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A B S T R A C T   

G protein-coupled receptors (GPCRs) are lipid-regulated transmembrane proteins that play a central role in cell 
signaling and pharmacology. Although the role of membrane lipids in GPCR function is well established, the 
underlying GPCR-lipid interactions have not been thermodynamically characterized due to the complexity of 
these interactions. In this work, we estimate the energetics and dynamics of lipid association from coarse-grain 
simulations of the serotonin1A receptor embedded in a complex membrane. We show that lipids bind to the 
receptor with varying energetics of 1–4 kT, and timescales of 1–10 μs. The most favorable energetics and longest 
residence times are observed for cholesterol, glycosphingolipid GM1, phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) lipids. Multi-exponential fitting of the contact probability suggests distinct dynamic 
regimes, corresponding to ps, ns and μs timescales, that we correlate with the annular, intermediate and non- 
annular lipid sites. The timescales of lipid binding correspond to high barrier heights, despite their relatively 
weaker energetics. Our results highlight that GPCR-lipid interactions are driven by both thermodynamic in
teractions and the dynamical features of lipid binding.   

1. Introduction 

G protein-coupled receptors (GPCRs) are the largest class of phar
macologically relevant membrane embedded receptors [1–3] that 
respond to various ligands [4,5]. These receptors comprise of seven 
transmembrane helices interconnected by extra-membrane loops [6]. 
GPCRs function via multiple conformational changes [7] within a 
complex milieu of lipids and have been increasingly shown to be regu
lated by the membrane lipids in their environment [2,8,9]. For instance, 
a variety of functional assays have elucidated the role of cholesterol in 
regulating GPCR function, conformational dynamics, ligand binding and 
G protein-coupling [10–15]. Currently, >50 experimentally resolved 
GPCR structures have been co-complexed with cholesterol [16–18] and 
computational studies have identified multiple interaction sites 

[19–27]. Similarly, sphingolipids [28–32] and charged lipids [33,34] 
have been shown to interact with a wide range of GPCRs and modulate 
their function. Important signatures of GPCR-lipid crosstalk have been 
identified by mass-spectrometry [35,36], structural biology [16–18] and 
computational approaches [19–27,31,34,37–45] and common features 
have been highlighted [27]. A general model of GPCR-lipid interactions 
distinguishes between surface bound annular and deep/buried non- 
annular lipids [46,47]. In this model, non-annular lipids correspond to 
tightly bound lipids with longer retention times and the annular lipids 
exhibit high exchange with bulk lipids, but quantitative estimates have 
not been reported. 

Molecular dynamics simulation studies have attempted to quantify 
GPCR-cholesterol interactions and have estimated a microsecond (μs) 
timescale dynamics from both atomistic and coarse-grain simulations 
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[19–21,38,48]. Although the values obtained by simulations are lower 
than suggested from structural biology and mass spectroscopy studies, 
they have been corroborated by NMR measurements [49]. The corre
sponding energetics of these cholesterol interactions were reported to be 
of the order of a few kT [50–54]. Similarly, the charged PIP2 lipids were 
reported to exhibit timescales of several microseconds [55] and the 
corresponding energetics of the order of 10 kT or higher in model 
membranes. Notably, synergistic and competitive co-binding of lipids 
has been reported, that could modulate the interaction energetics [56]. 
Overall, lipid hot-spots on GPCRs have been suggested to be a series of 
interconnected minima [57], although a robust estimation of the energy 
landscape, especially in the context of the diverse lipid repertoire, has 
been challenging. 

We focus here on the serotonin1A receptor [58,59] that is well 
characterized in terms of its lipid interactions [10–15]. The serotonin1A 
receptor is a neurotransmitter GPCR that plays important roles in 
various cognitive and behavioral pathways [60]. It is a popular drug 
target for neuropsychiatric disorders such as anxiety and depression 
[61–63]. The structure, function and oligomerization of the serotonin1A 
receptor has been comprehensively shown to be dependent on mem
brane cholesterol [10–16,59,64] and several cholesterol interactions 
sites have been identified from bioinformatics [23,24,65] and simula
tion studies [20–22]. Both coarse-grain and atomistic simulation studies 
have reported multiple cholesterol sites with a microsecond timescale 
dynamics [20–22,66]. Interestingly, the active state of the receptor has 
been experimentally resolved with multiple bound cholesterol mole
cules [33]. In addition, the functional effects of sphingolipids [28–32] 

and charged lipids [33] have been reported. 
In this work, we analyze the dynamical features of lipid interactions 

with the serotonin1A receptor and provide a robust estimation of the 
conformational landscape both in terms of energetics and dynamics. 
Long timescale coarse-grain simulations were performed of the seroto
nin1A receptor embedded in a complex membrane environment 
mimicking neuronal membranes [56,67,68]. We estimate both relative 
energetics as well as timescales of binding and propose a comprehensive 
model of receptor-cholesterol interactions that reconciles previous re
ports with the current study. 

