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Lipid-Protein Interactions Are a Unique Property and
Defining Feature of G Protein-Coupled Receptors
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ABSTRACT G protein-coupled receptors (GPCRs) are membrane-bound proteins that depend on their lipid environment to
carry out their physiological function. Combined efforts from many theoretical and experimental studies on the lipid-protein inter-
action profile of several GPCRs hint at an intricate relationship of these receptors with their surrounding membrane environment,
with several lipids emerging as particularly important. Using coarse-grained molecular dynamics simulations, we explore the
lipid-protein interaction profiles of 28 different GPCRs, spanning different levels of classification and conformational states
and totaling to 1 ms of simulation time. We find a close relationship with lipids for all GPCRs simulated, in particular, cholesterol
and phosphatidylinositol phosphate (PIP) lipids, but the number, location, and estimated strength of these interactions is depen-
dent on the specific GPCR as well as its conformational state. Although both cholesterol and PIP lipids bind specifically to
GPCRs, they utilize distinct mechanisms. Interactions with PIP lipids are mediated by charge-charge interactions with intracel-
lular loop residues and stabilized by one or both of the transmembrane helices linked by the loop. Interactions with cholesterol,
on the other hand, are mediated by a hydrophobic environment, usually made up of residues from more than one helix, capable
of accommodating its ring structure and stabilized by interactions with aromatic and charged/polar residues. Cholesterol binding
to GPCRs occurs in a small number of sites, some of which (like the binding site on the extracellular side of transmembrane 6/7)
are shared among many class A GPCRs. Combined with a thorough investigation of the local membrane structure, our results
provide a detailed picture of GPCR-lipid interactions. Additionally, we provide an accompanying website to interactively explore
the lipid-protein interaction profile of all GPCRs simulated to facilitate analysis and comparison of our data.
SIGNIFICANCE Membrane proteins carry out their function and activity in an environment composed of many different
lipid types. Despite this heterogeneity, membrane proteins have been shown to associate preferably with some lipids, most
notably cholesterol, over others. We selected 28 different G protein-coupled receptors (GPCRs) from different families and
simulated them using the same simulation setup and protocol. Analysis of the simulation data reveals specific interactions
with lipids for all GPCRs as well as overall lipid interaction profiles that are unique to each GPCR structure and
conformational state. Cholesterol and phosphatidylinositol phosphate lipids are the most prominent lipid types forming
specific interactions with GPCRs, and we find that they do so by employing different mechanisms.
INTRODUCTION

Gprotein-coupled receptors (GPCRs) are the largest family of
membrane protein receptors, both in size and in the diversity
of their physiological functions (1). Their structure consists of
a structurally conserved seven transmembrane (TM) helical
core whose sequence spans the full length of the membrane
bilayer and ends with an eighth helix that stretches along the
intracellular side of the membrane. The individual helices of
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the helical core are connected via three intracellular and three
extracellular loops. GPCRs are essential drug targets, ac-
counting for an estimated 1/3 of prescribed drugs (2,3).

One aspect that has attracted substantial attention, espe-
cially in the last decade, has been the ability of the mem-
brane environment to guide or otherwise exert influence
on GPCR activity and function. Two modes of modulation
have been proposed in the literature: 1) direct and specific
lipid-protein interactions and 2) altering of membrane
physical properties (e.g., thickness, curvature, etc.) (4–10).
Molecular dynamics (MD) simulations, either alone or
in conjunction with experiments, have repeatedly shown
that lipids can and often do affect the activity of mem-
brane-embedded proteins. Recent in-depth reviews on the
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lipid-protein interaction landscape as it emerges from hun-
dreds of MD simulation studies highlight the prevalence
of such interactions with various membrane proteins, with
a particular emphasis on GPCRs, their possible biological
relevancy, and the importance of computational methods
as essential tools in deciphering these interactions (11–15).

Among the most studied GPCRs in the literature are b2
adrenergic receptor (b2AR), adenosine A2A receptor
(A2AR), and rhodopsin (RhodR, the complete list of abbrevi-
ations used in this study is given in Table S1; (11,16)). Micro-
second-long MD simulations of b2AR (17), for example,
reveal several interaction sites for cholesterol distributed un-
equally between the extracellular (ec) and intracellular (ic)
sides of the receptor and differing in their relative strength
of binding to the receptor. These interaction sites were later
supported by longer and a more diverse set of simulations
(18). Similarly, for A2AR, combined all-atom and coarse-
grained MD simulations from independent studies show
A2AR to be interacting with cholesterol at several interaction
sites (19). Two sites, in particular, are noted for their choles-
terol binding affinity: TM5/6 (ic) and TM6 (ec) (20).
Rhodopsin, as well, has been shown to interact with choles-
terol and docosahexaenoic acid lipids in a ligand-like manner
(21). One such potential interaction with cholesterol, for
instance, is located between helices TM7/1 of the receptor
(22). Bulk lipid properties, in addition to specific lipid-pro-
tein interactions, have also been proposed as determining
factors in rhodopsin activity (23). Specific lipid-GPCR inter-
actions are believed to serve biologically important roles,
with some interactions capable of acting as allosteric modu-
lators of receptor activity, confer stability to the receptor, and
may increase the coupling selectivity to effector proteins
(24,25). The effect of membrane bulk lipid properties, rather
than individual membrane components, is less well docu-
mented, but its importance has been highlighted for serotonin
(5HT1AR) (26) and rhodopsin (21). MD simulations of other
GPCRs, including serotonin (27), opioid receptors (28), and
class F smoothened (SMO) (29), consistently show specific
interactions of GPCRs with cholesterol. Moreover, simula-
tions of b2AR and A2AR show cholesterol to not only have
a different interaction profile depending on the state of the re-
ceptor (19) but also affect the conformational transition from
active to inactive state of the receptor by restricting its
conformational landscape (18). Experimental data, although
scarcer, generally agree with the conclusions reached by MD
simulations (24,25,30).

Despite the clear progress made, several aspects of
GPCR-lipid interactions remain hidden. The majority of
studies focus only on a few GPCRs, and MD simulations
protocols used to study lipid-protein interactions differ in
design and execution, making both the comparison of results
as well as the extrapolation of data to other GPCRs difficult
(a noteworthy exception is the work of Yen et al. in which
they did analyze the phosphatidylinositol phosphate (PIP)
interaction profile of nine class A GPCRs) (25). Addition-
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ally, in the last few years, we have learned that to obtain sta-
tistically accurate lipid distributions around proteins,
microsecond-long simulations are required (17,20,31).
This makes interpreting older simulation articles and
resolving conflicting findings particularly challenging.

