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A B S T R A C T

G protein-coupled receptors (GPCRs) are transmembrane receptors that mediate a large number of cellular
responses. The organization of GPCRs into dimers and higher-order oligomers is known to allow a larger re-
pertoire of downstream signaling events. In this context, a crosstalk between the adenosine and dopamine re-
ceptors has been reported, indicating the presence of heterodimers that are functionally relevant. In this paper,
we explored the effect of membrane cholesterol on the adenosine2A (A2A) and dopamine D3 (D3) receptors using
coarse-grain molecular dynamics simulations. We analyzed cholesterol interaction sites on the A2A receptor and
were able to reproduce the sites indicated by crystallography and previous atomistic simulations. We predict
novel cholesterol interaction sites on the D3 receptor that could be important in the reported cholesterol sen-
sitivity in receptor function. Further, we analyzed the formation of heterodimers between the two receptors. Our
results suggest that membrane cholesterol modulates the relative population of several co-existing heterodimer
conformations. Both direct receptor-cholesterol interaction and indirect membrane effects contribute toward the
modulation of heterodimer conformations. These results constitute one of the first examples of modulation of
GPCR hetero-dimerization by membrane cholesterol, and could prove to be useful in designing better therapeutic
strategies.

1. Introduction

The G protein-coupled receptor (GPCR) superfamily is the largest
and a diverse group of transmembrane proteins that regulate several
physiological processes (Pierce et al., 2002; Rosenbaum et al., 2009;
Chattopadhyay, 2014). GPCRs are involved in signal transduction
across the membrane in response to a diverse array of stimuli. Their
central role in cell signaling makes them a crucial target for drug re-
search, and ∼50 % of all currently marketed clinical drugs target
GPCRs (Lagerström and Schiöth, 2008; Tautermann, 2014; Kumari
et al., 2015). GPCRs consist of seven transmembrane helices and are
interconnected by extracellular and intracellular loops (Katritch et al.,
2012; Venkatakrishnan et al., 2013). As a consequence of such a mo-
lecular architecture, GPCR function is critically modulated by their
membrane environment, mediated by membrane lipids and proteins
(Chattopadhyay, 2014; Chakraborty and Chattopadhyay, 2015). For
example, crystallography (Gimpl, 2016) and simulation studies
(Sengupta and Chattopadhyay, 2015; Sengupta et al., 2018) of several
GPCRs, such as the adenosine2A (A2A) (Lee and Lyman, 2012; Liu et al.,

2012; Rouviere et al., 2017), serotonin1A (Sengupta and
Chattopadhyay, 2012; Patra et al., 2015; Prasanna et al., 2016a) and β2-
adrenergic receptor (Cherezov et al., 2007; Hanson et al., 2008; Cang
et al., 2013; Prasanna et al., 2014) have reported multiple cholesterol
interaction sites in the transmembrane domains. Importantly, several
biochemical, biophysical and functional studies have suggested that
GPCRs associate to form dimers or higher-order oligomers under phy-
siological conditions (Jordan and Devi, 1999; Szidonya et al., 2008;
Ferré et al., 2014; Franco et al., 2016). These associations occur be-
tween same (homodimer) or different (heterodimer) receptors. For-
mation of these complexes represents an additional mechanism for
functional regulation of GPCRs (Jordan and Devi, 1999; Milligan, 2010;
Ferré et al., 2014; Ferré, 2015).

Physiologically relevant heterodimers have been reported between
specific subtypes of adenosine and dopamine receptors (Fuxe et al.,
2007; Cabello et al., 2009; Trifilieff et al., 2011). Among these, the
heterodimer complex of A2A and dopamine D2 (D2) receptors has been
well characterized. In this complex, A2A receptor modulates ligand
binding affinity, G-protein coupling and signaling of D2 receptor (Fuxe
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et al., 2007). As dopamine receptors are target for neuropsychiatric
disorders such as Parkinson's disease and schizophrenia (Olanow et al.,
2006; Seeman, 2013), it has been suggested that A2A receptor antago-
nists and agonists could be used as alternative targets (Fuxe et al., 2005,
2007). In fact, istradefylline, a selective A2A receptor antagonist has
been approved for anti-Parkinson’s therapy (Dungo and Deeks, 2013;
Pinna, 2014; Mori et al., 2015). The dopamine D3 (D3) receptor shows
high degree of sequence homology with D2 receptor and is co-dis-
tributed in various regions of the ventral striatum (Volkow et al., 2015).
The D3 receptor exhibits a lower expression and diversity in tissue
distribution in comparison to the D2 receptor, but is more sensitive to
changes in ligand concentration (its affinity for dopamine is 420-fold
higher than that of D2 receptor) (Maramai et al., 2016). Antagonists
specific to the D3 receptor have been suggested for treatment of psy-
chotic and cognitive symptoms of schizophrenia (Gross et al., 2013;
Sokoloff et al., 2013) and drug addiction (Heidbreder and Newman,
2010). Previous reports have shown that the A2A receptor modulates
the ligand binding affinity of the D3 receptor (Hillefors et al., 1999). In
addition, fluorescence resonance energy transfer (FRET) studies de-
monstrated that A2A receptor forms heteromeric complex with D3 re-
ceptor in which it antagonistically modulates signaling of D3 receptor
(Torvinen et al., 2005). Although the D3 receptor appears to be less
characterized in terms of its hetero-dimerization relative to the D2 re-
ceptor, its monomer structure has been crystallographically resolved
(Chien et al., 2010). Understanding the heterodimer conformations of
the A2A-D3 receptor could therefore provide important insight into the
hetero-dimerization of these receptor families.