2. Methods 

2.1. System setup and simulation parameters 

A homology model (X-ray crystal structure template PDB ID: 4IAR) of 
the serotonin1A receptor inactive state was embedded in a multicom
ponent lipid membrane resembling that of the neuronal membranes (six 
lipid classes/nine lipid types listed in Supp. Table 1, Fig. 1a). The sys
tems have been previously described in our earlier work [56]. The re
ceptor and membrane lipids were represented with coarse-grain Martini 
2.2 and Martini 2.0 parameters, respectively [69,70]. The Martini force- 
field was used since it allows accurate and long timescale sampling of 
protein-lipid interactions [71–74] and protein-protein interactions 
[75,76]. The neuronal membrane lipid composition considered here is 
based on previous lipidomics studies of human brain cells [67,68]. The 
membrane composition includes representative lipids of each class: 

Abundance

Fig. 1. (a) A representative snapshot of the serotonin1A receptor (gray) embedded in a multi-component lipid bilayer composed of nine lipid types. Each lipid type is 
color coded as: cholesterol (CHOL): green, PC lipids: blue, PE: brown, DPSM: ice-blue, PS: pink, GM1: magenta. The surrounding water in the simulation box is 
depicted as blue dots. (b) The overall abundance (normalized contacts/occurrence) and relative lipid population (lipid abundance relative to bulk) of the lipid types 
around the serotonin1A receptor and in the bulk membrane. (c-f) Representative snapshots of cholesterol interactions resolved in (c,e) the cryo-EM structure (PDB ID: 
7E2X) and (d,f) the simulations. The receptor backbone is rendered as gray colored helices and surface. Cholesterol molecules are depicted as green spheres with the 
headgroup colored in orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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phosphocholines (PCs: POPC, DPPC, SOPC), cholesterol, sphingolipids 
(glycosphingolipid GM1 and sphingomyelin DPSM), phosphatidyletha
nolamine (PE: polyunsaturated SDPE) and phosphatidylserine (PS: SDPS 
and SOPS) lipids (Supp. Table 1). The complex membrane with the 
embedded serotonin receptor system was built using insane.py [77] 
utility. The initial asymmetric lipid membrane composition (Supp. 
Table 1) was considered while setting up the simulations. Within the 
timescales of the simulations, only cholesterol flip-flop is sampled and 
therefore the cholesterol concentration is allowed to vary. However, the 
cholesterol number density in each leaflet, although fluctuating over 
time, usually averages over time. 

Coarse-grain simulations were performed with the Martini parame
ters (v2.0) in conjunction with the new reaction field parameters 
[78–80]. The system components were separately coupled with the v- 
rescale thermostat [81]. The pressure of 1.0 bar was maintained sepa
rately in the plane and perpendicular to the membrane bilayer using 
Berendsen barostat [82]. The Lennard-Jones interactions were shifted to 
zero in the cutoff distance range of 0.9–1.2 nm. Electrostatic interactions 
were represented by reaction field approach in the cutoff distance range 
of 0 to 1.2 nm. Initial velocities were randomly chosen from the Maxwell 
distribution at 300 K. Bond lengths were constrained using LINCS al
gorithm [83]. A time step of 20 fs was used for simulations. The system 
was simulated for 100 μs in five replicates using Gromacs 5.1.4 simu
lation package [84,85]. The standard (classical) Martini 2 setup was 
considered and we have previously shown that considering the tertiary 
structural constraints (elastic network) does not affect protein-lipid in
teractions in this receptor, in this membrane [56]. 