Recently, we developed a protocol to study lipid-protein
interactions using the Martini model (32) by employing a
highly realistic membrane model and long timescale simu-
lations (31). We successfully applied the protocol to 10
different proteins, and we showed that the lipid interaction
profile of proteins is a defining feature of their structure, ex-
pressed as a combination of specific and long-lasting inter-
actions formed with individual lipids and the resultant
membrane thickness and curvature caused by the disorder-
ing of the local membrane structure.

In this study, we have used our simulation protocol to
study GPCR-lipid interactions. We have simulated 23
different GPCR structures, five of which we simulated in
both the active and inactive state, totaling to 28 different
structures (Table S1). Each GPCR has been simulated in a
system containing four copies of itself for 30 ms. Altogether,
after accounting for control simulations, we present data on
GPCR-lipid interactions from a total of 1 ms simulation
time. Our usage of a consistent protocol and identical simu-
lation parameters coupled with the large number of GPCRs
simulated allows us to study the lipid interaction profile of
each GPCR separately as well as present our findings in a
GPCR family-wide context. We show that GPCRs, through
lipid-protein interactions, create a local membrane environ-
ment that is unique for each receptor.
METHODS

System setup

The initial protein coordinates for all GPCRs were retrieved from the Protein

Data Bank. The corresponding Protein Data Bank (PDB) IDs and references

are shown in Table S1. For each GPCR, nonprotein molecules and atoms

were removed. Attached protein fragments were also excluded from the sim-

ulations, leaving only the helical core (including helix 8) and extra- and intra-

cellular loops. The resulting structures were converted to a coarse-grained

(CG) model using the Martinize protocol as outlined on the Martini website

(http://www.cgmartini.nl/) and inserted into a bilayer using the insane tool

(33). The secondary and tertiary structure of GPCRs were maintained using

anelastic network.Wehave simulated23differentGPCRstructures belonging

to class A, and five non-class AGPCRs, totaling 28 different GPCR structures

simulated. 5 GPCRs (receptors adenosine 2A, b2, rhodopsin, M2 muscarinic

acetylcholine, and m-opioid) are simulated in both the active and inactive

conformational state. Each system was simulated for 30 ms, and unless other-

wise specified, analysis was performed on the last 5 ms of each trajectory. The

total simulation time for this project, including the control simulations, is

around 1 ms.

To test if our simulation protocol has any effect on our results, we per-

formed three control simulations for b2AR (Fig. S2):

1) Including ICL2 to test if its exclusion from our simulations has any effect,

2) Including the palmitoylated Cys-341, and

3) Pre-equilibrating the system for 100 ns using all-atom simulations.

Manna et al. (34) highlighted the importance of a proper equilibration

protocol for b2AR when carrying out all-atom MD simulations, so we

http://www.cgmartini.nl/
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wanted to ensure that our direct conversion of protein coordinates to a

coarse-grained representation did not affect our results.

The overall system setup follows our recently published protocol, in

which four copies of each protein are embedded equidistantly in a simula-

tion box of�40� 40 nm in the x and y plane. We find this surface area to be

adequate in allowing both the insertion of multiple (here, four) protein

copies as well as maintaining accurate ratios between lipids in the system,

in particular those found at low concentrations. In comparison with simu-

lating multiple copies of smaller setups containing one protein each, our

setup enables us to have a much better representation of all lipid types in

the system and allow for lipids to sample a larger area and thus completely

escape the influence of embedded proteins. The lipid composition of our

systems corresponds to the plasma membrane model developed by

Ingólfsson et al. (35) and later applied to several protein systems (31).

The exact lipid composition for each system simulated is described in Table

S6, but in general, the outer leaflet contains ganglioside (GM) lipids, and

the inner leaflet contains phosphatidylserine (PS), phosphatidic acid (PA),

phosphatidylinositol (PI), and PI-phosphate, -bisphosphate, and -trisphos-

phate (PIP lipids). Both membrane leaflets contain cholesterol (CHOL),

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingo-

myelin (SM) lipids. Small amounts of lysophosphatidylcholine, diacylgly-

cerol, and ceramide were also included. For GM lipids, we used the new

parameters (36). The membrane system with embedded protein was gener-

ated using the insane protocol, resulting in a composition with �5200 res-

idues (including proteins) and 165,000 beads per system. The final systems

also contained water molecules, counterions, and 150 mM of NaCl.
Simulation protocol

All simulations were carried out using the GROMACS simulation package

version 2016.4 (37), with the standard Martini v2.2 simulation settings and

parameters (38) as published on the Martini website (available on martini

website in the lipidome section: http://www.cgmartini.nl/index.php/

force-field-parameters/lipids, with a detailed overview given in http://www.

cgmartini.nl/index.php/force-field-parameters/lipids2/350-lipid-details). A

short energy minimization procedure was performed using the steepest

descent algorithm, with position restraints of 1000 kJ mol�1 nm�2 applied

to protein beads, followed by a gradual equilibration procedure whereby po-

sition restraints were lowered and limited to only the protein backbone beads.

Production runs were carried out using a 20-fs timestep, and weak position

restraint was applied to backbone beads (1 kJ mol�1 nm�2). The temperature

was kept at 310 K using the velocity rescale thermostat (39), with a time con-

stant for coupling of 1 ps. A 1 bar pressure was applied semi-isotropically to

the system and maintained using the Parrinello-Rahman barostat, with a

compressibility of 3 � 10�4 bar�1 and a relaxation time constant of 12 ps.

To maintain the spacing between proteins and to decouple lipid-protein

interactions from protein-protein contacts, we applied small position re-

straints on the backbone beads of GPCRs and simulated each system for

30 ms. Analysis presented here, unless stated otherwise, are carried out

on the last 5 ms of the simulation trajectories and are mainly focused on

lipids within a 7-Å distance cutoff from the protein (and unless otherwise

stated, this is the default radius we use).
Analysis

A detailed explanation of the analysis protocol and tools used is available in

the Supporting Materials and Methods.
RESULTS

All simulations presented here are carried out using a com-
plex membrane model in which we inserted four copies of
each GPCR structure (Fig. 1 D). The membrane model
has been described previously and has been applied to study
lipid-protein interactions in 10 different proteins, including
dOR, which is an opioid GPCR. We used the Martini CG
force field to model our systems and the underlying interac-
tions (32). Briefly, an equidistantly placed quartet of each
GPCR structure is simulated in a membrane environment
composed of 63 different lipid types and stretched in a
40 � 40 nm2 surface area in the lateral dimension. We use
the same number density and relative ratios to represent
each lipid type as described in our previous work (31).
The resulting membrane model has an asymmetric lipid dis-
tribution whereby GM and PIP lipids, for instance, are found
exclusively in the upper and lower leaflet, respectively.