Membrane lipids have been shown to be important determinants of
GPCR organization. Previous studies pointed toward modulation of
higher-order oligomerization of the serotonin1A receptor (Pucadyil
et al., 2005; Müller et al., 2007) by membrane cholesterol (Ganguly
et al., 2011; Paila et al., 2011). More recently, quantitative analysis
using photobleaching image correlation analysis (pbICS) showed a
unique dimer-trimer equilibrium modulated by cholesterol
(Chakraborty et al., 2018). Simulation studies have suggested that the
presence of cholesterol induces increase in conformational plasticity of
the serotonin1A receptor homodimer (Prasanna et al., 2016a). Similarly,
specific interaction of lipids and cholesterol with GPCRs has been
shown to modulate dimer conformation in the β2-adrenergic receptor
(Cherezov et al., 2007; Prasanna et al., 2015) and the CXCR4 chemo-
kine receptor (Pluhackova et al., 2016). A recent study on hetero-oli-
gomerization of A2A and D2 receptors using bioluminescence resonance
energy transfer (BRET) and coarse-grain simulations suggested that
membranes containing docosahexanoic acid may enhance the rate of
receptor oligomerization (Guixà-González et al., 2016). The presence of
multiple cholesterol sites on the A2A receptor (Lee and Lyman, 2012;
Liu et al., 2012; Rouviere et al., 2017) suggests a possible role of cho-
lesterol in its constituent dimers, although this has not been explored.

In this work, we have examined the effect of membrane cholesterol
on heterodimers of A2A and D3 receptor using multiple μs timescale
coarse-grain molecular dynamics simulations. Analysis of simulation
results reveal cholesterol interaction sites on A2A receptor surface, in
agreement with crystal structure and atomistic simulations (Lee and
Lyman, 2012; Liu et al., 2012). Interestingly, our results predict novel
cholesterol binding sites on the D3 receptor. Our results suggest a large
number of dimer conformations that are modulated by cholesterol in-
teraction sites and local membrane perturbations, and highlight an
important role of membrane cholesterol in modulating GPCR hetero-
dimers. More importantly, these results would help in understanding
the functional crosstalk between adenosine and dopamine receptors,
with implications in designing therapeutic interventions in treatment of
neuropsychiatric conditions.

2. Methods

2.1. System setup and simulation parameters

Structural models of the human A2A and D3 receptors were gener-
ated using the respective crystal structures (PDB ID: 3 EM L (Jaakola
et al., 2008) and 3PBL (Chien et al., 2010)). The receptor structures
were energy minimized and mapped to their coarse-grain representa-
tions. For monomer simulations, a single copy of the A2A receptor
(amino acid residues 3-316) or the D3 receptor (amino acid residues 32-
400) was inserted in pre-equilibrated bilayers. Two bilayers were con-
sidered: POPC bilayer and POPC bilayer with 30 % cholesterol. Each
system was simulated in triplicate for 15 μs using either the standard
model (secondary structures are stabilized via short-range dihedral in-
teraction terms) or the elastic network model with the standard para-
meters (see Fig. S1 for a comparison). For dimer simulations, a single
copy of both A2A and D3 receptors were inserted into bilayers. Four
different conformations, with varying relative orientations of the re-
ceptors and a minimum distance of 3 nm to the other receptor, were
considered. A schematic representation of the initial system is shown in
Fig. 1. Twenty simulations of 20 μs each were carried out, corre-
sponding to a total of 400 μs for each system. In addition, ten 20 μs long
simulations were performed using elastic network model for the
MARTINI coarse-grain force field. The total simulation time sampled in
our coarse-grain simulations is 1200 μs, which corresponds to 2.4ms of
effective simulation time.

