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ABSTRACT: The interaction of lipids with G-protein-coupled receptors (GPCRs)
has been shown to modulate and dictate several aspects of GPCR organization and
function. Diverse lipid interaction sites have been identified from structural biology,
bioinformatics, and molecular dynamics studies. For example, multiple cholesterol
interaction sites have been identified in the serotonin1A receptor, along with distinct
and overlapping sphingolipid interaction sites. How these lipids interact with each
other and what is the resultant effect on the receptor is still not clear. In this work,
we have analyzed lipid−lipid crosstalk at the receptor of the serotonin1A receptor
embedded in a membrane bilayer that mimics the neuronal membrane composition
by long coarse-grain simulations. Using a set of similarity coefficients, we classified
lipids that bind at the receptor together as synergistic cobinding, and those that bind
individually as competitive. Our results show that certain lipids interact with the
serotonin1A receptor in synergy with each other. Not surprisingly, the ganglioside
GM1 and cholesterol show a synergistic cobinding, along with the relatively uncommon GM1-phosphatidylethanolamine (PE) and
cholesterol-PE synergy. In contrast, certain lipid pairs such as cholesterol and sphingomyelin appear to be in competition at several
sites, despite their coexistence in lipid nanodomains. In addition, we observed intralipid competition between two lipid tails, with the
receptor exhibiting increased interactions with the unsaturated lipid tails. We believe our work represents an important step in
understanding the diversity of GPCR−lipid interactions and exploring synergistic cobinding and competition in natural membranes.
KEYWORDS: GPCR, Martini coarse-grain simulations, membrane cholesterol, neuronal membranes, lipid crosstalk

■ INTRODUCTION
The cell membrane is a complex quasi-two-dimensional,
supramolecular assembly of lipids, proteins, and carbohydrates
that compartmentalizes living matter into cells.1,2 An important
hallmark of cell membranes is the diversity of lipids that vary
over spatiotemporal scales.3,4 The complex mixture of sterols,
phospholipids, and glycolipids with varying headgroups and
acyl chain moieties are distributed dynamically and asym-
metrically across the membrane plane as well as between the
two leaflets (extracellular/upper and intracellular/lower) of the
membrane.5,6 Lipid compositional asymmetry is controlled
both by protein regulation and physicochemical properties of
the lipids.3 Recent advances in lipidomics have allowed the
detailed characterization of membrane asymmetry, and overall
these results match previous estimates from biochemical
studies.7 Tissue-specific membrane composition has been
reported that could modulate proteins associated with the
membranes.5,7,8 For example, neuronal membranes are in
general more enriched in cholesterol and glycosphingolipids
relative to non-neuronal cell membranes, although the exact
lipid composition is cell-type-specific.9,10 However, the func-
tional significance of lipid diversity and whether the lipids
individually and/or collectively influence membrane-embed-
ded receptors are largely unexplored.

G-protein-coupled receptors (GPCRs) are the largest and
the most diverse class of proteins in higher eukaryotic plasma
membranes that facilitate the transfer of a variety of signals
from outside the cell to the cellular interior.11−13 They are
characterized by seven transmembrane helices interconnected
with variable extracellular and intracellular domains.14,15

GPCRs function as signaling hubs controlling multiple cellular
responses that include cellular metabolism, neurotransmission,
growth, immune response, and cellular differentiation. As a
result, GPCRs act as major therapeutic targets,16,17 and
account for ∼40% of current drug targets across all clinical
areas.18,19 The serotonin1A receptor is a representative
neurotransmitter GPCR, expressed mainly in neuronal
cells,20 and is implicated in anxiety, depression, stress, learning
deficiency, cognition, and mood disorders.21−27 For this
reason, the serotonin1A receptor represents a major drug target
in developing drugs against neuropsychiatric disorders such as
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depression, anxiety, and even cancer.28,29 Notably, the
serotonin1A receptor is one of the best-characterized GPCRs
in terms of lipid dependence of its ligand binding, G-protein
coupling, organization, dynamics, oligomerization, signaling,
and endocytosis.27,30−39