When displaying lipid-protein interactions, for clarity and
brevity reasons, we usually limit ourselves to a small sample
of GPCRs. There are no hard rules regarding which GPCRs
we show in a particular example, and for most cases, they
can be substituted with any other structure without altering
the message. We do, however, go to great lengths to provide
a complete analysis of the lipid-protein interaction profile of
all GPCRs, either in the Supporting Materials and Methods
or through the accompanying website.
The lipid environment near GPCRs is distinctly
different from the bulk membrane composition

We use the average number of lipids around proteins as a
function of time and their cumulative average to show
convergence of lipid distributions around proteins
(Fig. S1). We note that shorter simulation times (<5 ms),
at least using the Martini model, may not be adequate to
fully capture the interactions of proteins with lipids. This
is seen, for example, from the cumulative average number
of lipids within 7 Å of proteins, which takes a significant
amount of simulation time to reach an apparent equilibrium
state. This is most noticeable for lipids that are present in
smaller amounts like GM and PIP lipids and are key players
in GPCR-lipid interactions. In a few cases, GM lipids take
considerably more time to converge (Figs. S1 and S22).
We think that using our protocol, a simulation time of
around 20–25 ms should be sufficient for this type of sys-
tems. Our setup with four approximately independent pro-
teins per simulation provides a statistical control on most
results in addition to time-dependent analyses.

To understand how the lipid environment of GPCRs
changes during the simulation, we define the Depletion
Enrichment (DE) index (Fig. 1 and Tables S2 and S3;
(40)). It is a metric that gives us a numerical measure of
the tendency of lipids to escape a homogeneous solution
and cluster close to (>1) or away from (<1) embedded pro-
teins. Our data clearly show that GPCRs consistently favor a
lipid environment that is different from a random or homog-
enous distribution. Calculated DE index data show that lipid
distribution around GPCRs differs markedly from their
Biophysical Journal 118, 1887–1900, April 21, 2020 1889
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FIGURE 1 GPCR depletion enrichment (DE) index data as derived from our simulations. (A) Boxplot shows the DE index values for all GPCRs combined.

We have grouped lipids according to their headgroup type into GM, PC, PE, PI, PA, PS, SM, PIP, and CHOL lipids, and for each lipid group, we show the

three quartile values of the distribution. Data points that fall within a 1.5 interquartile range of the upper and lower quartiles are included in the ‘‘whiskers’’ of

the boxplot. Data points that fall outside of this range are plotted individually. (B) DE index values for a selection of GPCRs (error bars are5 SD) are shown.

The selection is based on increasing DE index values for PIP lipids. For clarity, if two or more GPCRs show the same range of values, only one is chosen. The

full data set is available in the Supporting Materials andMethods. (C) DE index data as a function of cutoff radii from A2ARi are shown (error bars are5 SD).

The black line in (A–C) corresponds to DE index of 1. (D) Shown is a snapshot of our system setup at 25 ms with proteins, GM lipids, and cholesterol shown in

yellow, red, and green, respectively. To see this figure in color, go online.
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distribution in the bulk bilayer, either by their enrichment
(GM, PI, and PIP lipids) or depletion (PC and SM lipids)
in the proximity of embedded proteins (Fig. 1 A). Interest-
ingly, although these results are consistent among all
GPCRs studied here, the magnitude of DE indices
shows a noticeable variability between different GPCRs
(Fig. 1 B). And even though we use a 7-Å distance cutoff
in our analysis, the results presented here hold for other cut-
off values as well (Fig. 1 C). Fig. 1 C, additionally, high-
lights the impact of embedded GPCRs on the local
membrane environment, in which their effect is ‘‘felt’’
even at 5 nm (50 Å) away (considering that the DE index
for each consecutive radius includes lipids from all previous
radii, which means its convergence to 1 will be slower and
so the GPCR effect on the local membrane may be shorter
than 5 nm).

Next, we tested if lipid distributions around class A and
non-class A GPCRs differ. We calculated two-sided two-
sample t-tests between the average DE indices of class A
and non-class A GPCRs. As a control, we performed the
same calculations on aminergic and nonaminergic class A
GPCRs (Table S5). The results reveal that the distribution
of PIP and CHOL, but not GM, lipids differs significantly
between class A and non-class A GPCRs but does not differ
between aminergic and nonaminergic class A GPCRs (inde-
pendent of distance cutoff). PE and PS lipids, as well, show
a different distribution between class A and non-class A
GPCRs.
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The average DE index for class A and non-class AGPCRs
(with the corresponding 95% confidence interval for the
mean) at 7 Å is 9.1 5 0.6 and 4.9 5 1.2, respectively,
underscoring the higher enrichment of PIP lipids in class
A GPCRs (Table S4). Non-class A GPCRs like glucagon-
like peptide-1 receptor (GLP1) and SMO in particular
have a much lower enrichment of PIP lipids than
other GPCRs. The same calculations for cholesterol yield
1.07 5 0.02 and 0.89 5 0.04, respectively, showing a
depletion of cholesterol for non-class A GPCRs at 7 Å.
Other lipids, like PI and PA, display a higher enrichment
close to proteins, but with the exception of SMO, their levels
are lower compared to PIP lipids. On the other hand, PC
lipids are significantly depleted, whereas PE levels, in gen-
eral, remain close to one for class A GPCRs but show a
higher enrichment for non-class A GPCRs.

The depletion of a particular lipid around a protein, how-
ever, is not necessarily a result of their ‘‘incompatibility’’
with each other as it could be a byproduct of the positive
enrichment of a different lipid (in the case of PC lipids,
this may be the clustering of GM lipids, whereas the deple-
tion of PE lipids may be a result of the enrichment of nega-
tively charged lipids).