All simulations and analysis were carried out using GROMACS
version 4.5.5 (van der Spoel et al., 2005; Pronk et al., 2013). Martini
coarse-grain force fields (versions 2.0 and 2.2) (Marrink et al., 2007;
Monticelli et al., 2008) were used for representation of lipids and
proteins, respectively. The standard parameters corresponding to these
molecules for coarse-grain Martini simulations were used. Electrostatic
interactions were shifted to zero in the range of 0–1.2 nm while Len-
nard-Jones potential was shifted to zero in the range of 0.9–1.2 nm. The
temperature of each component of the system (receptor, POPC, cho-
lesterol and water) was independently maintained at 300 K using v-
rescale thermostat with a coupling constant of 0.1 ps. Pressure was
maintained at 1 bar using the 'semi-isotropic' Berendsen barostat
(Berendsen et al., 1984) with a coupling constant of 0.5 ps and a
compressibility of 3×10−5 bar-1. Initial velocities for the systems
were randomly chosen from a Maxwell distribution at 300 K. LINCS
algorithm was used to constrain bond lengths. A time step of 20 fs was
used for all simulations.

Fig. 1. A schematic representation of the initial system. The receptors A2A re-
ceptor (shown in violet) and D3 receptor (shown in blue) were embedded in a
POPC/cholesterol bilayer. The phospholipid headgroups are shown in orange,
acyl chains in gray, cholesterol in cyan, and water in blue. See Methods for
more details.
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2.2. Analysis

A quantitative estimation of occurrence of transmembrane helices at
the dimer interface was determined by calculating inter-helical dis-
tances between the two receptors in the dimer regime. Two trans-
membrane helices, one from each of the receptor, are said to be in
contact if the minimum distance between them is< 0.5 nm. The dimer
regime was binned every μs and the number of contacts for each helical
pair were determined. The normalized population of the dimers at the
interface was calculated from the dimer regime of the 20 simulation
sets. For each dimer conformation, we calculate the total number of
frames where helix 'a' interacts with helix 'b' (based on a distance cut-off
value for interaction: 0.5 nm) which is then divided by the total number
of frames in the dimer regime of the simulation i.e, the value is nor-
malized. This value is then averaged over all replicate simulations.
Values were averaged over the dimer regime of simulations and over
replicates. The maximum occupancy time for cholesterol around each
of the transmembrane helices was determined over monomer and dimer
regimes of the simulation. Maximum occupancy time is defined as the
maximum (normalized) time for which cholesterol remains associated
with a particular site. A cholesterol molecule is defined as interacting at
a given site if the minimum distance (distance of closest approach) is
less than the cut-off distance. For transmembrane helices, a cut-off of
0.5 nm was used, whereas a larger cut-off of 0.6 nm was used in the
residue-wise occupancies to avoid large fluctuations. This occupancy
time is normalized to the total simulation time (across replicates) and
thus referred to as normalized time. The definition is based on our
earlier work (Sengupta and Chattopadhyay, 2012; Prasanna et al.,
2014, 2015). To compare our data with the resolved crystal structures,
a consensus list of residues within 5 Å of the cholesterol molecule across
all the crystal structures was prepared. To account for the large dy-
namics in the cholesterol interaction sites and differences between the
sites, the simulations were decomposed to the frames where cholesterol
was present at a given site. For the predicted sites, a residue was de-
fined to be at the cholesterol interaction site, if it had a high occupancy
time (cut-off of 0.6 nm) during that time.

The normalized bilayer thickness profile around the monomers in
POPC bilayers and POPC/cholesterol bilayers were calculated based on
the distance between the z-positions of PO4 bead of the POPC molecule,
as in our previous work (Prasanna et al., 2016a). Bilayer thickness of
the bulk membrane was set to 1. A value>1 indicates local membrane
thickening (positive hydrophobic mismatch), while a value<1 in-
dicates local membrane thinning (negative hydrophobic mismatch).
The spatial distribution of cholesterol (entire molecule) in the system
(with the receptor centered and fitted) was averaged over the entire
collective simulation period. The x-y slices of the system were then
generated (from the grid.cube file obtained using g_spatial tool of
GROMACS). Slices corresponding to solvent layer were discarded. The
remaining slices were divided into two segments such that one segment
corresponds to the extracellular and the other segment corresponds to
the intracellular leaflet.

3. Results

To analyze the cholesterol distribution around the receptors, we
performed coarse-grain molecular dynamics simulations of A2A and D3

receptors, independently embedded in bilayers of POPC/30% choles-
terol. In addition, a series of simulations with both A2A and D3 receptors
were performed to investigate heterodimer formation in these re-
ceptors. Two membrane compositions were considered: POPC or POPC/
30% cholesterol. A schematic representation of the initial conformation
with the two non-interacting receptors is shown in Fig. 1. Subsequently,
we explored the heterodimer conformations and the role of membrane
cholesterol in hetero-dimerization.

