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ABSTRACT: The G protein-coupled receptor (GPCR) super-
family of cell surface receptors has been shown to be functionally
modulated by post-translational modifications. The glucagon-like
peptide receptor-1 (GLP-1R), which is a drug target in diabetes
and obesity, undergoes agonist-dependent palmitoyl tail con-
jugation. The palmitoylation in the C-terminal domain of GLP-1R
has been suggested to modulate the receptor−lipid microenviron-
ment. In this work, we have performed coarse-grain molecular
dynamics simulations of palmitoylated and nonpalmitoylated GLP-
1R to analyze the differential receptor−lipid interactions.
Interestingly, the placement and dynamics of the C-terminal
domain of GLP-1R are found to be directly dependent on the
palmitoyl tail. We observe that both cholesterol and phospholipids interact with the receptor but display differential interactions in
the presence and absence of the palmitoyl tail. We characterize important cholesterol-binding sites and validate sites that have been
previously reported in experimentally resolved structures of the receptor. We show that the receptor acts like a conduit for
cholesterol flip-flop by stabilizing cholesterol in the membrane core. Taken together, our work represents an important step in
understanding the molecular effects of lipid modifications in GPCRs.

■ INTRODUCTION
G protein-coupled receptors (GPCRs) constitute the largest
and most diverse superfamily of transmembrane receptors,
with more than 800 members in the human proteome.1,2 They
serve as a communication interface between the external and
internal environments of the cell and respond to a diversity of
ligands.1,3 GPCRs have a conserved architecture of seven-
transmembrane helices connected by three outer and three
inner loops as well as N-terminal and C-terminal domains of
variable length.4−6 In the canonical functional pathway, the
conformational changes triggered by ligand binding activate
the GPCR and stabilize the interactions with the guanine
nucleotide-binding protein (G protein).3,7 Subsequently, a
chain of biochemical reactions is initiated in the cell that leads
to a wide spectrum of cellular responses such as smell, vision,
neurotransmission, immune response, and cell differentia-
tion.1,8,9 Since GPCRs are central to a diverse variety of
signaling, they are associated with several diseases, coupled
with high clinical importance.10 Currently, 30−40% of all
prescribed drugs are targeted to GPCRs.11

The molecular and structural understanding of GPCRs
stems mainly from the largest phylogeny-based subclass of
GPCRs, which are class A (rhodopsin-like) receptors.9,11 The
remaining subclasses of GPCRs, the class B (secretin-like),
class C (metabotropic/glutamate), class D (fungal mating),
class E (cyclic AMP), and class F (frizzled/smoothened), are
relatively less characterized.12 For example, several structural

motifs have been identified to be important for receptor
activation,13 but many of these motifs are absent in class B
GPCRs, thereby suggesting that the mechanism of activation of
class B GPCRs is different from class A GPCRs.14 Similarly, it
has been reported that PI(4,5)P2 lipids modulate class B
GPCRs in a different manner from class A GPCRs and could
depend on lipid tail saturation.15 The role of cholesterol in
class A GPCRs such as the serotonin1A receptor have been
elucidated in detail,16−20 and computational studies have
identified protein−lipid interactions in several class A
GPCRs.20−30 However, an overall comparison suggested a
reduction in cholesterol interactions for nonclass A GPCRs at
the receptor surface compared to class A GPCRs.31 The
cholesterol interactions of a few nonclass A GPCRs have been
reported by simulation studies,32,33 but class B GPCR-
cholesterol interactions are much less rigorously identified.
Post-translational modifications, i.e., the covalent addition of

a modifying group to the amino acid residues of the protein,
have been reported to impart structural and functional
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diversity to the receptors, thereby allowing fine-tuning of
signaling cascades.34,35 Post-translational modifications in
GPCRs have been reported to improve receptor folding,
biosynthesis, endocytic trafficking, dimerization, compartmen-
talized signaling, and biased signaling. An important class of
post-translational modifications reported in GPCRs is protein
lipidation, corresponding to a palmitic acid tail that is
covalently linked via a thioester bond to a cysteine residue.
This chemical modification at cysteines is termed S-
palmitoylation and includes the insertion of the 16-carbon
acyl chains by an acyltransferase and depalmitoylation by
palmitoyl protein thioesterases. Palmitoylation has been shown
to occur either constitutively or modulated by agonist
binding.36 S-palmitoylation in GPCRs has been mainly
reported in cysteine residues that are located in the inner
leaflet of the membrane and has been linked to spatial and
temporal regulation of receptor signaling.34 Due to the
interactions of the saturated acyl chain with the phospholipid
tails and cholesterol, receptor palmitoylation has been
suggested to modulate the lipid microenvironment of the
receptor, although molecular interactions are still unclear.
The glucagon-like peptide-1 receptor (GLP-1R) is a

representative member of the class B GPCR subfamily.37

The receptor is encoded by the GLP1R gene and is highly
expressed in the pancreas, mainly on the β cells of the islets of
Langerhans.38,39 It functions as a receptor for glucagon-like
peptide-1 (GLP-1) hormone to control glucose and energy
metabolism.40 The receptor is an important drug target for
metabolic disorders like obesity and type-2 diabetes41 and has
been linked to cholesterol and triglycerides regulation.42