Overall, the local environment of GPCRs is characterized
by an enrichment of GM lipids in the upper leaflet and nega-
tively charged lipids, particularly PIP lipids, in the lower
leaflet relative to the surrounding membrane. These results
are consistent in our entire set of GPCR simulations.
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Two-dimensional density profiles reveal a highly
localized cholesterol distribution around GPCRs

To visualize GPCR-lipid interactions, we calculated two-
dimensional (2D) density maps of cholesterol, fully
saturated (FS), and polyunsaturated (PU) lipids around the
protein (Fig. 2; Figs. S4–S6) during the last 5 ms of the simu-
lation, separated into upper and lower membrane leaflet
densities. Cholesterol density profiles are distinguished by
a well-defined localization of cholesterol molecules around
proteins, especially when compared to the density profile of
PU and FS lipids, hinting at specific interactions of choles-
terol with embedded GPCRs. Perhaps one of our most
important findings is that we observe specific interactions
with cholesterol for all GPCRs simulated. The number
and location of these interaction sites differs significantly,
however. For instance, we only observe one interaction
site for SMO in the upper leaflet, located between helices
TM2/3 (ec), and no interaction sites on the lower leaflet
side of the receptor. We observe cholesterol interaction sites
in both the ec and ic sides of the receptor for the majority of
GPCRs simulated. For example, within aminergic GPCRs,
we see 3, 4, and 7 interaction sites for dopamine receptor
(D3R), histamine receptor, and 5HT1B, respectively. The to-
tal number of putative cholesterol interaction sites can vary
from one for SMO to eight for cannabinoid receptor (CB1R)
and b2ARa. Differences in the number and location of
cholesterol binding sites are also observed between different
conformational states of the same receptor (Fig. S4).
Although our data set for non-class A GPCRs is small and
we do see a few putative cholesterol binding sites, overall,
we find fewer interaction sites for non-class A GPCRs
compared to their class A counterparts, which may
explain their differences in the calculated DE indices. In
Figs. S13–S16, we give a detailed overview and comparison
FIGURE 2 2D density profiles. (A) Orientation of GPCRs within 2D maps:

Shown is the density profile of three class A GPCRs: apelin receptor (ApelinR

(SMO). The GPCRs shown here were chosen to showcase the different number

of the GPCR family (peptide, aminergic, and frizzled receptors, respectively). Th

upper and lower profile corresponding to the extracellular and intracellular side
of GPCR-cholesterol interactions from our simulation re-
sults, available crystallographic information, and other
MD studies.

To study the changes induced by GPCRs in the surround-
ing lipid environment, we grouped lipids into two categories
based on the degree of saturation of their lipid tails: lipids
that lack any unsaturated bond (FS) and lipids that possess
multiple unsaturated bonds (PU). Because we only consider
lipids that fall on each edge of the saturation scale, this
grouping leaves many lipids unaccounted for, but in ex-
change, it gives us a clear look into the local membrane
environment of GPCRs based on the tail saturation degree.
The distribution of FS and PU lipids (Figs. S5 and S6), espe-
cially compared to the density profile of cholesterol, is
distinctly nonlocal and nonuniform. FS and PU density pro-
files underscore the GPCR preference for a disorganized
lipid environment with PU lipids localized predominantly
around the embedded protein. FS lipids, however, seem to
be excluded from the protein. This is especially noticeable
in the lower leaflet of the membrane. This asymmetrical dis-
tribution of lipids, according to their tail saturation degree
by the presence of a GPCR, is manifested locally around
the protein and is observable by resulting changes in mem-
brane curvature and thickness (Fig. 3).
GPCRs induce a unique local membrane
environment

Given the changes in the density of FS and PU lipids close to
GPCRs in comparison to the surrounding membrane environ-
ment, we analyzed how these changes are reflected in the
local membrane thickness and curvature. Bulk lipid proper-
ties, sometimes also referred to as solvent-like effects (21),
is a description of the changes in local membrane physical
H8 is facing downwards with helices TM1-7 going counterclockwise. (B)

), angiotensin receptor (AT2R), and b2AR, as well as class F smoothened

and location of interaction sites as well as being from different subclasses

e complete analysis is given in Fig. S4. Density profiles are divided into an

of the receptor, respectively. To see this figure in color, go online.
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FIGURE 3 GPCR curvature analysis. Shown are the mean (KM) and Gaussian (KG) curvature for (A): ApelinR and (B) AT2R, calculated separately for

the upper, middle, and lower bilayer plane. For brevity, only the profiles of ApelinR and AT2R from Fig. 2 are shown here. To see this figure in color,

go online.
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properties as a result of rearrangements of membrane struc-
tural components. The activity of mechanosensitive chan-
nels, for instance, is modulated by these effects (41). The
importance of bilayer-mediated effects has been recognized
for GPCRs as well, most notably for rhodopsin (10) and
5HT1A (26). To gain a deeper understanding of this, we
analyzed the membrane thickness as well as the mean and
Gaussian curvature of our systems (Fig. 3; Figs. S7–S9).

To our surprise, even though GPCRs share a conserved
helical core, the subtle structural differences between
them seem to be sufficient to induce different thickness
and curvature profiles. A feature that we observe among
some GPCR-induced membrane curvatures, especially in
the upper leaflet, is a positive mean curvature in and around
the protein insertion point with a steep change to negative
mean curvature in the surrounding membrane environment.
GPCR thickness and curvature profiles highlight the GPCR-
induced perturbations in the local membrane environment.
In the following sections, we analyze specific GPCR-lipid
interactions by focusing on cholesterol and PIP lipids.
GPCRs interact specifically with PIP lipids on the
intracellular surface

PIP lipids are negatively charged lipids located exclusively
in the lower leaflet. Unlike cholesterol, they only account for
a small fraction of membrane lipids (around 0.7%). Despite
this, or perhaps because of it, they have repeatedly been
shown to form specific interactions with membrane proteins
(e.g., receptor tyrosine kinases) (31,42). PIP lipids may
modulate key functional aspects of protein activity, and
considering their low quantities, they may act as modulators
of protein activity. Although experimental data are lacking,
GPCR-PIP lipid interactions have recently been highlighted
1892 Biophysical Journal 118, 1887–1900, April 21, 2020
with respect to three GPCRs: b1AR, NTSR1, and A2AR. Yen
et al. (25) show compelling evidence from combined exper-
imental and computational methods that PIP lipids stabilize
the active state of these GPCRs as well as increase its
coupling selectivity to G proteins. Active state stabilization
by PIP lipids is also noted by Song et al. (19). MD simula-
tions point to the possibility of such interactions being pre-
sent in other GPCRs as well. To test this hypothesis and gain
further insight into this aspect of GPCR-lipid interactions,
we analyzed our set of GPCRs for potential interactions
with PIP lipids (Fig. 4).