2.2. Analysis 

2.2.1. Abundance and relative abundance of lipids 
To estimate the abundance of the lipids in the proximity of the re

ceptor, we calculated the distance of closest approach (minimum dis
tance) between each lipid molecule in the membrane and the 
serotonin1A receptor transmembrane domain. The values were concat
enated over the entire simulation trajectory and for all simulation 
replicate sets. The population distribution of each lipid types was 
calculated from number counts of the lipids at the different distances. 
Consequently, each region/shell is defined with respect to the protein 
surface (and not center of mass). The first shell was defined as contacts 
<0.6 nm and the bulk (non-interacting lipids were considered >1.2 nm. 
The overall trends were observed to be not very sensitive to the distance 
cutoffs. The abundance is then defined as the normalized population at 
that shell (normalized to maximum # contacts/occurrence for any lipid/ 
cholesterol) within the distance cutoffs (first shell: <0.6 nm and bulk 
>1.2 nm). The relative population of lipids was calculated as the 
abundance normalized to number lipid molecules of that lipid present in 
the membrane (abundance/#lipid). Abundance corresponds to the 
actual lipids in that shell (contact/occurrence) and the relative popu
lation to the contacts increased/decreased compared to the average 
membrane concentration. 

2.2.2. Relative free energy of lipid interactions ΔGsite 
The relative free energy of lipid interactions at each of the trans

membrane sites (ΔGsite) was calculated using Eq. (1): 

ΔGsiteI− VII = − RTln
(

ρint

ρbulk

)

(1)  

where, ρint is the number of lipid molecules interacting at a site, and ρbulk 
the bulk population. The approach is similar to the approach used pre
viously [38,86]. The population of each lipid type interacting at a site, 
ρint were calculated using the “gmx select” utility. A distance cutoff of 0.6 
nm was considered to define the interacting sites. The sites are defined 
for each helix, sub-divided by the membrane leaflet it is present in (total 
sites =14). The bulk population, ρbulk was calculated from the number of 

lipids per unit area at non-interacting sites away from the protein and 
averaged over the sites to obtain bulk population, ρbulk. Further, we 
estimate the accessible site area in order to calculate the densities in a 
bulk region of similar area. The area A accessible to the lipids is the 
difference between the total site area Atot and the area Aex excluded by 
the protein [86]. Atot and Aex were estimated from the time-averaged 
coordinates of the protein. Further, we validated Aex by calculating 
the spatial density function (sdf) of the protein beads based on a 0.1 nm 
voxel size. Atot and Aex were kept constant for all lipids. Both ρint and 
ρbulk were calculated for each leaflet. The densities considered here 
correspond to number of lipids/area. The relative energetics were 
averaged between simulation sets and plotted as a bar plot separately for 
each site along with the corresponding standard errors of the mean. 

2.2.3. Residence time of lipids 
The contact survival probability was calculated from the auto- 

correlation C(t) of the contacts between the serotonin1A receptor and 
each of the lipids based on a previously-reported framework [87]. C(t) is 
calculated from the minimum distance (d) at times to and t and is given 
by: 

C(t) = 〈
dij(t0)dij(t0 + t)

dij(t0)2 〉 (2) 

The autocorrelation function C(t) i.e. the persistence of the contacts 
(d) were calculated using the “gmx hbond” utility of the Gromacs (2018) 
simulation package considering a distance based contact (and not the 
default hydrogen bond routine). A dual cutoff scheme (lower cutoff: 
0.47 nm, upper cutoff: 0.6 nm) was used to define a contact at each 
receptor site. C(t) was calculated for each lipid, at each site for each 
replicate run (total 630). The normalized autocorrelation data were 
fitted with a triple exponential decay function using the gnuplot [88] 
implementation of the nonlinear least-squares (NLLS) Marquardt- Lev
enberg algorithm. The goodness of fit values were small in general, χ2 ≤

1. The triple exponential fitting function is as follows: 

C(t) = a1exp
(
− x
τ1

)

+ a2exp
(
− x
τ2

)

+ a3exp
(
− x
τ3

)

(3) 

The timescales τ1–3 obtained from the fits were averaged between 
replicate sets. Sets with low sampling where C(t) or the fits did not 
converge were not considered. The transition barriers, (ΔG#) corre
sponding to the three time components τ1–3 were calculated using the 
relation derived from the Eyring’s process as previously reported [89]: 

τ1,2,3 =
h

kBT
exp

(
ΔG#

kBT

)

(4)  

where, h is Plancks’s constant and kB is Boltzmann’s constant and T is 
temperature. In the calculations we assume that kappa ¼ 1, i.e. the 
equation does not consider a transmission coefficient. 