3.1. Cholesterol interaction sites in the A2A receptor

The lateral distribution of cholesterol around the A2A receptor
monomer was calculated from coarse-grain simulations of A2A receptor
in bilayers containing POPC/cholesterol. The density profile of cho-
lesterol in the extracellular and intracellular leaflets were averaged
separately and is shown in Fig. 2. Several cholesterol interaction sites
corresponding to high cholesterol density regions in the vicinity of the
receptor were observed. Five distinct sites could be identified on the
extracellular leaflet, named as sites Ae1-5 (Fig. 2a). The site Ae1 ap-
pears at the groove of transmembrane helices I and VII and Ae2 be-
tween transmembrane helices II and III. The site Ae3 at transmembrane
helix VI appears to be spatially related to sites Ae4 and Ae5 that are in
the groove of transmembrane helices V and VI. In addition, three sites
were identified on the intracellular leaflet and have been marked as
Ai1-3 (Fig. 2b). To test whether cholesterol molecules exhibit a high
temporal occupancy at these sites, the maximum occupancy time of
cholesterol was calculated at each transmembrane helices (see Methods
for details). A value of 1 indicates that cholesterol is present in all si-
mulations at all time frames, and a value of 0 indicates that it is never
present. The occupancy time at each helix and each residue is shown in
Figs. S2 and S3, respectively. The temporal occupancy of cholesterol
shows a trend similar to the density profiles of cholesterol around the
A2A receptor (shown in Fig. 2). The sites Ae1 and Ae2 (between
transmembrane helices I and VII, and II and III, respectively) and Ai1
(between transmembrane helices III and IV) appear to be the most fa-
vorable in terms of cholesterol occupancy.

The sites predicted in the coarse-grain simulations could reproduce
the previously reported cholesterol binding sites (both from crystal
structure and simulations) (see Table 1). The cholesterol distribution
site Ae3 in the extracellular leaflet reported from our results matched
well with the cholesterol binding site identified in the crystal structure
of A2A receptor (Liu et al., 2012; Batyuk et al., 2016; Segala et al.,
2016). Although two cholesterol molecules were found to be bound at
transmembrane helix VI (corresponding to site Ae3 and Ae4) in crystal
structures, simulations predict an additional cholesterol interaction site
at that region, between transmembrane helices V and VI (Ae5). Inter-
estingly, the cholesterol interaction sites Ae1 and Ae2 in the

Fig. 2. Cholesterol interaction sites of the A2A receptor. The lateral
distribution of cholesterol in the bilayer plane was calculated and
averaged over the (a) extracellular and (b) intracellular leaflets.
The cholesterol interaction sites corresponding to the high density
cholesterol sites are marked as Ae1-5 and Ai1-3 in panels (a) and
(b), respectively. The color bar indicates normalized cholesterol
density. The top view of the receptor is superimposed on the plots.
Loops are not shown for clarity. See Methods for other details.
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extracellular leaflet and Ai1 in the intracellular leaflet are in good
agreement with those predicted from atomistic simulation (Lee and
Lyman, 2012). For a molecular characterization of the sites, re-
presentative snapshots of the sites from crystallography and the coarse-
grain simulations are shown in Fig. S4 and the main residues are listed
in Table S1. We further tested a set of simulations using the elastic
network model to impose tertiary structural constraints in the Martini
coarse-grain model. The use of these constraints in the simulations have
been discussed before (Periole, 2016; Sengupta et al., 2018), although
recent work suggests it could lead to increased association compared to
atomistic models (Alessandri et al., 2019). There are a few differences
between the cholesterol spatial distribution around the receptor with or
without elastic network (see Fig. S5). Cholesterol occupancy site Ae1
was observed to be on TM I in presence of the elastic network, instead
of being in the groove of transmembrane helices I and VII (as reported
here in absence of elastic network and in atomistic simulations) (Lee
and Lyman, 2012). Site Ae5 is observed in the presence as well as ab-
sence of elastic network simulations, but has not been reported earlier.
In addition, there appears to be extra sites on helix IV which have not
been reported elsewhere. Further, cholesterol occupancy around helix V
and VI in the intracellular leaflet (as reported in simulations from
Lyman and co-workers) (Rouviere et al., 2017) was missing in simu-
lations with the elastic network. Taken together, the coarse-grain si-
mulations without tertiary constraints were able to reproduce pre-
viously predicted cholesterol interaction sites in the A2A receptor and
could represent a robust tool for prediction of cholesterol interaction
sites in GPCRs.