Along with the diversity in lipid types, there is an emerging
diversity in protein−lipid interactions, especially in the case of
GPCR−lipid interactions. Cholesterol has proved to be the
most critical lipid in modulating the function of several
GPCRs.40−44 The serotonin1A receptor was one of the first
GPCRs whose function was comprehensively shown to be
modulated by cholesterol.45−49 According to current estimates,
∼60 GPCRs are believed to exhibit cholesterol-dependent
function and ∼40% of unique GPCR structures display bound
cholesterol molecules.44,50 Several cholesterol interaction sites
have been identified in the serotonin1A receptor51−55 and
related GPCRs33,35,56,57 by molecular dynamics and bio-
informatics approaches. In addition, sphingolipids have been
shown to be critical for the function of the serotonin1A
receptor.58−60 Two distinct sphingolipid-binding motifs have
been identified from bioinformatics studies: (i) the sphingo-
lipid-binding domain (SBD),61 that has been shown to interact
with glycosphingolipids such as the ganglioside GM162 and (ii)
the sphingolipid-binding motif (SBM).63 Interestingly, the
serotonin1A receptor exhibits tissue- and cell-type-specific
function. For example, agonist-induced internalization has
been reported in serotonin1A receptors expressed in neurons
derived from the dorsal raphe nucleus (autoreceptors), but not
in hippocampal neurons (heteroreceptors),64,65 which could be
due to lipid diversity in neuronal membranes.9,10 To
comprehensively address lipid-specific functions of GPCRs,
we need to first characterize the interaction patterns among
lipids (i.e., lipid−lipid crosstalk) in membranes of increasing
complexity.
In this work, we have analyzed the interactions of the

serotonin1A receptor with lipids of a representative neuronal
membrane. Toward this goal, we have performed coarse-grain
simulations with the Martini model of the receptor embedded
in a membrane bilayer composed of nine types of lipids based
on previous lipidomics studies.9,10 Coarse-grain force fields
such as the Martini model allow a faster sampling of the
underlying conformational space with the chemical accuracy
required to reproduce protein−lipid interactions.66 In our
work, we used a representative neuronal membrane containing
phospholipids and sphingolipids (including glycosphingoli-
pids) with differing headgroups and acyl chains, along with
cholesterol. We observed multiple lipid-binding/unbinding
events during simulations that allowed us to identify the
signatures of lipid binding. Notably, we observed a unique
crosstalk between lipids with site-specific synergistic cobinding,
or competitive binding. Our results provide molecular insight
into the crosstalk between GPCRs and lipids and would be
critical in gaining a fundamental understanding of the
organizational principles underlying the diversity of recep-
tor−lipid interactions.

■ RESULTS
We performed coarse-grain simulations of the serotonin1A
receptor embedded in representative neuronal membranes
and analyzed the local environment and lipid interactions
around the receptor. Figure 1 shows the membrane
composition (panels (a, b)) and representative snapshots
from the simulations (panels (c−f)). Ten sets of simulations

were performed with two different parameter sets (elastic
network and standard Martini parameters). In total, the
simulation time sampled was 500 μs for each parameter set,
which corresponds to an effective time of 4 ms for both
parameter sets (considering a speed-up factor of 4 in the
coarse-grain landscape67,68). During the course of the
simulations, the lipids interacted with the receptor as well as
with each other and the local environment around the receptor
appeared to vary from the overall bulk lipids (Figure 1c−f).
The difference in receptor environment was quantified by the
depletion−enrichment (DE) index that compares the number
density of lipids around the receptor to the number density of
bulk lipids (see Table 1). Overall, we observed that certain
lipids such as the glycosphingolipid GM1 and cholesterol were
enriched at the receptor. In addition, we noted an enrichment
of phospholipids such as polyunsaturated PE and PS (SDPE,
SDPS) around the receptor.
Site-Specific Lipid Interactions with the Serotonin1A

Receptor. The unique lipid composition around the receptor
arises predominantly due to selective interactions of these
lipids with the serotonin1A receptor. To characterize these

Figure 1. Overview of the serotonin1A receptor embedded in a
representative neuronal membrane bilayer. (a) Side view of the
receptor (gray), the membrane (headgroup beads are depicted in
mustard, lipid tails are not shown for clarity), and the surrounding
water (blue points). (b) Pie chart representation of the fraction of
lipids in the two membrane leaflets. Representative snapshots of the
receptor (top and bottom view) are shown at the start (t = 0, panels
(c) and (e)) and end (t = 100 μs, panels (d) and (f)) of the
simulation. The color code of the lipids is the same as in (b).
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interactions in a site-specific manner, we calculated the
partition coefficient and occupancy time at each trans-
membrane helix, further fine-tuned by whether they are
embedded in the extracellular (upper) or intracellular (lower)
leaflet of the membrane. Both these parameters analyze the
contacts between the lipid and the receptor site but differ in
the normalization coefficient. The partition coefficient is
normalized to the bulk values, whereas the total occupancy
time provides the cumulative contacts normalized to the
simulation time. The values were calculated independently for
the two models (standard Martini and elastic network models)
and are shown in Figures 2 and S1, respectively. Taken
together, we observe that cholesterol has a high occupancy and
partition coefficient at several sites on the transmembrane
helices. For example, the transmembrane helix I (extracellular
and intracellular leaflet) and transmembrane helix V (intra-
cellular) exhibited increased contact with cholesterol. Lipids
with high depletion/enrichment index such as GM1, SDPS,
and SDPE also showed increased contact with the receptor in a
site-specific manner. However, all lipids showed occasional
contacts and nanosecond timescale interactions with the
serotonin1A receptor. Interestingly, we also observed that

several lipids appeared to interact at the same site of the
receptor.
Synergistic Cobinding of Cholesterol, GM1, and PE.