3. Results 

We performed coarse-grain simulations with 100 μs replicate tra
jectories (corresponding to an aggregate effective time of 2 ms consid
ering a scale-up of 4 [69–71]) (Fig. 1), during which multiple 
association/dissociation events between the receptor and lipids were 
sampled. We observe differential protein-lipid interactions that lead to a 
unique lipid microenvironment around the receptor. The relative 
abundance of GM1, SDPS and SDPE lipids was observed to be high 
around the receptor compared to the bulk membrane based on the 
normalized contact frequencies (Fig. 1b). The overall abundance of 
cholesterol molecules was high around the receptor, but not the relative 
abundance due to the corresponding high concentration in bulk 
(Fig. 1b). Representative cholesterol interaction sites were compared 
with those resolved in the active-state structure [33] of serotonin1A re
ceptor (Fig. 1c-f) and appear to be closely related. A few of these sites 
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have also been characterized in our previous work [20–22], although 
the underlying energetics could not be computed. The long timescales 
sampled in the current study allow us to estimate the free energies and 
residence times of this diverse repertoire of membrane lipids. 

3.1. Free energy of serotonin1A receptor-lipid interactions 

We calculated the relative free energy of lipid interactions at the 
different receptor sites (ΔGsite) based on the relative populations of 
lipids at the given receptor site and in bulk (see Eq. (1)). The errors were 
estimated from replicate simulations and in most cases >10 association/ 
dissociation events were sampled in the simulations. Site specific dif
ferences were observed in the interaction energetics (Fig. 2 and Fig. S1). 
The relative free energy values at the favorable sites range between − 2.5 
to − 8 kJ/mol that corresponds to 1–3 kT (at 300 K). Interestingly, the 
inter-site variability of interacting lipids exhibited only a difference of 
3–5 kJ/mol, suggesting a subtly varying interaction energetics that 
dictates site specificity and lipid specificity. 

Several sites in the extracellular membrane leaflet appear to be 
favorable for cholesterol, GM1 and PE lipids (negative ΔGsite) in the 
inactive state of the receptor. For instance, at both the extracellular sites 
of transmembrane helices I and V, ΔGsite is highly favorable for SDPE, 
followed by cholesterol and GM1 (Fig. 2 a,b). The only favorable site for 
sphingomyelin interactions in the extracellular leaflet is at trans
membrane I. In the lower leaflet, favorable energetics is estimated for 
cholesterol, SDPE and SDPS lipids such as at transmembrane helix VI 
(Fig. 2c). At the transmembrane helix III (lower leaflet) which is buried 
toward the lumen, favorable interactions were observed only with the 
charged SDPS lipids (Fig. 2d). If we compare between the different re
ceptor sites, cholesterol interactions are favorable at several sites and 
range between 4 and 6 kJ/mol (Fig. S1). Further, PE lipids exhibit 
favorable energetics at multiple sites, often corresponding to stronger 
interactions compared to other lipids (Fig. S1). For GM1, ΔGsite is the 
most favorable at transmembrane helices I and IV, although it should be 
noted that the contributions from the extracellular loops are not 
distinguished. The only favorable site for sphingomyelin interactions in 
the intracellular leaflet is at transmembrane V that overlaps with a 
previously defined sphingolipid site32,56. In the lower leaflet, favorable 
sites are observed for the charged lipid SDPS at transmembrane helices 
IV and V. Interestingly, SDPS lipids showed stronger interactions (− 6 
kJ/mol) than SOPS (− 2 kJ/mol) lipids indicating preference for poly
unsaturated lipids at the transmembrane domain. 