Indeed, we observe a close relationship between GPCRs
and PIP lipids in our simulations. For each structure, we
find several well-defined and stable interactions with PIP
lipids. Starting from the upper leaflet, GPCRs transverse
the bilayer seven times. Each turn, depending on the side,
is formed by extracellular or intracellular loops. PIP lipids,
being confined in the lower membrane leaflet, interact with
GPCRs mainly, although not exclusively, at these turning
points: TM1-ICL1-TM2, TM3-ICL2-TM4, TM5-ICL3-
TM6, and TM7/8. Interaction of PIP lipids with the first
of these interfaces, TM1-ICL1-TM2, for a selection of
GPCRs is shown in Fig. 4, and the complete set of results
in provided in Figs. S10, S18, and S19. Because of GPCR
ICLs extension outside of the membrane and into an
aqueous environment, their sequences are lined with
charged residues (arginine and lysine) that we identify as
the key residues involved in establishing and maintaining in-
teractions with PIP lipids through charge-charge interac-
tions. For chemokine receptor (CXCR1), for instance,
interactions with PIP lipids are mediated by two arginine
residues (Fig. 4 B), with similar interactions being observed
for most other GPCRs as well (Fig. 4 A), although not for
A2AR because it lacks charged residues at this interface.



FIGURE 4 Sequence heatmaps of GPCR-PIP lipid interactions. (A) Shown is a scaled-down image of all GPCR heatmaps and a zoomed-in view of the

TM1-ICL1-TM2 interface for a selection of GPCRs showing the increase in the number of contacts of PIP lipids with charged residues in a White-Red scale.

(B) Bar graph of the number of contacts with PIP lipids with CXCR1 TM1-ICL1-TM2 residues is shown. (C) Normalized bar graph presentation of the

involvement of each TM helix for three selected GPCRs (D3R, A2ARi, and CXCR1) is shown. Error bars are 5 SD. We did not apply selection criteria

when choosing the GPCRs to show here, and for each part of the figure, a complete analysis is provided in the Supporting Materials and Methods covering

all GPCRs (e.g., Fig. S19 contains the full sequence alignment highlighted here in subplot Fig. S19 A). To see this figure in color, go online.

FIGURE 5 CXCR1-PIP lipid interactions. (A) Shown is a protein surface

presentation of the number of contacts with PIP lipids (increasing number

of contacts corresponds to Blue-White-Red color change) viewed in the

plane parallel to the bilayer (showing helices one to four and five to eight

on the left and right figure, respectively) and normal to the bilayer (showing

example snapshots of PIP lipids—in magenta—bound to the protein). (B)

Center-of-mass distances between key residues in each interaction site

are identified with PIP lipids. For this particular case, interactions, once

formed, are maintained throughout the duration of the trajectory. To see

this figure in color, go online.

Family-Wide Lipid-GPCR Interactions
Additionally and somewhat surprisingly, this interaction
with PIP lipids at the TM1-ICL1-TM2 interface is lacking
for b2AR (in both of its conformational states) and D3R.
Yen et al., in their study of b1AR, noted PIP lipid interac-
tions with the receptors TM5, TM6, and TM7 but not
TM1 and TM2 helices. These results imply that although
GPCR-PIP lipid interactions are mediated by charge-charge
interactions, the presence of charged residues alone is not a
sufficient indicator to guarantee interaction. The intracel-
lular loop plus the incoming and outgoing TM helices
may constitute the interacting interface that ensures a spe-
cific binding of PIP lipids.

When we look at the involvement of different TMs in es-
tablishing and maintaining contacts with PIP lipids, we see
that GPCRs differ noticeably in the localization of PIP con-
tacts and the extent of the involvement of TM helices in
maintaining these interactions (Fig. 4 C). CXCR1, for
instance, displays a higher number of contacts with TM he-
lices 1, 2, 4, and 6. D3R, on the other hand, displays a higher
localization of PIP lipids at the distal part of TM5. Similarly,
A2ARi is characterized by a very different involvement of
TM helices, namely TMs 6, 7, and 8. These three examples
show the different ways PIP lipids interact with GPCRs (for
the complete results, see Fig. S10).

We selected CXCR1 as an example to showcase its inter-
action with PIP lipids in further detail. We identify two PIP
interaction sites or hotspots (Figs. 4 and 5). The first one is
formed by three helices (TM1, TM2, and TM4) and binds
PIP lipids with greater affinity than the second hotspot,
which is located on the interface between ICL3 and TM6.
Arginine and lysine residues at the intracellular part of
TM1 and TM4 helices interact with the charged headgroup
of PIP lipids, thus forming strong interactions that are
Biophysical Journal 118, 1887–1900, April 21, 2020 1893



FIGURE 6 GPCR-cholesterol interaction for a sample of eight GPCRs

shown as a surface presentation of cholesterol contact durations. Color

scale (red-white-blue) represents an increase in the duration of cholesterol

Sejdiu and Tieleman
maintained throughout the simulation trajectory; we show
this by calculating the center-of-mass distances between
contacting PIP lipids and Arg68, Arg71, and Arg150 resi-
dues of CXCR1 (Figs. 5 B and S11).

Three key findings from our simulations with respect to
GPCR-PIP lipid interactions are 1) GPCR interactions
with PIP lipids are present in all GPCRs simulated,
including non-class A GPCRs; 2) they are specific to PIP
lipids in the sense that the binding sites are generally inert
to other lipids (interactions with other charged lipids are
observed, but they are easily displaced by PIPs); and 3)
the prevalence of interaction sites (measured as number of
contacts), their relative strength (measured as duration of
contacts), and their localization vary considerably among
different GPCRs. We have already known that the location
of identified cholesterol hotspots depends on the receptor;
here, we show that the same is true for GPCR-PIP lipid
interactions.
contacts (similar to Fig. 5). A larger set of GPCRs, including a detailed

comparison between contact duration and contact number as the visualiza-

tion metric, is given in the Supporting Materials and Methods. To see this

figure in color, go online.

Cholesterol interactions are a unique identifier
for GPCRs

MD simulations either alone or in tandem with experiments
have elucidated cholesterol interaction sites for several
GPCRs: b2AR, A2AR, SMO, dOPR, mOR, rhodopsin, and
5HT1A (see Introduction). Understanding GPCR-cholesterol
interactions in a GPCR-wide context has, however, been
challenging. Why and how do cholesterol molecules interact
with GPCRs? One mechanism that has been proposed to un-
derlie GPCR-cholesterol interactions is the characterization
of cholesterol binding motifs (i.e., the CRAC and CARC
motifs) (43). These are 5–13 aa-long sequences that exhibit
a high binding affinity for cholesterol. These motifs indeed
show a higher propensity for cholesterol interactions (44)
and have been found to form the interface of putative
cholesterol interaction sites in GPCRs (43). Because of their
somewhat indiscriminate definition, however, it is difficult
to properly assess their importance and relevance. To
address these issues as well as gain a deeper insight into
the ‘‘how’’ part of the GPCR-cholesterol question, we pre-
sent a detailed analysis of our data with respect to choles-
terol interactions.

