
has highlighted the difference in membrane environments in these two cases (Sarkar et al., 2017).

6.4 GPCR dimerization and cholesterol dependency: computational approaches

Computational studies, especially coarse-grain molecular dynamics simulations, have complemented experimental
approaches. In particular, the molecular details underlying the association have been probed (Sengupta and Chattopadhyay,
2015; Sengupta et al., 2018). In general, protein-protein docking studies have been used to analyze the dimer conformers,
but are unable to probe receptor dynamics. Molecular dynamics simulations have been able to probe receptor association,
but a complete sampling of receptor and membrane dynamics remains challenging.

To probe the molecular effects of cholesterol on receptor dimerization, we studied association of the serotonina re-
ceptor in POPC and POPC/cholesterol membranes (Prasanna et al., 2016). In the simulations, the receptors dimerize within
the first few microseconds and reveal several stable as well as transient dimer interfaces. To achieve a comprehensive
sampling of several dimer conformers, coarse-grain simulations were performed at the microsecond timescale using the
Martini coarse-grain force field. It was observed that the conformational plasticity of the dimers directly correlated with
membrane cholesterol concentration (see Fig. 6.3). Further, the diversity and number of dissociation events are dependent
on cholesterol concentration. The multiple conformations sampled in the simulations were classified into three main
conformers depending on the transmembrane helices at the dimer interface. Each simulation showed a diversity of dimer
conformers that were sampled. For example, the dimer interface comprised of transmembrane helices I—I (conformer A) in
POPC membranes. With increasing cholesterol concentration, conformers B (transmembrane helices IV, V and VI), C
(transmembrane helices I, II and transmembrane helices IV and V) and conformer A’ (transmembrane helices I and IT) were
more populated. The population of conformer A (transmembrane helix I—I interface) was the maximum in POPC bilayers
and completely absent in POPC membranes with 30% and 50% cholesterol. Instead, a more flexible and dynamic dimer
interface was observed (conformer A’) with transmembrane helices I/II-V/II. The absence of the conformer A in the
presence of higher cholesterol concentration could be correlated with increased cholesterol occupancy in the monomeric
regime at this site (transmembrane helix I). The occurrence of multiple interfaces was attributed to the enhanced receptor
“plasticity” due to the presence of cholesterol at the nonannular sites (interhelical sites). In addition, membrane pertur-
bations were observed in the presence and absence of cholesterol that could be related to the different dimer conformers.
Cholesterol, therefore, appears to modulate serotonins receptor dimerization by a combination of effects.

Similarly, B,AR receptor dimerization was reported to be dependent on cholesterol concentration (Prasanna et al.,
2014). In the absence of cholesterol, transmembrane helices IV and V were observed at the dimer interface, although at
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FIGURE 6.3 Cholesterol-dependent serotonin; 5 receptor dimer interfaces. The normalized population of the relative orientations of the serotonin;
receptor dimer in (A) POPC bilayers and (B) POPC/cholesterol bilayers with 50% cholesterol concentration. The relative dimer orientations are defined by
the angles 0, and 6, and have been broadly mapped to four conformations (A, B, C, and A’). The top view of two of the representative conformers, A and
A/, are shown in panels (C) and (D), respectively. Adapted and modified from Prasanna, X., Sengupta, D., Chattopadhyay, A., 2016. Cholesterol-
dependent conformational plasticity in GPCR dimers. Sci. Rep. 6 31858.