To analyze how several lipids could interact at the same site of
the receptor, we analyzed whether lipids interact simulta-
neously or independently. We considered a modified Hamann
similarity coefficient between each lipid type that maps the
mutual presence (when a binding event is observed for both
lipid types) and individual presence (when binding is observed
for only one of the lipid types). The coefficient is calculated
based on the contacts of the receptor for each lipid type and
scales between the values of +1 and −1. A value close to +1
indicates that the binding of the two lipid types is correlated,
i.e., they bind simultaneously. We denote this as synergistic
cobinding. When the lipids bind in an anticorrelated manner,
the value of the Hamann similarity coefficient is close to −1,
implying competitive binding between lipid types. At
intermediate values of the Hamann coefficient (+0.5 to
−0.5), the binding of the two lipids is neither correlated nor
anticorrelated, implying an independent type of binding.
We first analyzed the interactions between the lipids at the

upper leaflet of transmembrane helix I (see Figure 3). We
focused on cholesterol interactions as they are high at this site,
indicated by both occupancy time and partition coefficient.
Figure 3a represents the values of Hamann similarity
coefficients for cholesterol with all lipids in the upper leaflet.
Interestingly, we observed that cholesterol binds in a
synergistic manner with GM1 and polyunsaturated PE
(SDPE). The other lipids appear to bind independently or
competitively at this site, though with lower occupancy times.
Although GM1−cholesterol synergy has been reported ear-
lier,69 our results constitute one of the first reports on PE−
cholesterol synergy. For a more detailed overview, we mapped
all lipid−lipid Hamann similarity coefficients into a color-
coded matrix (Figure 3b) with the same color code: green
(synergistic), red (competitive), and gray (independent). We
observed a similar GM1−PE synergy, although the other lipid
pairs exhibited independent binding or competition with each

Table 1. Depletion−Enrichment Index (DE index) of the
Constituent Lipids Around the Serotonin1A Receptor
Relative to Bulk Lipidsa

Lipid Standard Martini Elastic Network

CHOL 0.99 ± 0.06 1.02 ± 0.03
DPSM 0.07 ± 0.02 0.10 ± 0.03
GM1 12.83 ± 1.03 15.10 ± 0.38
SDPE 0.79 ± 0.11 0.81 ± 0.06
POPC 0.13 ± 0.06 0.09 ± 0.01
DPPC 0.21 ± 0.15 0.06 ± 0.01
SOPC 0.50 ± 0.36 0.11 ± 0.02
SDPS 2.18 ± 0.15 1.13 ± 0.03
SOPS 0.24 ± 0.06 0.11 ± 0.013

aSee Methods for more details.

Figure 2. Sitewise receptor−lipid interactions. Total occupancy time in the upper and lower leaflets (panels (a) and (c)) and partition coefficients
of membrane lipids at the receptor sites in the upper and lower leaflets (panels (b) and (d)). The top (a, b) and bottom (c, d) panels depict the
values for helix regions in the upper and lower leaflet, respectively. Values are color coded and represented as heat maps as per the scale bar. Values
reported are averaged over all simulation sets. See Methods for more details.
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other. To analyze the synergistic cobinding interactions
further, we scanned the trajectories for representative
interactions that are schematically shown in Figures 3c,d and
S2. We observed that cholesterol, GM1, and PE bind adjacent
to each other, and pack well with each other. The headgroup of
GM1 and PE extended outward, whereas cholesterol with a
much smaller headgroup tended to occupy the void space
between the two. It appears that the binding of GM1 and PE at
this site could be facilitated by their synergistic cobinding to
cholesterol.
Competition between Cholesterol and Sphingolipids

at Transmembrane Helix V. To further discern the lipid−
lipid crosstalk, we analyzed the interactions of cholesterol and
sphingomyelin with the serotonin1A receptor, as these lipids
have often been implicated to colocalize in lipid micro-
domains.34,70 We focused on a segment of transmembrane
helix V of the serotonin1A receptor as it has been previously
reported to correspond to a sphingolipid binding motif.