Similar to other members of the GPCR family, GLP-1R has
a conserved seven-transmembrane helical domain connected
by inner and outer loops and a characteristically unique N-
terminal outer domain.43,44 The N-terminal outer domain
consists of about 120 amino acid residues and is the main
orthosteric ligand binding site for GLP-1. The C-terminal
domain of GLP-1R consists of a 26 residue surface aligned
helix (helix VIII) followed by a 20 residue disordered tail.
Previous studies reported that the residue CYS438 located in
the disordered C-terminal tail of the receptor is palmitoy-
lated.45 The palmitoylation on the GLP-1R has been suggested
to provide an extra anchor to the receptor in the plasma
membrane and has been shown to lower the trafficking of the
receptor during biosynthesis, cell surface delivery, compart-
mentalization, and receptor desensitization.46

In the current study, we have used coarse-grain molecular
dynamics simulations to characterize the cholesterol signatures
on GLP-1R in the presence and absence of the palmitoyl tail.
We consider an active-like intermediate state of the receptor
since receptor palmitoylation is mainly ligand-dependent. In
this work, we compare the cholesterol−protein signatures
between palmitoylated (GLP-1R-palm) and nonpalmitoylated
(GLP-1R) receptors and show that the interaction sites are
similar, but population of cholesterol at these sites is
modulated by the palmitoyl tail. In addition, we have
calculated the flip-flop of cholesterol across the bilayer,
suggesting differential cholesterol dynamics based on receptor
modifications. Our work constitutes an important step to
understand the molecular basis of protein−lipid interactions in
lipid-modified GPCRs in general and GLP-1R in particular.

■ METHODOLOGY
System Setup. The model for the human GLP-1R used in

this study consists of the N-terminal extra-cellular domain
(ECD), the transmembrane domain, and a partially truncated
C-terminal domain. The experimentally resolved structure
PDB ID: 6B3J (chain A)47 was considered as the template, and
a homology model of GLP-1R was constructed to model the
missing regions. The missing residues (a) 128−137 (connect-
ing the outer domain and the transmembrane domain), (b)
338−343 from the ICL2 region, and (c) 424−443 from the C-
terminal domain were modeled using the Rosetta server
structure prediction tool.48 The structural model with an
RMSD of less than 0.07 nm upon alignment of the receptor
with the crystal structure (PDB ID: 6B3J chain A) was
considered further.49 The palmitoyl tail at residue CYS438 was
introduced using the PyMOL builder module, and the
palmitoylated residue is labeled as CYP438. The palmitoylated
receptor is designated as GLP-1R-palm in the study. The
atomistic models of both GLP-1R and GLP-1R-palm were
mapped to their coarse-grain representation using a modified
martinize-2.6.py script that includes the parameters for the
palmitoyl tail.50 All simulations performed in this study were
based on the Martini-v2.2 force field.51 We considered a model
membrane bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and cholesterol (CHOL) at a ratio of
70:30 (number/mol ratio). Both the receptors were embedded
into the membrane bilayer using the insane.py script.52 The two
receptor states, palmitoylated and nonpalmitoylated, are shown
in Figure 1. The overall concentration of cholesterol in the
bilayer considered is 30 mol % as an average estimate of plasma
membrane cholesterol.53

The protein and the membrane were modeled with the
Martini-v2.2 force field. Five replicate sets of each system were
simulated for 50 μs each in GROMACS package 2018.54 The
temperature coupling was carried out at 300 K using the v-
rescale thermostat on each component of the system with
coupling constant 1.0 ps.55 Pressure was maintained at 1 bar
with semi-isotropic pressure coupling barostat and compres-
sibility of 4.5 × 10−5 bar−1.56 Periodic boundary conditions
were applied to all of the systems. A time step of 20 fs was used
for the numerical integration. All simulation snapshots were
made in VMD software.57

Reverse Mapping and Atomistic Simulations. We
reverse-mapped representative structures from the coarse-grain