higher cholesterol concentrations the nonsymmetric dimer interface was formed with transmembrane helices I/Il and IV/V.
At a cholesterol concentration of about 50%, a symmetric interface with transmembrane helices I and II was observed. In
this case, a high cholesterol occupancy site at transmembrane helix IV was shown to result in the absence of this trans-
membrane helix at the dimer interface, together with membrane perturbations. In the case of CXCR4 receptors, a study
combining Martini coarse-grain and atomistic simulations reported a novel symmetric transmembrane helices III/IV dimer
interface in the presence of cholesterol (Pluhackova et al., 2016). The dimer interface at these helices supported a previous
bioluminescence resonance energy transfer (BRET) study that reported the decrease in BRET efficiency upon addition of a
peptide corresponding to the sequence of transmembrane helix IV, which competes for this site (Wang et al., 2006).
Interestingly, two cholesterol molecules were observed to be temporarily stacked at the interface at the site of dimerization.
The predominant interface formed by transmembrane helices for the cholesterol-depleted system was observed to be absent
in the simulations with cholesterol. The authors suggested that the different conformers observed were related to the higher
occupancy of cholesterol at an inter-helical site between transmembrane helices I and VII (Pluhackova et al., 2016).

A schematic representation of these direct and indirect cholesterol effects in GPCR association is depicted in Fig. 6.4.
The direct effects arise from specific GPCR cholesterol interaction sites in the monomer and dimer that modulate the
relative populations of interfaces comprising these sites. Additionally, membrane thickness due to cholesterol can modulate
GPCR oligomerization by local perturbation at the receptor. These indirect effects are related to the hydrophobic mismatch
(the difference between membrane thickness and length of the transmembrane helix) that arises due to differences in
membrane thickness in the presence and absence of cholesterol (Fig. 6.4). Although cholesterol appears to modulate
association of several GPCRs, the effects appear to be receptor-specific.

6.5 Energy landscapes of GPCR oligomerization

To understand the molecular basis of the effects of membrane cholesterol discussed above, we need to consider the relative
energetics of the different oligomer states. Fig. 6.5 depicts a proposed energy landscape comprising of three distinct wells
corresponding to the monomer, dimer and oligomer states. Although GPCR oligomers exhibit diverse spatial and structural
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FIGURE 6.4 Membrane modulation of GPCR monomers and dimers. A schematic representation of GPCR monomers and dimers embedded in a
membrane is shown. Hot-spots of cholesterol interactions and varying membrane thickness that directly or indirectly modulate GPCR oligomerization are
represented. The lipid molecules in the membrane bilayer are shown in shades of yellow and cholesterol molecules are shown in green. The receptor
monomers are shown in gray color. A representative ligand is shown in blue. The underlying cytoskeleton that has been reported to modulate GPCR
association is shown in tan.
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FIGURE 6.5 The conformational landscape of GPCR oligomerization. A schematic representation of the conformational landscape of a represen-
tative GPCR, the serotonin;, receptor, is shown in the presence (black) and absence (blue) of membrane cholesterol. The serotonin;, monomer is
energetically stable with one deep minima (blue), corresponding to an inactive receptor. A different conformer (active state, R")is stabilized by cholesterol
interactions (black) at specific interaction sites. As the number of receptors increase, multiple minima represent possible conformers in the dimer and
oligomer states. The possible conformers in the dimer state are marked (I—I, IV/V-IV/V, IV/V—I/I) depending on the transmembrane helices at the dimer
interface. The oligomer state is depicted in dotted lines due to the lack of molecular-level details of the conformational landscape.

assemblies (Jonas et al., 2015), we have simplified it to include only the main conformers discussed here. This confor-
mational landscape is dynamic and is modulated by a large number of factors, such as membrane cholesterol. For instance,
the pbICS data suggests that in the absence of cholesterol (blue line), the relative energies of the three states gives rise to a
favorable dimer state (Chakraborty et al., 2018). In the presence of cholesterol (black line), the relative populations of these
oligomeric states could vary, stabilizing a different oligomeric state, for instance, the trimer.