For each simulated GPCR structure, we identify several
sites with an increased cholesterol localization (measured
as number of contacts and 2D density profiles). These inter-
action sites, however, do not have the same binding strength
for cholesterol, and when they are studied further using
other computational tools, usually only a few of them
display a consistent interaction with cholesterol. This is
why in our calculations we simultaneously consider the
number of contacts with cholesterol as well as their dura-
tion, resulting in a much clearer picture of GPCR-choles-
terol interactions (Figs. S13–S15).

We show interactions with cholesterol for a small subset
of GPCRs in Fig. 6 (a detailed comparison and complete
1894 Biophysical Journal 118, 1887–1900, April 21, 2020
analysis is given in Figs. S4, S13–S16, S20, and S21).
Each GPCR structure displays at least one site of pro-
nounced affinity for cholesterol binding that is stable and
usually maintained throughout the simulation, and on
average, we find five to seven interaction sites per GPCR,
one to three of which are noted for the stability of the
interaction.

The binding of cholesterol to AT2R is an interesting
example displaying the interaction between GPCRs and
cholesterol (Fig. 7 A). Helices TM4 and TM5 on the extra-
cellular side of the receptor are spaced just sufficiently far
apart to accommodate one cholesterol molecule in between
them. The entrance to this crevice is made of hydrophobic
residues (Pro-177 and Ile-211), and we consistently find a
cholesterol molecule inserted inside this crevice, interacting
with a phenylalanine (Phe-129) residue in TM3. This bind-
ing is mediated by interactions with the hydroxyl-containing
(ROH) bead of cholesterol and Lys-215 (K5.42) in TM5
(Fig. 7 B). This interaction is present in all four copies of
AT2R, in one case persisting for the last 29 ms in the
30 ms simulation. Although we cannot observe complete
insertion of cholesterol because of limited conformational
flexibility of the proteins in coarse-grained simulations,
lipid entry in GPCRs has been noted before in atomistic sim-
ulations for CB2R (45), opsin (46), and A2AR (30). Analysis
for all protein copies is shown in Fig. S12.

An important feature of AT2R-cholesterol interaction is
that TM4 contains a CRAC motif and TM5 contains a
CARC motif, both lining up the cholesterol entry gateway.
Analyzing our data in the context of cholesterol binding mo-
tifs reveals a more complicated story, however. Indeed, we
find CRAC and CARC motifs to take part in forming



FIGURE 7 Cholesterol binding to angiotensin receptor (AT2R). (A)

Simulation snapshots show a cholesterol (red) molecule buried inside heli-

ces TM4 and TM5 of AT2R (white). Residues lining up the entrance to this

crevice are shown as blue spheres; cholesterol’s hydroxyl-containing ROH

bead interacts with Lys-215 (K5.42). TM4 is left transparent for clarity;

CRAC and CARC motifs present in TM4 and TM5, respectively, are

colored in green. (B) Shown are center-of-mass distance calculations be-

tween cholesterol and Phe-129 (3.37) and Lys-215 (K5.42), respectively.

To see this figure in color, go online.
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cholesterol interaction sites for several GPCRs: A2AR,
ApelinR, AT2R, CB1R, CXCR1, D3R, endothelin (ETBR),
GLP1, GlucagonR, protease-activated receptor, and lyso-
phospholipid sphingosine 1-phosphate receptor, showing
that these motifs are capable and do bind cholesterol.
When they are present, CRAC and CARC motifs constitute
one way cholesterol may bind to GPCRs. In the context of
all simulations performed, however, we find that the mere
presence of these motifs is insufficient to determine the ex-
istence of cholesterol hotspots, regardless of their location
within TM helices. This is because we find many stable
GPCR-cholesterol interactions that are not mediated by
these motifs and even plenty of such motifs that do not
bind cholesterol at all. We further note that the number of
CRAC/CARC motifs in GPCRs vary strongly, from three
on A2AR (two of which overlap with one another) up to
13 for mGlu5 (nine CRAC and four CARC motifs). Coinci-
dentally, the two TM helices of mGlu5 that feature the high-
est localization of cholesterol do not do it through any of
those motifs. On the other hand, other GPCRs, like
CXCR1 and xphinboxind 1-phosphate receptor, do bind
cholesterol through these motifs at their most pronounced
interaction site. Similar comments about these motifs have
also been made in the literature (11,47,48).
GPCR-lipid interactions are dependent on the
conformational state of the receptor

MD simulations of b2AR (18) show that cholesterol reduces
the conformational landscape sampled by the receptor
through specific lipid-protein interactions rather than cho-
lesterol’s order-inducing effect on membrane lipids. Simula-
tions of mOR (28) and A2AR (19) using CGMD reveal
cholesterol interactions that vary based on the conforma-
tional state of the receptor. We reaffirm these findings in
the case of mOR and A2AR and show that b2AR, M2R,
and RhodR as well interact with cholesterol in a conforma-
tion-dependent manner. Specific interactions with choles-
terol for rhodopsin have been noted before, with one of
the interaction sites identified being located at the TM7/1
helix (22), and rhodopsin interactions with docosahexaenoic
acid have been shown to depend on the conformational state
of the receptor (21).

Rhodopsin-cholesterol interactions differ significantly
depending on the conformational state of the receptor
(Fig. 8 A). We observe three interaction sites on the extracel-
lular side of RhodRi that are largely missing in RhodRa. In
terms of the duration of contacts, TM7/1 is the most prom-
inent interaction site with cholesterol for RhodRi. Sequence
heatmaps for the duration of contacts show that this site is
completely absent in RhodRa (Fig. 8 B). What difference
between the structures of RhodRi and RhodRa accounts
for this change? Phe-293 is the key residue modifying
rhodopsin-cholesterol interactions. Phe-293 faces the inside
of the receptor in RhodRi, allowing cholesterol molecules to
easily access the TM7/1 interface, and assists in binding
cholesterol. In RhodRa, it, however, faces away from the re-
ceptor and thus unavailable to interact with cholesterol. For
RhodRa, on the other hand, we observe a cholesterol inter-
action site on the distal part of TM7, which is not present in
RhodRi.
DISCUSSION

Currently, we know 323 structures divided over 61 different
GPCRs (49). The vast majority of these structures belong to
class A GPCRs, with class B, C, and F only accounting for
37 of the structures. Out of all class A GPCR structures,
almost half (132 or 45%) belong to only four GPCRs:
b1AR (24), b2AR (22), A2AR (45), and rhodopsin (41).
MD simulations, which rely on the availability of initial pro-
tein coordinates, reflect this, with the majority of articles be-
ing published on these GPCRs as well. Our set of structures
simulated spans 23 (or �40% of the 61) different GPCRs
and allows us to characterize the lipid interaction profile
of each structure individually but also understand lipid-pro-
tein interactions in a GPCR-wide context.