3.2. Lipid residence times indicate differential slow and fast dynamics 

To estimate lipid residence times, we measured the contacts between 
the receptor and lipids and calculated the contact auto-correlation 
function (Eq. (2)). As a representative case, the cholesterol contact 
auto-correlation function at transmembrane helix IV (extracellular site) 
is shown in Fig. 3a. We observe μs timescale decay, consistent with the 
μs timescale of GPCR-cholesterol dynamics reported earlier [19,20,53]. 
The decay function was fitted with a single, double and triple expo
nential (Eq. (3)) and the best fits were obtained for the triple exponen
tial. The three timescales (τ1–3) derived from this triple exponential fit 
(χ2 ≤ 1) can be considered to correspond to distinct dynamic regimes 
with a fast (sub-ns), intermediate (<1 μs) and slow (1–10 μs) dynamics. 
All three dynamic regimes (fast, intermediate and slow) are observed for 
cholesterol at different sites (Fig. 3 b-d). The longest residence times 
corresponding to the highest values of τ3 are observed at transmembrane 
helices I and VII (extracellular leaflet) corresponding to 9–11 μs. 
Further, the three timescales correspond to distinct dynamic regimes of 
a process and the transition barriers between the states can be estimated 
from the Eyring equation (Eq. (4)). The transition barriers range be
tween 18 and 20 kJ/mol, 30–38 kJ/mol and 38–45 kJ/mol, respectively 
for the three timescales. 

Interestingly, common features were observed in the dynamics for all 
lipids (Fig. 4) based on the exponential fits (Fig. S2). The maximum 
difference observed in the slowest dynamics, τ3 (Fig. 4). For all lipids, a 
fast (sub-ns), intermediate (<1 μs) and slow (1–10 μs) dynamics was 
observed with transition barriers between 18 and 20 kJ/mol, 30–38 kJ/ 
mol and 38–45 kJ/mol, respectively. The fastest dynamics, τ1 appears to 
be similar and were found to be site and lipid independent (Fig. 4, 
Fig. S3). The intermediate (τ2) and slow (τ3) dynamics differ between 
the different lipid interaction sites. In the upper membrane leaflet, 
cholesterol, GM1, SDPE showed the highest magnitudes of τ3, corre
sponding to the highest transition free energy barriers (Fig. 3b-d, 4a-f). 
Interestingly, these lipids were observed to have a high abundance near 
the receptor (Fig. 1). In the lower leaflet, SDPS lipids had a high resi
dence time (τ3) and transition barriers. On the other hand, the lipids 
with low abundance at the receptor (such as PC) correspond to low 
magnitudes of both τ2 and τ3 (upto 400 ns and 2 μs respectively) 
(Fig. S4). 

3.3. Dynamic regimes of GPCR-lipid interactions 

Based on the three component exponential fit, we propose distinct 
dynamic regimes that also reconciles previous studies on lipid-protein 
interactions with the energetics and dynamics estimated in this work 
(Fig. 5). The fastest timescale (τ1) that was found to be similar across 
lipid types, suggests that it corresponds to non-specific lipid-GPCR in
teractions. We attribute these to an exchange of annular lipids with the 
bulk lipids. The slow timescale dynamics (τ3) shows the highest site and 
lipid specificity and directly correlates to site energetics. We attribute 
these sites to non-annular lipid binding sites. The intermediate regime 
interconnects the non-annular and annular lipid sites. A lipid molecule 
in the bulk crosses a transition barrier (ΔG#) of 18–20 kJ/mol to interact 
at an annular site, but with a low relative free energy of association 
(ΔGsite). Since a large number of lipids are present in bulk, several 
transitions from bulk to the annular sites are observed. From the annular 
site, the lipid can also transition to the non-annular site via an inter
mediate site. To establish the increased contacts on these sites, addi
tional 12–30 kJ/mol transition barrier (ΔG#) is crossed, although the 
relative energetics at the non-annular site (ΔGsite) is of the order of − 2 
kJ/mol to − 8 kJ/mol. These non-annular sites are reminiscent of the 
cholesterol sites identified in the cryo-EM structure of the serotonin1A 
receptor [33], such as the sites at transmembrane helices I and VII 
(Fig. 1c,d) that correspond to residence time of the order of 10 μs 
(Fig. 3d) and energetics of − 8 kJ/mol (Fig. 2a). However, other 
cholesterol interaction sites resolved in the cryo-EM structure appear to 

Fig. 2. Relative free energy (ΔGsite) of the lipids interacting with the seroto
nin1A receptor. The free energies are shown for sites on transmembrane helices 
(a) I and (b) V in the extracellular leaflet and (c) VI and (d) III in the intra
cellular membrane leaflet. Each bar is color coded based on the lipid types as in 
Fig. 1. The error bars for each site represent the standard errors from the 
replicate sets. 
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have relatively lower association/dissociation dynamics. The distinct 
dynamic regimes are only distinguishable from the association kinetics, 
and the separate energy components corresponding to the annular and 
non-annular sites have not been decomposed. Taken together, the lipid 
non-annular sites are determined by the barriers to lipid association/ 
dissociation and are a function of both the dynamics as well as the 
thermodynamic nature of interactions. 