Cholesterol effects appear to modulate the local energy minima in each of the oligomeric states as well. In the
monomeric form, the cholesterol-receptor interactions could stabilize the receptor in a certain minima, such as the active
state R*, in line with the experimentally observed modulation of ligand binding and G-protein coupling. Computational
studies have shown that receptor-receptor associations in the membrane sample multiple intermediate dimer conformers.
For serotonin| s receptor this interface was mainly observed to consist of transmembrane helix I from both receptors (I—I
interface) in the absence of cholesterol. Cholesterol alters this association by selectively interacting with certain trans-
membrane regions on the receptor surface and also by increasing the membrane thickness to amplify the hydrophobic
mismatch. The relative population (and energetics) of the I—I conformer is destabilized in the presence of cholesterol,
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leading to different conformers being energetically more favorable. Such multiple intermediate dimer configurations that
are explored represent local/shallow minima on the energy landscape (Fig. 6.5). The relative energetics of these states are
comparable, although a quantitative estimate is difficult (Johnston et al., 2012; Periole et al., 2012). Since cholesterol can
exert its effect in multiple ways, it is not a priori clear which conformer could be most favorable. In addition, there could
be a crosstalk between cholesterol and other membrane components, or even the nature of the ligand, making the un-
derlying energy landscape much more complicated than depicted. A systematic exploration of the various energy states and
molecular modulators is required to comprehensively understand receptor organization.

6.6 Membrane physical properties: indirect effects

The indirect effects on GPCR oligomerization are induced through various membrane physical properties like membrane
thickness leading to hydrophobic mismatch, fluidity, and lipid diffusion (Fig. 6.4). For instance, in B,AR, membrane
perturbations were observed at the transmembrane helices IV and V in POPC membranes and were subsequently
observed to constitute the dimer interface (Prasanna et al., 2014, 2015). In the presence of cholesterol, increased
membrane thickness alleviates perturbations at transmembrane helices IV and V, but increases the mismatch at trans-
membrane helices I and II. Interestingly, the receptors now appear to associate at this face of the receptor (Prasanna et al.,
2015). Similarly, in the serotonina receptor, the dimer interface appears to be correlated with the transmembrane helices
with the maximum membrane perturbations around them, together with direct cholesterol interactions (Prasanna et al.,
2016). Interestingly, it was experimentally shown that varying cholesterol concentrations leads to varying membrane
viscosity as well (Pal et al., 2016). As a result, it is difficult to decompose the direct and indirect effects in these complex
membrane environments.

Periole and coworkers analyzed the association of rhodopsin in a series of single component bilayers to systematically
analyze the effect of membrane thickness (Periole et al., 2007). The authors observed an increase in bilayer deformation
led to an increased protein-protein association, as indicated by increased buried surface area. A similar effect was
observed in f;AR by Weinstein and coworkers (Mondal et al., 2013). A cell membrane with its diverse lipids would
naturally exhibit varying lipid effects, and further work is needed to understand these indirect membrane effects in GPCR
organization.

6.7 Emerging roles of membrane diversity on GPCR organization

Phospholipids, sphingolipids, and other membrane components have been shown to directly or indirectly tune GPCR
organization. The rate of association of A;p and D, receptor heterodimers was shown to be enhanced in membranes
containing docosahexanoic acid in a study combining BRET and coarse-grain simulations (Guixa-Gonzdlez et al., 2016).
Sphingolipids have been shown to modulate the organization of higher-order oligomers of the serotonin;p receptor by
homo-FRET measurements (Ganguly et al., 2011). In fact, a more general role of interfacial lipids in stabilizing membrane
protein oligomers has been suggested (Gupta et al., 2017). A large-scale mass spectroscopic study was able to identify
several membrane proteins with interfacial lipids (Gupta et al., 2017). The authors suggest that these interfacial lipids
contribute to oligomer stability and could be able to drive transient and stable interactions. For instance, in the p-opioid
receptor (MOR) they predict two dimer interfaces (transmembrane helices I-II/I-Il and V-VI/V-VI) of which the former
could be stabilized by interfacial lipids. In natural membranes, there would be both synergy and competition between these
various membrane components that would determine the dynamic GPCR organization.