Figure 1. Representative snapshots of the receptor states considered
in this study: GLP-1R-palm (left) and GLP-1R (right) embedded in
the membrane. The GLP-1R is shown in pink, the surrounding POPC
lipids in blue, cholesterol in green, and the palmitoyl chain of GLP-
1R-palm in yellow. The surrounding water is colored light blue.
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simulation sets corresponding to a “close” and “open”
conformer for both receptor states. The fragment-based
CG2AT2 tool58 using the standard database of fragment files
was used. Both the palmitoyl and nonpalmitoyl receptors in the
open-like and close-like states were considered and embedded
in POPC/cholesterol membranes. The Charmm36 force
field59−61 was used for the receptor and lipid membrane
together with the TIP3P62 water model. The membrane-
embedded receptors were energy minimized using the steepest
descent algorithm to remove steric clashes. Equilibration was
performed in two steps for 100 ps and 1 ns in NVT and NPT
ensembles, respectively, while applying positional restraints on
the protein backbone atoms. The four protein conformers were
simulated independently for 100 ns each. An integration time
step of 2 fs was used. The LINCS algorithm63 was used for
constraining all bonds involving hydrogen atoms. Electrostatic
interactions were modeled using the Particle mesh Ewald
method.64 The Lennard-Jones potential was cut off at 1 nm
using the Verlet scheme. The temperature was maintained at
300 K using the v-rescale thermostat.55 Pressure was
maintained at 1 bar along all dimensions using the
Parrinello−Rahman barostat.65 Periodic boundary conditions
were applied along the x, y, and z directions throughout the
simulations.
Analysis. To characterize the cholesterol interactions

around the GLP-1R and GLP-1R-palm, we have computed
cholesterol spatial density, maximum occupancy, total
occupancy, depletion/enrichment (DE) index, and the flip-
flop rate.
Spatial Density Function (SDF). To calculate the spatial

distribution of cholesterol around both GLP-1R and GLP-1R-
palm, we used the gmx spatial tools implemented in Gromacs.
The protein was centered and fitted to the membrane. The
entire lengths of all trajectories were scanned, and the density
was calculated from the coordinates sampled in each time
frame. The voxel element was set to 0.1 nm in the x and y
direction. The two leaflets of the membrane were averaged
independently.
Maximum Occupancy. The maximum occupancy of

cholesterol is defined as the maximum time for which a
cholesterol molecule remains associated at a particular site.21

We considered the interacting distance cutoff of 0.55 nm for
analysis. The values for occupancy were normalized for the
simulation time and averaged across the replicates. To
calculate the maximum occupancy, the minimum distance
between the protein helices and cholesterol molecules was
calculated using gmx mindist tool, and further in-house scripts
were used to calculate the maximum occupancy.
Total Occupancy. The total occupancy of cholesterol is

defined as the total time any cholesterol molecule was bound
to a particular site. We calculated the total occupancy of
cholesterol at each residue using a cutoff of 0.55 nm. The
values for occupancy were normalized for simulation time and
averaged across the replicates. To calculate the total
occupancy, the minimum distance between the protein helices
and cholesterol molecules was calculated using the gmx mindist
tool, and further in-house scripts were used to calculate the
total occupancy.
Depletion/Enrichment Index. The depletion/enrichment

index (DE index) of cholesterol24,32 was calculated as the ratio
of cholesterol interacting with the receptor relative to the bulk
cholesterol.

DE index
Chol
Chol

surf

bulk
=

where Cholsurf is the fraction number of cholesterol molecules
at the receptor surface relative to all lipids interacting with the
receptor and Cholbulk is the fraction number of cholesterol
molecules relative to all lipid molecules in the membrane. A
value more than 1 implies cholesterol is enriched, and a value
less than 1 corresponds to the depletion of cholesterol around
the receptor in comparison to the bulk membrane. The
interacting lipids were selected with the gmx select tool using a
distance cutoff of 0.55 nm for the center of mass.
Flip-Flop Rate or Bilayer Translocation Events. The

height of any lipid along the bilayer normal was calculated
using the LiPyphilic tool.66 A grid was placed along the bilayer
normal to estimate the midpoint, and the distance of each lipid
along the z-axis to its membrane midpoint was calculated. The
flip-flop rate (k) was calculated using in-house scripts. It is
calculated as the ratio of the number of flip-flop events to the
product of the total number of cholesterol molecules and the
simulation length

k
events

cholesterol time
= #

# ×
The position of cholesterol along the bilayer normal was

calculated using the position of the headgroup ROH bead, and
the two leaflets were distinguished. The distance of each
cholesterol headgroup bead from the membrane midpoint was
calculated along the z-axis. An event was recorded each time
the cholesterol headgroup bead crossed the bilayer midplane.