4. Discussion 

GPCRs are lipid regulated signaling proteins and several aspects of 
their function have been shown to be lipid dependent [2,90]. The 
complex interplay of lipids is reflected in their unique lipid fingerprints 
and dynamic interactions [8,19,27]. However, the underlying energetics 
and timescales dictating these interactions are still emerging. The 
distinct dynamic regimes of GPCR-lipid interactions identified here are 
characterized by high barrier heights (20–40 kJ/mol) and low energetics 
(1–8 kJ/mol). In particular, our results show that cholesterol, GM1, 
SDPE and SDPS preferentially interact with moderate energetics but 
with large transition barriers that could play an important role in 
dictating lipid specificity. The dynamical features identified here have 
been attributed to distinct dynamic regimes, corresponding to annular, 
intermediate and non-annular lipids. The annular and non-annular 
lipids in GPCRs are analogous to the fast and slow water kinetics in 
globular proteins [91] that have also been reported in the Martini 
models [92]. However, the diverse repertoire of lipids in the membrane 
could play a much more complex role than that of water molecules. 

GPCR-cholesterol interactions are one of the best characterized of the 
protein-lipid interactions and several sites have been identified using 
experimental and computational approaches. Several cholesterol sites 
are observed to match between experimentally-resolved cholesterol in 
co-complex structures and those identified by computational ap
proaches [15,25–27,93]. In the case of the serotonin1A receptor, similar 
sites have been identified in the active state from the cryo-EM structure 

and coarse-grain simulations [33,53]. Although the energy landscape of 
these interactions has not been reported, it was suggested that GPCR- 
cholesterol interactions are a series of shallow minima of the order of 
kT (thermal fluctuations) [9,19,20,38]. We show here that indeed the 
most favorable GPCR-cholesterol interactions range between 1 and 3 kT, 
but the barriers connecting them are much higher. We propose that 
these lipid hot-spots correspond to non-annular sites, interconnecting 
with the intermediate and annular sites, in line with the multiple 
timescales reported from NMR [49] and variable sites from mass spec
troscopy studies [35,36]. The intermediate and non-annular sites iden
tified here could help reconcile the intra-site dynamics and stochasticity 
between sites reported earlier [20,26]. The non-linear stabilization of a 
cholesterol analog further supports the multi-step model with high 
barrier heights identified here [94]. 

Interestingly, similar features are observed in the energy landscape 
of several lipids considered in this study. Although we found that all 
lipids exhibit distinct dynamic regimes for the annular, intermediate and 
non-annular sites, the values vary considerably between lipids and be
tween sites. In particular, GM1, PE and PS show the most favorable 
energetics and high barriers in the association/dissociation kinetics. 
Interestingly we found differential timescales for polyunsaturated vs. 
monounsaturated lipids of the same headgroups (SDPS and SOPS), in 
line with the preference for the unsaturated docosahexaenoic acid tails 
reported earlier for other GPCRs [95] and ion channels [96]. We observe 
that the charged PS lipids have a high residence time and favorable 
energetics at a site resolved with PIP lipid in the serotonin1A receptor 
active structure [33]. Further work is warranted to understand the 
dynamical features of the different lipids at protein surfaces. 

Although the current model reconciles previous experimental and 
simulation data, it is limited by the constraints of coarse-grain simula
tions, and the values could be underestimated due to reduced degrees of 
freedom and smoothened free energy landscape in the Martini repre
sentation [69–71]. In addition, timescales need to be interpreted with 
caution in a coarse-grain representation. However, the overall trend of 