3.2. Cholesterol interaction sites in the D3 receptor

Coarse-grain simulations were performed for the D3 receptor monomer
in bilayers containing POPC/cholesterol using the same conditions as for
the A2A receptor. The lateral distribution of cholesterol around the D3 re-
ceptor, averaged separately for the extracellular and intracellular leaflets is
shown in Fig. 3. In the D3 receptor, three cholesterol interaction sites each

were observed in the extracellular leaflet, De1-3 and the intracellular
leaflet, Di1-3. The sites De1 and Di3 appear to be very dynamic. To the best
of our knowledge, these sites have not been previously reported. In the
related D2 receptor, an increased cholesterol distribution around the re-
ceptor has been reported, but the sites have not been characterized (Guixà-
González et al., 2016). Temporal cholesterol occupancy around the re-
ceptors was calculated from cholesterol occupancy time around the trans-
membrane helices and at each residue (Figs. S6 and S7). The sites with
increased cholesterol density identified from the spatial distribution show a
similar trend with regard to cholesterol occupancy. A similar set of simu-
lations was performed with the tertiary constraints on the receptors (Fig.
S8). The cholesterol sites De1-2 and Di1-2 were reproduced. Site De3 ap-
peared to have reduced in density and site Di3 exhibited high site hopping
between TM helices IV, V and VI. Our results therefore suggest the presence
of possible cholesterol interaction sites around the transmembrane surface
of D3 receptor in the extracellular and intracellular membrane leaflets.

3.3. Conformational dynamics of the A2A-D3 heterodimers

Multiple μs timescale simulations of adenosine A2A and dopamine
D3 receptors were performed to investigate receptor heterodimers. To
analyze the role of membrane cholesterol, simulations were performed
in POPC and POPC/cholesterol bilayers. Twenty simulations each of
20 μs were performed for the two bilayer compositions. The initial
structures considered are shown in Fig. 1. During the simulations, the
receptors diffused in the lipid bilayers before making an initial contact.
Several instances of transient association between the two receptors
were observed, before leading to the formation of long-lived dimers.
Heterodimers were observed in all twenty simulations in both mem-
brane compositions, although the initial time required for dimer for-
mation was higher in cholesterol-rich bilayers (see Fig. 4). The final
association between the receptors was observed at the μs timescale.

To characterize the heterodimer conformations observed in the si-
mulations, we calculated the contact maps between the transmembrane
helices of A2A receptor and D3 receptor (Fig. 5). The contact maps were
averaged over all simulations and normalized to the length of simula-
tion in which heterodimers were observed. Interestingly, multiple het-
erodimer conformations were observed. In POPC bilayers, the main
dimer conformation observed was with transmembrane helices I and II
of A2A receptor and transmembrane helices IV and V of D3 receptor at
the interface (see Fig. 5a). A schematic representation of the I,II/IV,V
dimer conformer is shown in Fig. 5c. In addition, a dimer conformation
with transmembrane helices V and VI of A2A receptor and helices I and
II of D3 receptor was observed (Fig. 5a). Multiple minor (less sampled)
dimer conformations were also observed. In contrast, the main dimer
conformation observed was the IV,V/I,II conformer with transmem-
brane helices IV and V of A2A receptor interacting with transmembrane
helices I and II of D3 receptor at the dimer interface, in cholesterol
containing bilayers (Fig. 5b). This interface closely resembles one of the
dimer conformations observed in POPC bilayers, but appears to have
rotated along the receptor axis. The dimer state is represented in

Table 1
Summary of Cholesterol Interaction Sites in the A2A Receptor.

Report/Method Cholesterol Sites/TM Helices

Ae1 Ae2 Ae3 Ae4 Ae5 Ai1 Ai2 Ai3
I,VII II,III VI V,VI IV,V III,IV I,II V,VI

Liu et al., 2012 – + + + – – – –
Segala et al., 2016 – + + + – – – –
Batyuk et al., 2016 – + + + – – – –
Lee and Lyman, 2012 + + – – – + – –
Lee et al., 2013 – – – – – – + –
Rouviere et al., 2017 – – b – – – – +
CG Martini + + + + + + + +
CG Elastic Network a + + + + + – –

a The site is predominantly at TM I instead of the groove of TM I and VII.
bObserved only in the apo receptor.