Interestingly, we observed that cholesterol and sphingomyelin
appear to be in competition at transmembrane helix V (see
Figure 4a,b). We would like to note here that competition does

not imply an equal binding propensity, and cholesterol that has
a much higher concentration does win the “competition” more
often, leading to higher occupancy. However, we observed
much higher instances of either sphingomyelin or cholesterol
binding independently, relative to the correlated binding. The
transmembrane helix V of the serotonin1A receptor is unique,
as it has been reported to contain both a sphingolipid-binding
motif and a collage of cholesterol interaction motifs at different
depths of the helix.54,55,63 To further characterize the
competitive binding, we considered the different binding
modes, and representative snapshots are shown in Figure 4c,d.
We observed that cholesterol and sphingomyelin appear to
interact with the same residues at these sites, leading to
competitive binding between them.
General Principles of Synergistic Cobinding and

Competition between Lipids. The Hamann similarity
coefficients for each of the seven transmembrane helices
(subdivided by membrane leaflet) are shown in Figure 5. The
values for the elastic network model are shown in Figure S3.
Notably, the values exhibit similar trends in both models.
Cholesterol and GM1 appear to interact in synergy at most

Figure 3. Interplay of lipids at transmembrane helix I. (a) Values of
the Hamann similarity coefficient for cholesterol with all lipids at
transmembrane helix I (extracellular leaflet) depicted as a bar plot.
The error bars indicate standard errors of the mean (between
simulation sets). (b) Color-coded matrix for the Hamann similarity
coefficient for all lipid−lipid pairs at transmembrane helix I
(extracellular leaflet). The color coding corresponds to green
(synergistic), red (competitive), and gray (independent). The white
boxes (in the lower triangular matrix) indicate lipid pairs with
inadequate sampling (below cutoff criteria). See Methods for more
details. (c, d) Representative snapshots of cholesterol (green), GM1
(magenta), and SDPE (brown) interacting at the transmembrane
helix I (extracellular leaflet) site of the receptor. The main residues
interacting with the lipids are labeled.

Figure 4. Interactions between lipids at transmembrane helix V. (a)
Values of the Hamann similarity coefficient for sphingomyelin with all
lipids at transmembrane helix V. The error bars indicate standard
errors of the mean between simulation sets. (b) Color-coded matrix
for the Hamann similarity coefficient for all lipid−lipid pairs at
transmembrane helix V. The color coding corresponds to green
(synergistic), red (competitive), and gray (independent). (c, d)
Representative snapshots of cholesterol and sphingomyelin at
transmembrane helix V of the receptor. The main residues interacting
with the lipids are labeled.
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sites in the upper leaflet. Similarly, cholesterol and PE exhibit
synergistic cobinding at multiple sites with few exceptions of
independent binding. Interestingly, cholesterol appears to
interact in synergy with polyunsaturated PS (SDPS) lipids at
several sites in the lower leaflet. In contrast, cholesterol appears
to bind independently or in competition with monounsatu-

rated PS (SOPS), suggesting a lipid specificity in the
synergistic cobinding.
Sphingomyelin was observed to compete with a large

number of lipids. Although we observed competition between
sphingomyelin and cholesterol at several sites, there was very
low occupancy of sphingomyelin and further sampling is
required for quantitative comparisons. Sphingomyelin was

Figure 5. Overview of Hamann similarity coefficients at all serotonin1A receptor sites. The color-coded matrix corresponding to the Hamann
coefficient at all serotonin1A receptor sites. The color coding corresponds to synergistic (green), competitive (red), and independent (gray)
interactions. The values are shown for the upper (a−g) and lower (h−n) leaflets of transmembrane helices I−VII, respectively.
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found to be in competition with GM1 and PE in the upper
leaflet and PE and PS in the lower leaflet. In this work, we have
considered only a single type of sphingomyelin and further
work is necessary to analyze whether the competition would be
observed in the case of heterogeneous sphingomyelins.
Among the phospholipids, we observed a lipid specificity in

the binding patterns. POPC was the second most abundant
lipid in representative neuronal membranes and was found to
bind independently at multiple sites on transmembrane
domains. However, competitive binding of POPC with

cholesterol and SDPE was observed in the lower leaflet at
several sites such as transmembrane helix I, VI, and VII. On the
other hand, the other phosphatidylcholine lipids (DPPC and
SOPC) appear to compete at several sites with POPC. Among
PS lipids, monounsaturated SOPS showed either independent
binding with other lipids or competition with cholesterol,
SDPE, and SDPS at a few sites in the lower leaflet. However,
polyunsaturated SDPS appears to compete with both SOPS
and other PC phospholipids. In contrast, SDPS appears to bind