Fig. 3. Residence time of cholesterol interactions on the serotonin1A receptor. (a) The auto-correlation function fitted with a single, double and tripe exponential 
decay function. The timescales identified from the exponential fit corresponding to (b) τ1 (sub-ns), (c) τ2 (1 μs) and (d) τ3 (1–10 μs). The corresponding transition free 
energy ΔG# values are represented as points (secondary Y-axis). The values for the extracellular sites are shown in blue and the intracellular sites in orange. The error 
bars represent the standard errors of the mean across replicate sets. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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site-wise lipid specificity appears to be accurately captured [19,27]. An 
interesting question that arises is whether the trends will be maintained 
if we consider a more rigorous atomistic model. The overall energetics of 
GPCR-cholesterol interactions calculated from atomistic resolution is 
similar to that from coarse-grain simulations. In fact, early estimates of 
the energetics were from sub-microsecond atomistic simulations [38]. 
Longer coarse-grain simulations were able to corroborate the energy 
scales [37] and more recently an approach to comprehensively sample 
lipid dynamics was introduced and the energy scales were found to be 
similar [97]. The authors highlight the role of lipid solvation and dy
namics and show that unsaturated lipid tails are preferred over saturated 
ones [97]. A similar behavior has been observed in coarse-grain simu
lations [56]. Lipid dynamics and lipid degrees of motion are important 
and capturing the intricate dynamics could help refine the dynamical 
regimes. Overall, although the values would differ if we consider an 
atomistic representation of this complex membrane, the trends would 
not differ. Further, cholesterol interactions may be modulated by post- 
translational modifications, such as palmitoylation [93]. Although 
atomistic simulations would enable more accurate time estimates, the 
sheer complexity of membrane lipids and timescales of lipid diffusion 
and dynamics demand sub-millisecond sampling that are currently 
challenging in atomistic simulations. Accurate estimates of GPCR-lipid 
interactions would enable us to unravel novel insights into the diverse 
repertoire of membrane lipids and highlight their critical regulatory role 
in GPCR function. 

Further, several assumptions underlying the current work need to be 

Fig. 4. Residence times for (a,b) SDPE, (c,d) GM1 and (e,f) SDPS lipids. For clarity, only (a,c,e) τ2 and (b,d,f) τ3 are shown for the lipids with the most favorable 
energetics. The corresponding transition free energy ΔG# values are represented as points (secondary Y-axis). The values for the extracellular sites are shown in blue 
and the intracellular sites in orange. The error bars represent the standard errors of the mean across replicate sets. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Distinct dynamic regimes of lipid-GPCR interactions. (a) A representa
tive energy landscape of GPCR-lipid interactions depicting 3 dynamic regimes 
corresponding to a sequential association from bulk membranes to the annular, 
intermediate and non-annular sites on the receptor. The values of ΔGsite for the 
non-annular sites are estimated from Fig. 2 and the other two sites are intra
polated. The three timescales τ1–3 and the corresponding ΔG# are taken from 
Figs. 3 and 4. (b) A schematic representation of the annular, intermediate and 
non-annular sites. The top view of the receptor is shown in gray with surface 
and helical representation. The three color shades correspond to the energy 
differences for bulk to annular, intermediate and non-annular site transitions. 
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considered carefully. One of the limitations of the approach to estimate 
energetics is the correct estimate the area of the interaction site and an 
equivalent ρbulk. Previous work has estimated it from the lipid molecules 
in a single-component membrane [86]. However, we have estimated it 
from the projections of the coordinates of the transmembrane helices. 
Further work is required to compare the accuracies of the two ap
proaches. To estimate the barrier heights, we have assumed the Eyring 
equation does not consider a transmission coefficient, i.e. kappa = 1. 
Previously, when considering protein-water interactions, hydrogen 
bond breaking has been interpreted as an Eyring process [89] and we 
could consider an analogous breaking of the coarse-grain contacts. In 
addition, the dynamical regimes are considered to be in equilibrium as 
the individual processes are considered to be independent. The 
assumption of the dynamical regimes being independent and in equi
librium as well as the lack of non-specific lipid effects [98] are limita
tions of this approach. However, the current work should be considered 
an initial step in analyzing the detailed GPCR-lipid dynamics and further 
work is warranted to test the origin of the nature of the interaction 
dynamics. 

In conclusion, we characterized the energy landscape of GPCR-lipid 
interactions, focusing on the serotonin1A receptor. We have performed 
coarse-grain simulations of the serotonin1A receptor in a multi- 
component lipid membrane in replicate sets of 100 μs. We propose 
distinct dynamic regimes distinguishing between annular, intermediate 
and non-annular sites. The model suggests that GPCR-lipid interactions 
are driven by favorable, but shallow energy minima and large inter
connecting barriers between them. We highlight that free energy bar
riers dominate the underlying energy landscape of GPCR-lipid 
interactions and we propose that association/dissociation dynamics 
needs to be considered while identifying lipid interaction sites. We 
believe our work represents an important step in understanding the 
physico-chemical basis of the complex GPCR-lipid interplay. 
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