Fig. 3. Cholesterol interaction sites of the D3 receptor. The lateral
distribution of cholesterol in the bilayer plane was calculated and
averaged over the (a) extracellular and (b) intracellular leaflets.
The cholesterol interaction sites corresponding to the high density
cholesterol sites are marked as De1-3 and Di1-3 in panels (a) and
(b), respectively. The color bar indicates normalized cholesterol
density. The top view of the receptor is superimposed on the plots.
The receptor loops are not shown for clarity. See Methods for
other details.
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Fig. 5d. Interestingly, the main dimer conformer in the absence of
cholesterol (i.e., the I,II/IV,V conformer) was rarely observed in POPC/
cholesterol bilayers. The "quasi symmetric" interface with transmem-
brane helices IV and V in both receptors was frequently sampled and is
shown in Fig. 5e. Several other minor dimer interfaces were also ob-
served, although less frequently. A similar set of simulations were
performed with the tertiary constraints on the receptors. The interfaces
observed are similar and the I,II/IV,V conformer was absent in the
cholesterol simulations (Fig. S9). The IV,V/I,II conformer is reduced in
population in both cases, possibly due to reduced sampling. Overall it
appears that the A2A and D3 heterodimers could have multiple favorable
dimer interfaces, and the relative populations of these states are
modulated by the presence of cholesterol in the membrane.

3.4. Direct and indirect cholesterol effects in heterodimers

We revisited the distribution of cholesterol around the receptors in
the monomer regime to examine the effect of cholesterol interaction at
transmembrane helices on heterodimer conformations (Fig. 6). The
cholesterol occupancy at the transmembrane helices in the monomer
regime in the heterodimer simulation was similar to that in the receptor

monomer. High cholesterol occupancy was observed at transmembrane
helices I and II in the extracellular region (Fig. 6a), and at transmem-
brane helices III and IV on the intracellular side of the A2A receptor
(Fig. 6b). For the D3 receptor, cholesterol occupancy was high at
transmembrane helices V and VI on the extracellular region (Fig. 6c)
and at helices IV and V in the intracellular region (Fig. 6d). A few of
these sites with high cholesterol occupancy (but not all) were observed
to be prominently absent at the dimer interface in the heterodimers
formed in POPC/cholesterol bilayers. As a comparison, the occupancy
of cholesterol at these sites in the dimer is shown in Fig. S10.

We further calculated the variation in bilayer thickness around the
receptor to characterize hydrophobic mismatch (Rao et al., 2017) be-
tween receptor and bilayer. The thickness profiles were normalized by
the bulk lipid thickness to account for the differences in membrane
thickness in the presence and absence of cholesterol (Fig. 7). In POPC
bilayers, membrane thinning was observed around transmembrane
helix IV in the A2A receptor (Fig. 7a), while increased membrane
thickness was observed around transmembrane helices V and VI. In
addition, perturbations were observed at transmembrane helices I and
II. In POPC/cholesterol bilayers, the increased membrane thickness
observed around transmembrane helices V and VI was amplified (see

Fig. 4. Hetero-dimerization of A2A and D3 re-
ceptors. A representation of the minimum dis-
tance between the transmembrane segments of
A2A and D3 receptors during the course of
multiple simulations in (a) POPC and (b)
POPC/cholesterol bilayers. The distance be-
tween the monomers is color coded and shown
as a scale bar. The dimer regime is character-
ized by distances less than 0.5 nm, corre-
sponding to the dark blue stretches in the plot.
The monomer regime corresponds to the red,
yellow, green and light blue regions in the plot.
Each row in every panel represents an in-
dependent simulation (numbered along the
ordinate), thereby corresponding to a total of
40 simulations of 20 μs each. See Methods for
other details.

Fig. 5. Characterizing the heterodimer con-
formations. Contact maps representing the in-
teractions of the transmembrane helices be-
tween the A2A and D3 receptors in (a) POPC
and (b) POPC/cholesterol bilayers. The dimer
interfaces were calculated for the long-lived
stable dimers, which did not dissociate in the
course of the simulation. The values were
averaged across all simulations and normalized
by the simulation length. A cut-off of 0.5 nm
was used to determine contact between the
helices. The color bar indicates the normalized
population. Panels (c–e) are representative
snap shots (top views) of the dimer interfaces.
See Methods for more details.
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Fig. 7b). In contrast, an increased bilayer thickness was observed
around transmembrane helix IV of D3 receptor (Fig. 7c) that was lost in
the presence of cholesterol (Fig. 7d). In addition, membrane perturba-
tions were observed around helices I and VII. It was interesting to note
that a few of the sites showing increased positive hydrophobic mis-
match appeared prominently at the contact interface between the re-
ceptors. Taken together, these results suggest that a complex interplay
between the specific cholesterol sites and membrane perturbations help
tune the GPCR heterodimer interface.