■ RESULTS
To investigate the conformational dynamics of GLP-1R and
the effect of palmitoylation at residue CYS438, we performed
coarse-grain simulations of the palmitoylated (GLP-1R-palm)
and nonpalmitoylated receptors. Representative snapshots of
the two receptor states are shown in Figure 1. The acyl chain
of the palmitoyl tail remains embedded in the membrane
during the course of the simulations. We observe that in both
receptor states, the helix VIII and the C-terminal tail remains at
the membrane surface.
Receptor Palmitoylation Modulates the Relative

Positioning of Helix VIII and the C-Terminal Domain.
We analyzed the relative position of the C-terminal tail that
contains the palmitoylation site with respect to the receptor
transmembrane domain over the course of the simulations. We
observed that the C-terminal domain exhibits both an
extended as well as more receptor-bound placement. Overall,
the palmitoylated tail interacts more frequently with the
transmembrane domain than the nonpalmitoylated tail (see
Figure S1). When oriented toward the transmembrane
domain, the C-terminal tail exhibits differential relative
placement and makes contact with several of the trans-
membrane helices. The normalized contacts between the C-
terminal domain and each of the transmembrane helices are
shown in Figure 2. The contacts were calculated based on the
distance between the backbone bead of the cysteine residue,
CYS/CYP438, and each of the transmembrane helices and
averaged over simulation sets. A marked difference was
observed since the palmitoyl tail and the C-terminal domain
interact with different “sides” of the receptor. The palmitoy-
lated C-terminal domain orients mainly toward the trans-
membrane helix I such that the palmitoylated cysteine residue
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(CYP438) interacts with transmembrane helices I, II, and IV.
In contrast, the nonpalmitoylated CYS438 appears more
dynamic and switches predominantly between transmembrane
helices II and VI on either side of transmembrane helix VII.
Further contacts with transmembrane helices I, III, IV, and VII
were observed as well. Consequently, the palmitoylated C-
terminal domain mainly adopts a relatively close conformation,
whereas the nonpalmitoylated domain samples both close and
extended conformers (see Figure S1). There are only marginal
differences in the overall compactness of the C-terminal
domain between the two states, as evidenced by the radius of
gyration (Rg), intradomain contacts, and solvent-accessible
surface area (SASA) (see Figure S2). The differential dynamics
of helix VIII and the C-terminal domain result in differences at
the receptor surface in the accessibility of the transmembrane
helices and could modulate the interactions with the lipids in
the receptor microenvironment.
To test the conformational dynamics of the C-terminal

domain, we reverse-mapped the receptor into its atomistic
representation. The close conformer as well as a less sampled
extended conformer were considered for GLP-1R-palm, and
both the extended and close conformers were considered for
GLP-1R. Atomistic simulations were performed with the
membrane-embedded receptor with the initial “open” or
“close” conformers (Figure S3). We observed that in the
close conformer of GLP-1R-palm, the C-terminal domain is
stable and continues to interact with transmembrane helices I
and II during the course of the simulations. In contrast, the C-
terminal domain of the GLP-1R-palm extended conformer
repositions toward transmembrane helix I, whereas it remains

extended in GLP-1R within the timescale of the simulations.
The relative proximity of CYS/CYP438 to transmembrane
helix I during the simulation trajectory (last 40 ns) is plotted in
Figure S3 as an average over both conformers. It is evident
from the figure that the C-terminal domain has increased
interactions with transmembrane helix I in the GLP-1R-palm
compared to GLP-1R, independent of the initial conformer
considered.
Lipid Enrichment around the Receptor Is Independ-

ent of Palmitoyl Tail. To test whether the palmitoyl tail led
to differential lipid interactions, we calculated the DE index,
which reports the preferential interactions of the lipids with the
receptor relative to the bulk membrane. The overall DE index
of cholesterol for the palmitoylated and nonpalmitoylated
receptors are 2.09 ± 0.02 and 2.22 ± 0.04, respectively.
Cholesterol is found to be significantly enriched at the receptor
surface compared to its bulk value; however, its enrichment is
observed to be somewhat lower in the presence of palmitoyl
modification. Further, we calculated the DE index for the
individual transmembrane helices (subdivided by the two
membrane leaflets) for both cholesterol and POPC (shown in
Figure 3). The relative DE index of the two receptor states is

shown in Figure S4 for a better comparison. Cholesterol was
observed to interact preferentially at transmembrane helices I,
II, V, and VI in the lower leaflet independent of the
palmitoylation. A considerably increased DE index was
observed for transmembrane helix VII in the lower leaflet
that is adjacent to the C-terminal domain containing the
palmitoyl tail. This cholesterol enrichment at transmembrane
helix VII, together with a marginal increase in transmembrane
helix I in the palmitoylated receptor, suggests that the
palmitoyl acyl chain could differentially stabilize cholesterol
interactions. In contrast, cholesterol was observed to be
considerably depleted at transmembrane helix III in the lower
leaflet, mainly in the presence of the palmitoyl tail. In the
upper leaflet, cholesterol interacts preferentially at trans-

Figure 2. Relative placement of the C-terminal domain and helix VIII
of the receptor. (a) Normalized contacts of the C-terminal domain
with the receptor transmembrane helices are shown for palmitoylated
GLP-1R-palm (blue) and nonpalmitoylated GLP-1R (orange).
Representative snapshots of (b) GLP-1R-palm and (c) GLP-1R are
shown, highlighting the relative orientations. The receptor is shown in
gray, and the palmitoyl tail is shown in yellow. The transmembrane
helices are labeled for clarity.