Figure 6. Preferential lipid tail interactions of polyunsaturated PS (SDPS) and PE (SDPE) lipids. Population histograms of the protein−lipid
contacts of the saturated (black) and polyunsaturated (red) tails of (a) SDPE and (b) SDPS. Representative snapshots of (c) SDPE and (d) SDPS
interacting with the receptor highlighting the saturated (brown, pink) and polyunsaturated (orange) tails. The time-averaged density of the
saturated (brown, pink) and polyunsaturated (orange) tails of (e) SDPE and (f) SDPS around the receptor. The densities were calculated using
VMD.114
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in synergy with both SDPE and cholesterol in the lower leaflet
(except at transmembrane helix II and III).
Competition within a Lipid: Selective Binding of

Unsaturated Lipid Tails to the Receptor. The increased
interactions of SDPS and SDPE suggest the role of
polyunsaturated lipid tails in receptor−lipid interactions. To
further characterize the interactions of the polyunsaturated
lipids (SDPS and SDPE), we calculated the number of contacts
for the saturated and unsaturated acyl chains individually
(Figures 6 and S4). Interestingly, we observed a larger number
of contacts of the unsaturated lipid tail of SDPE relative to the
saturated tail of SDPE (Figures 6a and S4a). A similar behavior
was observed with SDPS (Figures 6b and S4b). The increased
contacts of the unsaturated lipid tail are parameter-
independent and both models (standard Martini and elastic
network models) show similar trends. Representative snap-
shots and averaged population densities show that indeed the
unsaturated acyl chain interacts with the serotonin1A receptor,
whereas the saturated tail extends outward toward the bilayer
(Figure 6c−f). It is interesting to note the preferential
receptor−lipid interactions based on lipid tail saturation and
not just headgroup specificity, although caution should be
exercised due to the lower resolution of the Martini model.
Another intralipid preferential association is related to the

two faces of cholesterol, the smooth α face of the sterol rings
and the β face with the protruding methyl groups.71 Although
it has been previously suggested that the α face would pack
better with the lipid tails and the β face with membrane
proteins, previous Martini coarse-grain simulations did not
observe such a preferential interaction.72 We subdivided the
contacts formed by cholesterol by considering apparent α and
β faces via specific beads (R2/3/4 and R1/5, respectively)
comprising the coarse-grain cholesterol model and normalizing
to the number of beads. Over the different simulation sets, we
observed a very marginal increase in the number of contacts
with the β face relative to the α face of cholesterol (Figure S5).
Due to the mapping scheme of the Martini model, it is difficult
to correctly map the two faces, and further atomistic
simulations are required for an improved resolution. In
general, we observed a distinct but dynamic membrane
environment around the serotonin1A receptor, driven by
interlipid and intralipid competition and synergy.

■ DISCUSSION
An emerging theme in GPCR−lipid interactions is the
diversity of interacting lipids. Several experimental, bioinfor-
matics, and simulation studies have identified a diverse
repertoire of functional lipids in this context.48,51,52,60,62,73−77

However, how these lipids relate to each other and whether
they individually or collectively interact and modulate GPCRs
is still not clear. To address the crosstalk associated with
GPCR−lipid interactions, we have performed comprehensive
coarse-grain simulations of the serotonin1A receptor embedded
in multicomponent membranes mimicking representative
neuronal membrane composition. We observe that at a given
site, certain lipids prefer to bind collectively, in synergy with
one another, whereas other lipids bind in competition.
Synergistic cobinding could occur at adjacent overlapping
positions at the same site when the lipids pack well together. In
general, we observed that competitive binding occurs when the
occupancy sites of the two lipids overlap. Even when a single
lipid binds at a site, there could be high site dynamics leading
to intralipid competition, such as between the two acyl chains.

Our work is an important step in understanding the diverse
nature of GPCR−lipid interactions in particular, and
interactions of membrane proteins with lipids in general.
An important finding from our work is that multiple sites of

lipid interactions exist and several lipids interact with the
receptor at several sites. A few of these sites have been
previously characterized in GPCRs embedded in two- or three-
component membranes, especially from extensive atomistic
and coarse-grain simulations.33,35 For example, the main
cholesterol interaction sites identified in this work, such as at
transmembrane helix I and V, match our previous results,51,52