4. Discussion

Although the interaction of GPCRs at varying spatiotemporal scales
(Sengupta et al., 2016) has now been established, understanding its
functional consequences continues to be a challenging aspect
(Chakraborty and Chattopadhyay, 2015; Sengupta et al., 2017). In a
recent paper, a dynamic tunable equilibrium has been suggested and
the conformation of the receptor dimers and higher oligomers may
show considerable variations (Dijkman et al., 2018). In case of homo-
dimers, GPCR association has been shown to be largely influenced by

Fig. 6. Cholesterol occupancy sites. Maximum cholesterol occu-
pancy around transmembrane helices of (a,b) A2A and (c,d) D3

receptors in POPC/cholesterol bilayers during the monomer re-
gime. Panels (a) and (c) correspond to the extracellular leaflet,
and (b) and (d) refer to the intracellular leaflet. The values were
normalized to the simulation time of the monomer regime and
averaged across all simulations. Error bars indicate standard error
between sets. See Methods for other details.

Fig. 7. Membrane perturbations around the receptor. Normalized
bilayer thickness profile around (a,b) A2A receptor and (c,d) D3

receptor monomers. Panels (a) and (c) correspond to POPC bi-
layers, and (b) and (d) refer to POPC/cholesterol bilayers. The top
views of the monomer receptors are superimposed on the plots.
See Methods for other details.
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membrane lipid composition, especially cholesterol (Ganguly et al.,
2011; Paila et al., 2011; Chakraborty et al., 2018). The dimer interface
of several GPCR homodimers has been shown to be modulated by
membrane cholesterol using coarse-grain simulations (Prasanna et al.,
2014; 2016a; Pluhackova et al., 2016). Several constitutive hetero-
dimers have been reported and functionally characterized (Jordan and
Devi, 1999). In contrast, the association of fully functional GPCRs to
form heterodimers, both in terms of their mechanism and functional
roles, remains unclear. In light of the allosteric modulation in these
heterodimers, molecular details are essential for an understanding of
the underlying functional regulation, particularly changes in ligand
binding and signaling mechanisms. In this paper, we have explored the
conformational details of the heterodimer between two key target
members in neuropsychopharmacology, A2A and D3 receptors. Using μs
timescale coarse-grain molecular dynamics simulations, we have ana-
lyzed the contribution of membrane cholesterol in the conformational
plasticity of the heterodimers. Our results suggest that cholesterol in-
teraction sites, together with local membrane perturbations, play a
significant role in modulating the conformation of GPCR heterodimers.

One of the key results from our study is the presence of multiple
dimer interfaces in the heterodimer. The data is in line with a “rolling
dimer” model, similar to the dynamic tuneable model suggested in case
of the neurotensin receptor 1 (Dijkman et al., 2018). In this model,
several dimer interfaces are possible, but their relative model is related
to membrane composition. Multiple dimer interfaces were also reported
in the chemokine receptor heterodimer (Gahbauer et al., 2018). In
contrast, fewer dimer interfaces were discerned in the homodimers of
the β2-adrenergic (Prasanna et al., 2014) and the serotonin1A receptors
(Prasanna et al., 2016a), at least in the absence of cholesterol. Preferred
dimer interfaces have also been reported in the opioid receptors based
on simulation studies (Provasi et al., 2015). The plasticity of homo-
dimers may be receptor dependent, since multiple dimer interfaces
have been reported in the chemokine homo- and hetero-dimers
(Pluhackova et al., 2016; Gahbauer et al., 2018). Interestingly, a
modulation of the heterodimer interfaces was observed in our simula-
tions in the presence of cholesterol. The results are in agreement with
earlier reports suggesting a modulation of increased plasticity in related
receptors (Prasanna et al., 2014; 2016a; Pluhackova et al., 2016). In
contrast, a few of the heterodimer interfaces predicted in the chemo-
kine receptors appear to be independent of cholesterol (Gahbauer et al.,
2018). We propose that tuning of the dimer interfaces and the increased
plasticity of the dimer conformations by cholesterol could act as a
regulatory mechanism.