We analyzed GPCR-lipid interactions with single lipids
as well as by grouping lipids based off their headgroup
type and lipid tail saturation level. The results show that
GPCRs are characterized by a unique lipid-protein interac-
tion profile that is not only GPCR dependent but also
conformation dependent. We consistently see GPCRs inter-
acting specifically with cholesterol, GM, and PIP lipids in
an environment that is strikingly different from the sur-
rounding membrane. We observe that, for the most part,
GPCRs share the type of lipid group but not the degree
Biophysical Journal 118, 1887–1900, April 21, 2020 1895



FIGURE 8 Cholesterol interactions with RhodRi and RhodRa. (A) 2D density profiles for rhodopsin are shown. (B) Sequence heatmap of the duration of

contacts for TM1 and TM7/8 helices for RhodRi and RhodRa is shown. (C) Comparison of the position of Phe 293 in RhodRi (violet) and RhodRa (magenta)

and the resulting change in their cholesterol interaction profile is shown. Color gradients are as described previously. To see this figure in color,

go online.
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that it is enriched/depleted and that the local membrane en-
vironments of class A GPCR and non-class A GPCRs differ.

We analyzed all GPCR crystal structures for interactions
with cholesterol and found that 20% of GPCR crystal struc-
tures solved (64 out of 323) have been co-crystallized with
cholesterol. Of them, 38 (59%) are A2AR (27) and b2AR
(11) structures. Interestingly, none of the b1AR and
rhodopsin structures solved contain bound cholesterol mol-
ecules, despite them being solved at roughly equal numbers
to b2AR and A2AR, respectively. Serotonin receptors
(5HT2A and 5HT2B) account for an additional nine struc-
tures. Of all structures that have been crystallized with
cholesterol, the only ones we did not simulate are throm-
boxane A2 and P2Y receptors. We give a detailed compar-
ison of our simulation results with available experimental
data in Figs. S13–S16. A summary of cholesterol interaction
sites from crystallographic data shows that the interaction
sites appearing more than once are TM1-4 (ic), TM1-2
(ec), TM4-5 (ic), TM6-7 (ec), and TM8/1. These are inter-
action sites that we also consistently observe in our simula-
tions, and based on the number and duration of contacts with
cholesterol, we observe the TM2/3 (ec), TM6-7 (ec), and
TM8/1 (ic) interaction sites more frequently than TM1/4
(ic), TM5-6 (ec), TM6-7 (ic), and TM7/1 (ec). Other sites
like TM1-2 (ec), TM4-5 (ec), and TM4-5 (ic) occur even
less frequently.
1896 Biophysical Journal 118, 1887–1900, April 21, 2020
Overall, GPCRs express two larger (TM1-4 and TM5-
8/1) and two smaller (TM4-5 and TM7-8/1) surfaces for
cholesterol binding, and each of these surfaces can bind
cholesterol in either the extracellular or ic side (Fig. S17).
For instance, binding on the TM1-4 surface can occur on
the extracellular side between TM1-2 and TM2-3 (albeit
to a much lesser extent) and on the intracellular side be-
tween TM1-2/4. The other large surface (TM5-8/1) displays
several binding sites for cholesterol with the most promi-
nent, in our simulations, being the TM6/7 (ec) interface.
The TM6-7 (ec) interface in particular seems to occur on
many class A GPCRs. We consistently find a high choles-
terol occupancy at this site sufficient to accommodate two
cholesterol molecules (similar to what is observed in crystal
structures). The hydrophobic residue (usually either valine,
leucine, or isoleucine) in the 6.46 position is seen to interact
preferably with cholesterol for many class A GPCRs. Non-
class A GPCRs (SMO, GLP1, calcitoninR), however, do not
seem to display this interaction site. In terms of GPCR
ligand binding and functional activity, cholesterol can either
act as a positive or negative modulator (30). Guixà-Gonzá-
lez et al. (30) summarized the relevant literature on this
issue, highlighting the receptor-dependent activity of
cholesterol. Considering that cholesterol enhances the func-
tion capabilities of b2AR and mOR and diminishes that of
rhodopsin, we speculate that if the TM6-7 (ec) interaction
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site, which we do observe for the former but do not for the
latter, may be at least partly responsible for it. Although the
nature of our simulation protocol hinders us from making
any definitive statements, we do think this issue merits
further investigation.

In their 2008 study, Hanson et al. (50) defined the choles-
terol consensus motif, which differs from CRAC/CARC
motifs in that it is a spatial arrangement of residues rather
than a linear sequence. They defined it in the context of
b2AR and estimated that the motif exists in 21% of human
class A GPCRs. Our results strongly point toward a choles-
terol binding profile of GPCRs that involves residues from
multiple helices. The majority of interactions with choles-
terol that we observe, especially those that are present for
a majority of the simulation time, are found at the interfaces
between two or three helices and often also supported by
residues from extracellular and intracellular loops. Even
cholesterol interactions that predominantly involve TM1
are supported by interactions of cholesterol (ROH bead)
with H8 residues.

Based on our simulations, it appears that cholesterol bind-
ing is conditioned on two key components: a hydrophobic
residue environment that stabilizes cholesterol and a geo-
metric compatibility between cholesterol and the protein
interface, which accommodates its ring structure. Shielding
of the cholesterol hydroxyl group (‘‘ROH’’ bead in our sys-
tem) from the hydrophobic environment is also important,
but we find that nearby lipids help with it, and as such,
charged residues are not an essential requirement. Choles-
terol binding may occur in the absence of aromatic residues;
the presence of aromatic residues, however, is observed very
frequently, and their orientation may serve as a determining
factor for cholesterol binding as we observe for rhodopsin
(Fig. 8).
CRAC/CARC motifs may be unique in that they are
linear sequences that fulfill all these requirements them-
selves, but usually, we see two or three TM helices working
in concert to bind cholesterol.