Figure 3. Cholesterol enrichment in the receptor nanoenvironment.
The DE indices of the transmembrane helices of (a,b) palmitoylated
GLP-1R-palm and (c,d) nonpalmitoylated GLP-1R for (a,c)
cholesterol and (b,d) POPC are shown. The DE index provides an
estimate of the relative population of the lipid at the receptor surface
with respect to the bulk membrane composition. A value above 1
indicates lipid enrichment, and a value below that indicates lipid
depletion.
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membrane helices II, IV, and V, although the DE index for
these helices is higher for the nonpalmitoylated receptor.
Interestingly, the DE index at transmembrane helices I and VII
is higher in the palmitoylated receptor, even in the upper
leaflet. The DE index of POPC for each of the transmembrane
helices is shown in Figure 3 (lower panels), together with the
relative enrichment (Figure S4). In contrast to cholesterol,
POPC appears to be enriched compared to its bulk membrane
only at a few helices, such as transmembrane helices III and IV.
Interestingly, the presence of the palmitoyl tail toward
transmembrane helices I and VII modulates POPC inter-
actions despite overall lower enrichment at the receptor
compared to cholesterol.
To identify the cholesterol hotspots that correspond to the

sites of enrichment, we calculated the maximum occupancy
time of cholesterol at each of the receptor helices, i.e., the
longest time the receptor site is occupied by cholesterol. The
values for the maximum occupancy time for each of the
transmembrane helices (subdivided by the membrane leaflet)
and the C-terminal domain are shown in Figure S5. In the
palmitoylated receptor, we observed a distinct increase in the
occupancy time at the C-terminal domain, where the palmitoyl
tail is present. However, transmembrane helices I and VII did
not exhibit significantly higher occupancy, suggesting that the
cholesterol interactions at these sites are dynamic and not
long-lived despite the increased enrichment at these sites in the
palmitoylated receptor.
Cholesterol Interaction Sites in GLP-1R. To character-

ize the cholesterol interaction sites, we calculated the spatial
density (SDF) of cholesterol in the plane of each membrane
leaflet (Figure 4). Multiple cholesterol interaction sites could

be discerned, although the relative population at these sites was
dependent on the palmitoylation state. In contrast, POPC did
not exhibit distinct interaction sites (Figure S6) in either
receptor state. In the outer leaflet, four distinct cholesterol sites
were observed in the receptor that have been labeled as e1−e4.
Site e1, which is at transmembrane helix I, is more distinct in
the palmitoylated receptor, whereas the adjacent site e2 on
transmembrane helix II/III is more distinct in the non-

palmitoylated receptor. Sites e3 and e4 at transmembrane helix
IV are more distinct in the palmitoylated receptor and dynamic
in the nonpalmitoylated receptor. In the inner leaflet, four sites
could be identified as well (i1−i4), three of which (i1, i2, and
i4) have reduced population in the nonpalmitoylated receptor.
In line with the increased enrichment at transmembrane
helices I and VII, sites i1 and i2 are distinct in the
palmitoylated receptor. Site i3 at transmembrane helix VI
was not observed in the nonpalmitoylated receptor and
appears to be shifted and merged with site i4. In contrast,
site i4 is much more favorable in the nonpalmitoylated
receptor.
To highlight the residues interacting with cholesterol, we

calculated the total occupancy of cholesterol for each residue
that corresponds to the percentage of the simulation trajectory
during which cholesterol interactions are observed at that
residue. The values are shown in Figure S7 and mapped on the
receptor structure with color coding for clarity (Figure S8).
The most notable difference between the palmitoylated and
nonpalmitoylated receptors is evident in the C-terminal
domain, which exhibits a high occupancy time in the
palmitoylated receptor. The longest occupancy times were
observed for transmembrane helices I, IV, and V. Surprisingly,
we were unable to discern any large residue-wise differences
between the two receptor states, suggesting that cholesterol
interactions are conserved yet highly dynamic, and only the
relative populations of these interactions differ.
To visualize these sites of increased cholesterol interactions,