Membrane cholesterol has been comprehensively shown to mod-
ulate structural and functional properties of several GPCRs (reviewed in
Pucadyil and Chattopadhyay, 2006; Paila and Chattopadhyay, 2010;
Oates and Watts, 2011; Jafurulla and Chattopadhyay, 2013;
Chattopadhyay, 2014; Sengupta and Chattopadhyay, 2015; Gimpl,
2016; Sengupta et al., 2018; Jafurulla et al., 2019). One of the me-
chanisms by which cholesterol modulates GPCR function is via specific
interaction sites on the receptor (Paila and Chattopadhyay, 2009), lo-
cated deep in the membrane hydrocarbon core (Genheden et al., 2017),
sometimes termed as nonannular sites (Paila et al., 2009). Direct in-
teraction between cholesterol and the receptor have been well resolved
in the crystal structures of several GPCRs, including A2A receptor (Liu
et al., 2012). Atomistic and coarse-grain simulations of the A2A receptor
in bilayers containing cholesterol have mapped several of these cho-
lesterol interaction sites and also predicted additional sites on the re-
ceptor surface (Lee and Lyman, 2012; Lee et al., 2013; Rouviere et al.,
2017). Our coarse-grain molecular dynamics simulations of A2A re-
ceptor in POPC/cholesterol bilayers were able to map each of these
cholesterol interaction sites. These results suggest that cholesterol ex-
hibits preferential interaction at localized sites on the transmembrane
surface of the A2A receptor. The cholesterol interaction sites predicted
from the 800 ns trajectories of atomistic simulations (Lee and Lyman,
2012) were reproduced and retained over the entire simulation period

(15 μs) in our coarse-grain simulations, thereby suggesting convergence
of cholesterol distribution around the receptor. Interaction of mem-
brane cholesterol with the orthosteric ligand binding site have also been
reported (Guixà-González et al., 2017), but were not observed in our
simulations. Interestingly, the presence of the elastic network model
that imposes tertiary structural constraints was unable to reproduce
some of the cholesterol sites, suggesting an important role of receptor
dynamics in cholesterol interaction.

In this work, we have considered two models, the standard Martini
implementation and the elastic network model, but focus on the model-
independent outcomes such as modulation of heterodimer interfaces by
cholesterol. The loss of degrees of freedom, and in particular the di-
rectional hydrogen bonds, introduces the loss of secondary structure in
the proteins in the Martini representation. This is handled in different
ways in the implementation of the model: the standard model where the
secondary structures are stabilized via short-range interactions in the
form of dihedrals (including constraints between beads), and the
complementary elastic network model that introduces short-range and
long-range harmonic distance restraints. Both models are associated
with advantages and limitations. The original Martini implementation
(without the elastic network model) is able to predict and reproduce
structural ensembles of single helical dimers from experiments (Pawar
and Sengupta, 2019). For larger proteins such as GPCRs, the situation is
naturally more complicated and simply considering only one of the
models is an oversimplification of the system. The application of elastic
network ensures that the protein does not deviate from its crystal-
lographic conformation (see Fig. S1 for a comparison of fluctuations).
Though this approach would be quite suitable for some systems, we
believe that it needs to be tested for studying lipid interactions with
GPCRs, as protein-lipid interactions have been shown to alter protein
conformational dynamics. For example, a lipid-dependent helix dy-
namics has been reported in β2-adrenergic receptor from atomistic si-
mulations (Manna et al., 2016). Specific cholesterol and sphingolipid
sites have been identified previously using only the standard Martini
implementation (Prasanna et al., 2014, 2016a,b). On the other hand,
the elastic network model was previously applied to identify cholesterol
sites in the A2A receptor (Rouviere et al., 2017). In fact, several studies
use a version of the elastic network model when considering large
protein complexes (Hedger and Sansom, 2016; Corradi et al., 2019;
Marrink et al., 2019), with some exceptions (Louhivuori et al., 2010;
Sengupta et al., 2009). Here, it is important to highlight the tendency of
the elastic network model to increase aggregation of model trans-
membrane peptides (Alessandri et al., 2019). In this regard, both
models need to be considered for studying lipid effects and the model-
independent results should be considered.

In conclusion, we have performed multi μs coarse-grain simulations
to analyze cholesterol effects in the dimerization of two representative
GPCRs, the A2A and D3 receptor. The simulations were able to predict
the previously reported cholesterol sites in the A2A receptor and predict
novel cholesterol sites on the dopamine D3 receptor. Our results suggest
an important role of receptor dynamics in cholesterol interaction sites,
as rigid receptors with an elastic network model were unable to predict
all the sites. These cholesterol interaction sites, together with the
membrane perturbations at the receptor surface, modulate the relative
heterodimer conformers in varying cholesterol conditions. Although
membrane cholesterol has previously been shown to modulate GPCR
homo-dimerization, our results offer one of the first examples of
membrane cholesterol modulation of GPCR hetero-dimerization. We
envision that these results constitute an important step toward under-
standing cholesterol-mediated functional crosstalk between different
subtypes of adenosine and dopamine receptors. Our results therefore
could potentially be useful in developing novel cholesterol-based
therapeutic strategies using adenosine receptor ligands to target dis-
eases associated with malfunctioning dopamine receptor subtypes.
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