6.8 Ligand binding could drive GPCR association

A role of external stimuli and ligand binding has been reported in GPCR oligomerization, although in a receptor-dependent
manner. For instance, increased oligomerization of the serotonin; s receptor was observed in the presence of serotonin, its
natural agonist (Ganguly et al., 2011). Interestingly, the treatment with an antagonist (p-MPPI) led to reduced oligo-
merization of the receptor. In B,AR, inverse agonists ICI-118,551, carazolol, and carvedilol were found to promote re-
ceptor oligomerization with a typical dimer interface of transmembrane helices I, VII and helix VIII (Fung et al., 2009). In
contrast, no effect was observed in FPR in the presence of the ligand (Kasai et al., 2011; Kasai and Kusumi, 2014). The
millisecond dynamic monomer-dimer equilibrium appeared to be unperturbed by addition of the ligand. In this context, it is
interesting to note that the binding of a bivalent ligand was also shown to enhance the dimerization in type-2 cholecys-
tokinin receptor (CCK2) and MOR (Zheng et al., 2009). It remains unclear whether the bivalent ligand stabilizes the
preformed dimers or initiates dimerization of the receptors.
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6.9 Cytoskeleton modulates GPCR association

An understanding of the spatiotemporal control of transmembrane proteins by the actin cytoskeleton is now emerging
(Clayton and Chattopadhyay, 2016). To investigate the interplay between receptor and actin cytoskeleton, Chattopadhyay
and co-workers explored the role of the actin cytoskeleton in the dynamics of the serotonin; receptor (Ganguly et al.,
2008). They analyzed the diffusion of the serotonin; receptor by fluorescence recovery after photobleaching (FRAP) and
showed that with increasing destabilization of the actin cytoskeleton, there was a gradual increase in the mobile fraction of
the receptor. The increase in the mobile fraction with increasing cytoskeletal destabilization could be due to the gradual
release of receptors that were previously confined (or corralled) by the actin network. Subsequently, it was observed that
the actin cytoskeleton could directly modulate the organization of the receptor (Ganguly et al., 2011). Another interesting
evidence on the crosstalk between GPCR organization and actin cytoskeleton comes from mathematical modeling to
compare to single particle tracking measurements (Deshpande et al., 2017). The model predicts a continuous change in the
percentage of receptor dimers, with increasing corral size as well as the probability of hopping. The monomer-dimer
equilibrium of the GPCRs predicted are in line with previous experimental findings (Kasai et al., 2011). The model re-
veals a complex interplay between cytoskeletal components and their influence on receptor association kinetics within the
features of the membrane landscape. The results suggest a functional coupling between receptor and actin and modulation
of the dynamics of receptor organization.

6.10 Implications and future perspectives

The detection of the GPCR oligomers has been rapidly increasing with state-of-the-art experimental and computational
approaches. Although the association of several GPCRs has been shown to have a role in receptor pharmacology, such as
altered ligand binding and G protein coupling, the molecular determinants of the association are still being unraveled. For
instance, the role of cholesterol and membrane-mediated effects in GPCR association has been extensively reported for
many receptor types. The varying cholesterol abundance with age could imply a relation to disease progression (Prasanna
et al., 2016; Chakraborty et al., 2018). The role of membrane composition in general, and cholesterol in particular needs to
be considered for several GPCRs homo- and hetero-dimer pairs that are implicated in diseases such as schizophrenia
(serotonin; o receptor) and Parkinson’s disease (adenosine;a receptor - dopamine D, receptor). Understanding the role of
the actin cytoskeleton in GPCR association is a new frontier in GPCR biology. Reports that cholesterol depletion and actin
stability are intricately related suggest a dynamic interplay in GPCR organization. These varied effects essentially point
toward the complex biology of this family of receptors, and a thorough investigation of the intrinsic and extrinsic de-
terminants of GPCR association is necessary. Several factors have been reported to drive and modulate GPCR association
that could act either alone or in concert to regulate the receptor organization and, thereby, downstream signaling cascades.
Understanding the complex interplay of these determinants would thus ensure a comprehensive understanding of GPCR
mediated signaling and its pathophysiology.
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