but the relative populations differ, suggesting an important role
of competition and synergistic cobinding. An even wider
plethora of lipid interactions was highlighted in recent
computational studies of membrane proteins embedded in
complex membranes that report specific lipid interactions with
membrane proteins.73,74 In particular, the enrichment of
specific lipids such as cholesterol was observed in several
GPCRs at multiple sites.74 A similar partitioning of GM1 and
cholesterol is observed around the serotonin1A receptor
embedded in neuronal membranes in our present work,
although the exact sites differ. Another important lipid
interaction is the association of negatively charged lipids
such as phosphatidylinositol molecules with membrane
proteins in general78 and GPCRs in particular.74 In fact,
several negatively charged lipids such as DOPG, DOPI, and
DOPS have been reported to interact with GPCRs.75 Recently,
a cryo-EM study reported a specific interaction of the
serotonin1A receptor with PI4P.76 We observed the interaction
of charged lipids (PS) around the serotonin1A receptor in our
present work, which could represent a more general charged
lipid interaction.
Although several lipid−receptor interactions have been

identified, lipid−lipid crosstalk has been explored in very few
cases. In the serotonin1A receptor, PI4P lipids were reported to
bind together with cholesterol in the active state of the
receptor, suggesting a possible synergy between the lipids.76 A
recent simulation reported a site-specific synergy between the
ganglioside GM3 and cholesterol in the active state of the
adenosine2A receptor.79 Our results show a synergistic
cobinding between GM1 and cholesterol on multiple sites of
the serotonin1A receptor transmembrane domain in the upper
leaflet of the membrane. Surprisingly, we observed a
competition in the binding of GM1 and cholesterol with
sphingomyelin at multiple receptor sites. This is intriguing,
especially as these three lipids are known to colocalize in
membrane nanodomains.80 The colocalization is also observed
in our simulations in the membrane bulk (away from the
receptor) and can be quantified by the lipid−lipid partition
coefficient in the bulk membrane (Figure S6). Among
negatively charged lipids, a competition between PIP2 and
PS has been reported in the Kir2.2 channel using molecular
dynamics simulations.81 In our simulations, we considered two
types of negatively charged PS lipids (differing in acyl chain
saturation) and observed a similar competition at a few sites.
Interestingly, we observed a competition within a negatively
charged lipid, i.e., between the two acyl chains, as the
polyunsaturated lipid tail predominantly interacts with the
serotonin1A receptor. Such a preference for the polyunsaturated
lipid tail has been previously reported for rhodopsin,
adenosine2A receptor, and NTS1 receptors in atomistic and
coarse-grain simulations.82−84
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The current literature on GPCR−lipid interactions is limited
to probing the effect of a single lipid at a time. The effect of
lipid synergy and competition extends from that to a model
where each lipid cannot be probed independent of others,
since the effects are complex and not additive. For example, the
effect of cholesterol in model membranes may differ from its
effect in natural membranes. An example is the differential
sterol sensitivity of ligand binding of the serotonin1A receptor
in hippocampal membranes and solubilized membranes.85,86

These differences could arise due to the proposed model of
synergy/competition of cholesterol in the varying membrane
composition in two cases. Similarly, in the case of the β2-
adrenergic receptor, DOPE was shown to have different roles,
favoring an inactive receptor conformation,75 but promoting
Gi3 coupling.87 These apparently contradictory roles could be
related to differences in the overall context (“environment”) of
membrane lipids (which includes relative lipid composition
and their organization). Lipid synergy has started to emerge
from recently reported high-resolution structures of GPCRs.
For example, in a recent cryo-EM structure of the serotonin1A
receptor, cobinding of PI4P and cholesterol has been observed
in such a way that one of the two acyl chains of PI4P remains
sandwiched between two cholesterol molecules.76 This points
out that cholesterol has a role in stabilizing the binding of
PI4P, thereby providing a structural basis for signaling by the
serotonin1A receptor modulated by both cholesterol and
phospholipids. Similarly, a very recent cryo-EM structure of
the orphan receptor (GPR158) shows cobinding of PE and PI
lipids in the transmembrane region of the receptor.88

The effect of different lipids on GPCR structure is an
important yet challenging area. The stochasticity of the lipid
interactions and the synergy/competition identified in this
study renders this an even more challenging problem. In spite
of the large number of reports on GPCR−cholesterol
interaction sites, only differences in receptor flexibility have
been reported.89 However, the quantitative differences in lipid-
dependent ligand binding and G-protein coupling are yet to be
reported by computational approaches. The timescales
necessary for analyzing adequate binding/unbinding effects
to capture synergy/competition are of the order of 100
microseconds, not accessible by current atomistic simulations.
An important aspect of the present study is the use of the

modified Hamann similarity coefficient to address synergy or
competition between lipids at membrane receptor sites.
Although several measures (such as spatial densities, residue-
wise interactions, occupancy times) have been used to quantify
the interactions of individual lipids, measurements of crosstalk
between them are less straightforward. In an earlier study, the
Pearson correlation coefficient (PCC) was calculated to
quantify the duration of cohabiting/cobinding lipids.79