Fig. 9 highlights the TM2/3 (ec) interface for four
different GPCRs: three (SMO, mOri, and CB1R) bind
cholesterol specifically at that site, and the fourth (b2ARi)
does not. The reason for this is that residues comprising
the TM2/3 (ec) interface for b2AR do not provide the ‘‘geo-
metric compatibility’’ necessary for binding. SMO, mORi,
and CB1R residues at the TM2/3 (ec) interface form an ‘‘in-
teracting bed’’ that enables cholesterol binding. The spacing
of residues is also an important factor determining the inter-
action strength. For these proteins, the binding strength
(measured as duration of contacts) is SMO R CB1R >
mORi.

We also find PIP lipids are closely involved in lipid-pro-
tein interactions with GPCRs. PIP lipids and in particular in-
teractions with PtdIns(4,5)P2, confer stability to GPCRs and
increase their GTPase activity (25). Mass spectrometry ex-
periments in tandem with computer simulations showed
that PIP2 lipids stabilize the active state of GPCRs and act
as allosteric modulators (25). This effect seems to be higher
for PIP2 than for PA, PI, PS, and other PIP lipids, and the
cytoplasmic side of GPCRs may contain PIP binding hot-
spots. MD simulations in the case of A2AR reaffirm the
importance of PIP lipids interactions (19). Here, we confirm
these findings and furthermore extend them to the whole
GPCR family. We also find that PIP lipid interactions,
although being mediated by charge interactions, differ
among GPCRs. Taking all simulations into account, we
see that PIP lipids bind at four different sites on GPCR
surfaces (TM1-ICL1-TM2, TM3-ICL2-TM4, TM5-ICL3-
TM6, and TM7/8) but GPCRs differ in how and which of
FIGURE 9 Overview of cholesterol binding sites.

We show cholesterol binding at the TM2/3 (ec) inter-

face for three GPCRs: SMO, mORi, and CB1R. For

comparison, the same interface is shown for b2ARi

in which this interaction site is missing. Proteins

are shown in white, cholesterol are shown in red,

and residues comprising the TM2/3 (ec) interface

are shown in yellow. To see this figure in color, go

online.
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these sites are utilized. For example, A2AR and b2AR recep-
tors do not make any noticeable contacts through their TM1-
ICL1-TM2 interface, whereas many other GPCRs do. The
number of PIP lipids bound to each of these sites varies
among GPCRs simulated as well as does the longevity of
these interactions. For instance, CXCR1 binds PIP lipids
for the whole simulation time (Fig. 5); SMO does so only
for a fraction of it.

In our simulations, we have used the Martini model to
study GPCR-lipid interactions, and as such, all underlying
assumptions on which the model is built as well as its advan-
tages and shortcomings are carried forward to our results.
Because of the nature of the model, we lack the resolution
to describe in detail the lipid-binding sites identified as
well as provide a quantitative measure of their strength.
When we refer here to the strength of a binding site, we
base it on the number and duration of lipid contacts. That
is, however, not a replacement for carrying out all-atom sim-
ulations and free energy calculation methods. Furthermore,
to analyze lipid-protein interactions in a GPCR-wide
context, we used the same system setup for all structures.
The disadvantage of this approach is that our complex mem-
brane model does not represent the ‘‘natural’’ environment
to any GPCR in particular. This is, however, a problem
that all MD simulation studies of membrane proteins face
(12).

Our membrane model contains three different PIP lipids
in equal amounts (PIP1, PIP2 and PIP3), and we observe
each of them interacting with GPCRs. Current experimental
evidence (25), however, shows PIP2 to be of higher prefer-
ence and acting in a structure-specific manner compared
to other lipid types. Although we do observe PIP2 interac-
tions to occur more frequently than PIP1, we lack either
the resolution or the sampling to address this question prop-
erly. In our model, we also lack any GPCR effector proteins
and as such cannot comment on how GPCR-PIP lipid inter-
actions affect coupling to G proteins. We do note, however,
that PIP lipid interactions with the active and inactive state
of GPCRs simulated here differ from each other (Fig. S18).
More detailed simulations at a higher resolution coupled
with free energy calculation methods are, however, neces-
sary to fully characterize these details.

Our results represent a large-scale attempt to understand
lipid-GPCR interactions at the family level of classification.
To this end, we have uncovered that GPCRs, despite sharing
common structural features and a conserved helical core,
nevertheless create a unique local membrane environment
and interact with lipids in a GPCR conformation-specific
manner. Lipids have been implicated as either affecting or
directly controlling the activity of many proteins, even
acting as allosteric modulators (11). Humans express over
800 different GPCRs and the ligand binding landscape of
GPCR is in the thousands. Yet signaling as a response to
ligand binding is mediated by only four Ga families (2).
Flock et al. (2) proposed the existence of a ‘‘selectivity bar-
1898 Biophysical Journal 118, 1887–1900, April 21, 2020
code’’ at the GPCR-G protein interface that could enable
this large array of GPCRs to maintain their specific response
by only coupling to a few effector proteins. GPCR-lipid in-
teractions may present another such barcode that character-
izes GPCRs and helps in retaining their specific response.
CONCLUSIONS

We observe specific interactions with lipids for all GPCRs
simulated. The lipid types we observe to consistently and
most prominently form specific and long-lasting interac-
tions with GPCRs are cholesterol and PIP lipids. Analysis
of these interactions, however, reveal that although choles-
terol interactions depend on the existence of a hydrophobic
environment and aromatic residues to stabilize its ring struc-
ture, interactions with PIP lipids rely on the existence of
charged residues lining up the sequence of intracellular
loops.

When we compare the cholesterol interaction profiles be-
tween different GPCRs, or even different conformational
states of the same GPCR, we find some interaction sites
that are quite common (e.g., TM6-7 (ec), TM2/3 (ec)) and
others that occur rarely (e.g., TM4-5 (ic)). In the cases in
which the same interaction site is observed to bind choles-
terol for multiple GPCRs, we still see differences in the
binding strength of cholesterol and its binding conformation
(Fig. 9).

Accounting for the lipid type, the different interaction
sites, and their binding strength, as well as the resulting
changes in bilayer thickness and curvature, we conclude
that the GPCR-lipid interaction profile constitutes a defining
feature for each GPCR structure.

Along with the main text, we provide a webpage (https://
bisejdiu.github.io/GPCR-lipid-interactions) in which users
can interactively view interactions of GPCRs with choles-
terol and PIP lipids represented as three-dimensional den-
sities as well as the calculated thickness and curvature
profiles.
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