we analyzed the main cholesterol sites by combining the
maximum density sites and those with the highest occupancy
and mapped them as representative sites on the receptor
surface (Figures 5 and S9). Subsequently, we extracted
representative frames from the simulations and zoomed in
on the interacting residues (shown in Figure 6). We
successfully mapped sites i1−i4 and site e1 with cholesterol-
binding sites observed in two experimentally resolved
structures (PDB ID: 7DUR and 7E1467). At the outer site,
only site e1 was resolved in the cryo-EM structures and is
represented in Figure 6a. At site i1, the polar (ROH) bead of
cholesterol interacts with an aromatic group (Figure 6b),
reminiscent of the aromatic binding site identified earlier in the
serotonin1A receptor.23 We observed high dynamics at site i2,
especially in the interactions with helix VIII, and the binding
pose differs compared to the experimentally resolved structure
(Figure 6c). At sites i3 and i4, the cholesterol molecule
interacts with different hydrophobic residues (Figure 6d,e). In
fact, at site i4, several intrasite hopping events were observed.
A direct comparison of the presence or absence of the sites in
the different experimentally resolved structures is shown in
Table S1. Interestingly, none of the sites appear to be
consistent with previously reported cholesterol interaction
motifs such as the CRAC or CARC site.68 The close match
between the experimentally resolved structures and those
observed in the simulations reinforces the specificity observed
in the Martini coarse-grain simulations.
GLP-1R Modulates Cholesterol Flip-Flop in the

Membrane. At several time points over the course of the
simulations, we observed cholesterol molecules that were
bound quite deep in the receptor. Such deep-bound
cholesterol has been observed previously in coarse-grain
simulations of several GPCRs and confirmed by more detailed
testing.69 To characterize these cholesterol sites, we calculated
the normalized density of cholesterol along the bilayer normals

Figure 4. Cholesterol hotspots at the receptor. The spatial density
profile of cholesterol around (a,b) GLP-1R-palm and (c,d) GLP-1R in
the (a,c) outer and (b,d) inner leaflets are shown. The density is
averaged over simulation sets and color-coded as in the scale bar. The
values are normalized to the bulk membrane density of cholesterol.
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(Figure 7). For clarity, the normalized population of each
cholesterol molecule was plotted instead of an average as that
would miss out on rare events such as a single deep-buried
cholesterol. The main population maxima correspond to the
two leaflets, the outer and inner leaflets. Interestingly, a few
(3−4) cholesterol molecules were observed that lie at the
center and correspond to a sharp peak in the bilayer core. The
peak is higher for the palmitoylated receptor than the
nonpalmitoylated receptor and completely absent in the
control runs in the absence of the receptor. These buried
“deep” cholesterol molecules appear to be only transiently
bound in the simulations at a microsecond timescale. A few
representative snapshots of deep cholesterol are shown in
Figure 7b.
We further calculated the transbilayer diffusion of choles-

terol between the two membrane leaflets, i.e., the flip-flop rate
of cholesterol. The values averaged over the simulation
replicate sets are shown in Figure 7c. We observed an
increased flip-flop rate of cholesterol in the presence of the
receptor compared with the flip-flop rate in the membrane in
the absence of the receptor. On average, we observed ∼0.1
events every microsecond in the POPC-cholesterol bilayer and
∼0.2 in the presence of the receptor. Although the cholesterol
flip-flop rates are significantly higher in the presence of the
receptor compared to its absence, we were unable to detect
differences with the palmitoyl tail. The receptor surface
appears to provide a polar surface with dynamic cholesterol
sites that facilitate the transient interactions with buried
cholesterol and provides a more favorable pathway for
cholesterol flip-flop across the membrane.

■ DISCUSSION
The implications of post-translational modifications in GPCRs
at the molecular level are still emerging. The palmitoylation of
the receptor at a C-terminal cysteine residue has been reported
in several GPCRs and was attributed to have a regulatory
role.35 The palmitoylation of GLP-1R, a key pharmacological
target in type-2 diabetes and obesity, has been suggested to
play a regulatory role in its membrane domain localization and

subsequent endocytosis.45 In this work, we have used coarse-
grain simulations to identify the role of the palmitoyl tail in
modulating cholesterol interactions of GLP-1R, a secretin-like
class B GPCR. We identified multiple cholesterol interaction
sites in both the palmitoylated and nonpalmitoylated states of
the receptor, and several of these sites aligned well with
experimentally resolved cholesterol-binding sites.67 We show
that the relative populations at these sites are modulated by the
palmitoyl tail by directly modulating the conformational
dynamics of the C-terminal domain, in which the palmitoy-
lation site is present. Taken together, these results constitute
an important step in understanding the molecular-level effects
of palmitoyl tail modifications on GPCR-lipid interactions.
In this work, we identified four inner and four outer