Although it is a standard measure of the relationship between
two variables (different lipid interactions), it mainly highlights
correlation/cobinding between lipids, but not other aspects of
the lipid−lipid crosstalk. A similar measure is the Phi
correlation coefficient, which is a derivative of PCC.90,91

However, in the present work, we found this measure to be
limited by undersampling and/or complete absence of the lipid
interactions, leading to undefined (incorrect) coefficient
values. A widely used similarity coefficient is the Jaccard
similarity coefficient,90−92 and it is not limited by the
undersampling of the (co)-nonbinding events. We calculated
the Jaccard coefficient for the serotonin1A receptor for all lipid
pairs (see Figures S7 and S8). As apparent from the figures, the

coefficient captures the synergy between lipids but does not
distinguish competition due to its inherent definition. The
major advantage of the Hamann similarity coefficient is that it
is able to distinguish both synergy and competition, but
explicitly includes events where the lipids do not bind the
receptor. To remove the bias toward such (co)-nonbinding
events (i.e., when both lipids do not bind), we have used a
modified Hamann similarity coefficient. Our results show that
this measure is able to clearly distinguish synergy, competition,
and independent binding of the lipids to GPCRs (Figures 5
and S3).
The interactions of cholesterol and phospholipids with

GPCRs have been shown to occur at a microsecond
timescale,33,35,51,66,79,93 which is well sampled by the timescales
accessible to simulations with the Martini model. In fact, a
comprehensive study of GPCR−lipid interactions was able to
identify common features of these interactions.74 Since we are
considering a complex membrane composition here, we need
to sample longer to capture all diffusion events of the lipids and
their cross interactions.94 The Martini model enables these
long simulation timescales and the longest simulation time
reported66 is 320 μs,95 a cumulative time of 0.2 s with an
integrated approach.96 Although the Martini model is reduced
in resolution (due to its coarse-grain nature), its ability to
distinguish the chemical and biophysical nature of numerous
lipid types and their differential effects have been successfully
elucidated.73,83,84 In addition, the Martini model has been used
to successfully probe protein−protein interactions,52,56,57,97−99

lipid−lipid interactions,100−102 and diverse lipid effects under-
lying the protein−membrane interactions.103,104 However, the
conformational dynamics of the receptor is not well sampled in
the Martini model and the effect of these lipid interactions on
GPCR conformational dynamics remains unclear.
In conclusion, we have performed coarse-grain simulations

of the serotonin1A receptor embedded in membranes
consisting of representative neuronal lipids at a timescale
that allows us to sample multiple lipid-binding/unbinding
events. To account for synergistic cobinding and competitive
individual binding of lipids, we have computed a modified
Hamann similarity coefficient for all lipid pairs at different
receptor sites. We observed synergistic binding between GM1,
cholesterol, and PE at several sites at the upper leaflet of the
membrane. In contrast, we observed a competitive binding
between cholesterol and sphingomyelin. Overall, the work
provides novel insight into the GPCR−lipid interplay and
explains previously observed apparently stochastic events. We
envision that a comprehensive understanding of GPCR
function in relation to its interaction with membrane lipids
could be crucial in our overall understanding of GPCR
function in health and diseases.

■ METHODS
System Setup and Simulation Parameters. The membrane-

embedded serotonin1A receptor was modeled in a coarse-grain
resolution based on the Martini force field. A consensus neuronal
membrane composition was compiled from previous lipidomics
studies.9,10 The overall composition and representative snapshots of
the setup are shown in Figure 1. The membrane consists of nine
different lipid types belonging to six lipid families (phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
monosialotetrahexosylganglioside (GM1), sphingomyelin (SM), and
cholesterol). In addition, varied saturation of aliphatic phospholipid
tails was considered. The lipids were asymmetrically distributed in the
two leaflets according to the reported abundance. Leaflet-specific
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lipids such as phosphatidylserine (PS, lower leaflet) and GM1
ganglioside (upper leaflet) were included in only the appropriate
leaflet. The initial placement of the lipids around the receptor was
carried out using insane utility tool105 and contained a total of ∼660
lipid molecules (Figure 1a).