cholesterol hotspots. Five of these sites (e1 and i1−i4) have
been reported previously in cryo-EM (electron microscopy)
structures (see Table S1). Further, the site e2 was reported in
coarse-grain simulations, considering the inactive receptor state
in complex membranes.31 However, the authors were unable to
highlight the other sites in part due to the comparison with
other receptors with more increased cholesterol interactions as
well as the fact that cholesterol sites could be state-
dependent.70 Surprisingly, none of the cholesterol sites map
to a CRAC/CARC interaction motif, previously reported in
several GPCRs.68,71,72 Further, no interactions were observed
at a site corresponding to the cholesterol consensus motif
identified earlier in the β2-adrenergic receptor.73 In fact, the
helical arrangement at the equivalent site differs considerably
in GLP-1R and does not appear to form the crevice that allows
long-lived cholesterol interactions. We observed interactions
with an aromatic residue at several sites, both with the
headgroup ROH bead and the sterol ring, reminiscent of the
aromatic site we have previously characterized in the serotonin
receptors.23 We further observed a few “deep” cholesterol
molecules that are bound to the receptor and placed parallel to
the bilayer surface, similar to deep cholesterol reported
earlier.69 Based on the flip-flop rates calculated, it appears
that the receptor could act as a conduit of cholesterol across
the membrane. Interestingly, GPCRs have been previously

Figure 5. Cholesterol sites are mapped on the palmitoylated receptor. The receptor is shown in white surface representation. Cholesterol molecules
interacting with the receptors at the sites e1−e4 and i1−i4 are shown in surface representation and colored pink. The headgroup ROH bead of the
bound cholesterol molecules are shown as blue balls.
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suggested to act as scramblases and enable transbilayer
phospholipid and cholesterol diffusion.74,75

Our work reiterates that although cholesterol exerts crucial
functional effects in GPCRs, their interaction sites are weak,
dynamic, and stochastic, as previously reported.21,22,27,28 The
structural (or sequence) determinants for cholesterol and lipid
sites have been elusive, and several studies based on
experimentally resolved structures have not been able to
identify common signatures.68,76,77 The energetics of choles-
terol sites are of the order of kT (thermal fluctuations), and
relative populations at the cholesterol sites have been shown to
be modulated by various factors, including membrane
concentration.25,28 It is therefore difficult to attribute specific
factors to the relative preferential sites since small local changes
can lead to variations in site hopping and dynamics. In GLP-
1R-palm, cholesterol enrichment at the intracellular leaflet of
transmembrane helices I and VII is largely due to the close
conformation of the C-terminal domain that provides a crevice

for cholesterol interactions. Previous coarse-grain simulations
have shown that several cholesterol sites are located at crevices
formed by adjacent transmembrane helices.78,79 The reduced
intensity at GLP-1R sites i1 and i2 at transmembrane helices I
and VII, respectively, confirms the role of the groove formed
by helix-8 and the C-terminal domain in stabilizing cholesterol
interactions. In fact, as shown in Figure 6, the i2 site includes
interactions with helix-8 that helps to stabilize the dynamics of
cholesterol at this site. Since the C-terminal domain is more
dynamic in GLP-1R and flips between the two sides of the
receptor, the cholesterol interactions are perturbed and,
thereby, reduced. To analyze the molecular basis for why
cholesterol is depleted for transmembrane helix III in the inner
leaflet for GLP-1R-palm, we considered the POPC sites, as
both synergy and competition have been reported for lipids
earlier.24 We observe a substantial increase in the relative
POPC DE index at transmembrane helix III and a
corresponding decrease in the cholesterol DE index. Although
the same is true for transmembrane helix II, there is an overall

Figure 6. Representative snapshots of cholesterol interaction sites.
The cholesterol sites (a) e1 and (b) i1, (c) i4, (d) i3 and (e) i2 are
shown. The sites identified from the coarse-grain simulations are
shown on the left of each panel, and the corresponding sites observed
in experimentally resolved structure (PDB ID: 7DUR) are shown on
the right. The transmembrane helices are shown in white surface
representation, the interacting residues in green stick representation,
and the cholesterol molecule in pink surface representation with the
blue ROH bead.