The coarse-grain representation of the serotonin1A receptor was
built based on a homology model from the serotonin1B receptor106

that has been previously validated by microsecond timescale atomistic
simulations.107 The atomistic representation of the receptor was
mapped to coarse grain using martinize.py script for Martini 2.2
coarse-grain force field.67,68 In the first set of simulations, the standard
Martini implementation was used without any tertiary structural
restraints on the protein backbone beads. In the second set of
simulations, the elastic network was applied on the protein backbone
beads with a force constant of 500 kJ mol−1 nm−2, using lower and
upper bounds of 0.5−0.9 nm for the distance cutoffs.

Molecular dynamics simulations were performed using the Martini
force field considering the new reaction field parameters.67,68,108−110

The system components were separately coupled using the v-rescale
thermostat111 at 300 K with a 1.0 ps coupling constant. The pressure
was maintained independently in the plane of the bilayer and
perpendicular to the bilayer using Berendsen barostat algorithm112

with a 3.0 ps coupling constant at 1.0 bar. The electrostatic
interactions were represented by the reaction field implementation
in the shifted form, in the range of 0.0−1.2 nm. The Lennard-Jones
interactions were shifted to zero in the range of 0.9−1.2 nm. Initial
velocities were randomly chosen from the Maxwell distribution at 300
K. Bond lengths were constrained using the LINCS algorithm.
Periodic boundary conditions were considered. Simulations were
performed with a time step of 20 fs. A total of 10 simulations (for
both parameter sets) were performed for 100 μs each, using the
Gromacs simulation package113 (version 5.1.4). Simulation snapshots
were rendered using VMD.114

Analysis. Depletion−Enrichment (DE) Index for Lipids. The DE
index73 for each lipid type was calculated as the ratio of lipids
interacting with the receptor relative to bulk lipids. The interacting
lipids were considered based on the center of mass of the lipids within
0.6 nm of the protein. The DE index was calculated for the entire
trajectory and averaged across replicates

=

=

=

x x

x x
x

DE index( ) lipid( )/lipid(bulk)

lipid( ) number of lipids interacting within cut off( )/
total number of lipids within cut off( )

lipid(bulk) number of lipids/total number of lipids

Total Occupancy Time of Lipids. Total occupancy for each lipid
type was calculated as the total time a lipid molecule interacted at a
particular site (cutoff distance of 0.6 nm) throughout the simulation
time. The total occupancy time was calculated for each of the seven
helices in the lower and upper leaflets for each lipid type separately
and averaged across simulation sets. The total occupancy time for
these lipid types is represented as a heat map.
Preferential Partitioning of Lipids. The preferential partition

coefficient was calculated as a relative number of contacts of a lipid
component with receptor sites corrected for the total number of
components in the system. The backbone beads of lipids (GL1−GL2,
AM1−AM2) and protein (BB beads for five amino acid residues near
the helix boundary) were considered for calculations. These values are
related to the clustering of lipids with respect to each other, or at a
protein site115

= C n C nPC (( / )/ ( / ))x xA A

where PC is the partition coefficient, CA and nA are the number of
contacts with membrane component A, and the number of molecules
of component A, respectively.
Similarity Coefficients. We calculated similarity coefficients to

analyze the binding correlation between two lipid pairs. The
coefficients were computed from the number of binding events of
both lipid types (mutual presence) and individual binding of each

lipid type. The binding events were based on the minimum distance
of each lipid type around each site (cutoff 0.6 nm). The instances
(time frames) corresponding to the mutual presence (a) or individual
presence (b, c) were computed. Similarly, the frames with mutual
absence (d) were calculated when neither of the two lipid types is
bound.
Hamann Similarity Coefficient. The modified Hamann coefficient,

H,116 was calculated from the time frames (a−d): H = (a + d) − (b +
c)/(a + b + c + d) for all pairs of lipids. We ignored the time regime
when neither of the two lipid types was bound (d). The positive
values relate to the synergistic cobinding between lipids (lipids
interacting at a site at the same time). The negative values relate to
competition (lipids binding individually at a time) and intermediate
values are considered to be independent binding between lipids. If a
pair of lipids has a value of d (neither lipid binds) > 25% of the total
simulation time, then the value of the coefficient was not computed.
All the nonzero values were averaged across the sets and plotted as a
heat map.
Jaccard Similarity Coefficient. The Jaccard similarity coefficient is

given by J92 and is calculated from the time frames (a−c) J = a/(a + b
+ c) for all pairs of lipids. The time frames (a−c) are defined above. If
neither of the lipids binds for >25% of the total simulation time, then
the value of the coefficient was not computed. Coefficient values >0.5
represent synergistic cobinding between lipids. All of the nonzero
values are averaged across the sets and plotted as a heat map.
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