Figure 7. (a) Normalized population density of cholesterol in the
membrane. The normalized population for each cholesterol molecule
along the bilayer normal is plotted in different colors. (b)
Representative snapshots of deeply bound cholesterol. The trans-
membrane helices are shown in white surface representation, the
interacting residues in green stick representation, and the cholesterol
molecule in pink surface representation with the blue ROH bead. (c)
Estimated rate of cholesterol flip-flop events in the membrane bilayer.
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POPC depletion at transmembrane helix II, and so it does not
significantly modulate cholesterol interactions. The relative
populations of cholesterol in the outer leaflet are much more
complex and not directly related to the C-terminal domain
placement, and one needs to perhaps consider additional
nonspecific effects and transbilayer coupling. A distinct
difference is the more dynamic or nonlocalized sites in GLP-
1R compared to GLP-1R-palm, especially for the e3 site. The
stable localized high-intensity e3 site compared to the dynamic,
nonlocalized e3* site leads to the increased DE index at
transmembrane helix III for GLP-1R-palm in the upper leaflet.
Similarly, the e1 site at the crevice of transmembrane helices I
and VII has a higher intensity in GLP-1R-palm and could be
related to the increased DE index at both transmembrane
helices I and VII. The reduced cholesterol interactions at GLP-
1R-palm at transmembrane helices IV, V, and VI are related to
the lack of stable cholesterol interaction sites. Similar to sites
e1−e3, site e4 is also more dynamic and less localized,
although it has a higher intensity compared to GLP-1R-palm.
An important outcome of our work is that the palmitoyl tail

directly or indirectly modulates the relative populations (or
strengths) at several sites. Previously, cholesterol interactions
in β2-adrenergic receptors were reported to be identical in the
presence or absence of the palmitoyl tail.31 However, the
palmitoylation site in the β2-adrenergic receptor occurs
immediately adjacent to helix VIII and likely does not
modulate conformational dynamics of the C-terminal domain
as in GLP-1R. The modulation of the C-terminal dynamics by
the acyl chain could have further implications in G protein
coupling by allowing access to transmembrane helices V and
VI. The nonpalmitoylated tail is dynamic and interacts at
several time points with transmembrane helix VI, whereas the
palmitoylated C-terminal domain appears to be less dynamic
and interacts mainly with transmembrane helix I and could
help stabilize G protein coupling at transmembrane helices V
and VI. The reduced dynamics of the C-terminal domain could
further modulate receptor phosphorylation and subsequent β-
arrestin coupling.
An important question to address is how good are

simulations in analyzing the role of post-translational
modifications and coarse-grain simulations, in particular, in
capturing the lipid and protein dynamics. GPCR conforma-
tional dynamics has been well elucidated by atomistic
simulations for transmembrane7,80−83 as well as extramem-
brane domains,84,85 although the timescales are still limited. In
contrast, the Martini force field has been reported to
overestimate protein compactness, especially for disordered
peptides and protein domains in water.86,87 Detailed
comparisons to experimental observables30,87 or integrative
multiscale models88,89 comparing atomistic and coarse-grain
models such as the current study could be a step ahead. The
molecular effects of receptor sulfation on ligand binding90 and
phosphorylation on β-arrestin coupling89 have been revealed
by molecular dynamics simulations. Lipid chain modifications
in a number of membrane-embedded and membrane-bound
proteins have been studied by coarse-grain simulations such as
caveolin-191,92 and H-Ras,93 and transmembrane proteins such
as CD44.94 In addition, the specificity of lipid interactions such
as with different types of charged lipids has been previously
shown with the Martini coarse-grain force field.95 GPCR-
cholesterol interactions, in particular, have been characterized
in detail by several coarse-grain simulation stud-
ies.23,25−27,29,31,32,96 Approaches to estimate GPCR-cholesterol

energetics have been proposed28,97,98 and have been shown to
not be very strong, in line with the high dynamics observed in
this study. The conformational dynamics of short unstructured
domains such as the N-terminal domain that is sampled in
coarse-grain simulations has been previously validated against
NMR chemical shifts.30 Similarly, the dynamics of the C-
terminal domain has also been comprehensively tested.89

Overall, the differential cholesterol interactions modulated by
the differential C-terminal domain dynamics observed in the
coarse-grain simulations suggest a complex protein−lipid
interplay that is well captured by coarse-grain simulation
approaches at the molecular level.
In conclusion, we characterized the conformational dynam-

ics and lipid effects in the palmitoylated GLP-1R using coarse-
grain molecular dynamics simulations. We show that the
molecular effects of the palmitoyl modification are subtle and
modulate the relative energetics of the cholesterol interaction
sites. Several of the cholesterol sites identified here appear to
be in close agreement with cholesterol sites identified in
experimentally resolved structures. An interesting aspect of the
work is the presence of several buried cholesterol molecules,
several of which appear to be bound at the receptor surface
during bilayer flip-flop. Our results suggest that receptors such
as the GLP-1R may modulate bilayer composition and
asymmetry by providing a more favorable flip-flop pathway.
We believe that our work provides an important step in
understanding the molecular effects of GPCR post-transla-
tional modifications such as palmitoylation.
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