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ABSTRACT The glucagon-like peptide-1 receptor (GLP-1R) is a class B G-protein-coupled receptor that plays an important
role in metabolic regulation and consequently is a target for type 2 diabetes and obesity therapeutics. Although cholesterol
has been reported to be implicated in receptor activation, its interactions with the receptor during the activation cycle have
not been probed. Using coarse-grained molecular dynamics simulations, we have characterized the cholesterol interactions
with GLP-1R in four conformational states: the inactive, partially active, GLP-1-bound active, and exenatide-bound active confor-
mational states. We observed that the cholesterol hotspots vary between the receptor states with an increased enrichment of
cholesterol around the receptor in the active conformational states. Importantly, more favorable interaction energetics and
increased residence times of cholesterol were identified in the active conformational state of the receptor, although lower in
magnitude than previously reported. Notably, subtle differences could be distinguished between the GLP-1- bound and exena-
tide-bound receptor, underlining the ligand-specific effects. Our findings emphasize the increased selectivity of cholesterol to-
ward the active state of GLP-1R and highlight the role of conformational dynamics in receptor-lipid interplay. Our work helps to
understand how cholesterol modulates GLP-1R, with potential effects on its role as a regulator in lipid metabolism, thereby open-
ing avenues to leverage these lipid interactions in targeted drug therapy.

SIGNIFICANCE This study provides an understanding of how cholesterol directly influences the function of GLP-1R, a
key therapeutic target for metabolic diseases including type 2 diabetes and obesity. Using coarse-grained molecular
dynamics simulations, we show that cholesterol binding, favorable interactions, and residence times increase when GLP-
1R is in its active states. These interactions vary subtly depending on the activating ligand, highlighting ligand-specific
effects. Our findings highlight the critical role of conformational dynamics in receptor-lipid interplay and suggest that
understanding these cholesterol-GLP-1R interactions could pave the way for novel strategies in targeted drug therapy for
metabolic disorders.

INTRODUCTION ternal environments, responding to a wide array of ligands
including small molecules and peptides (2,4). Due to their
central role in signaling pathways, GPCRs are implicated
in various diseases (5), and ~40% of current prescribed
drugs are targeted to GPCRs (6). All GPCRs feature a struc-
turally conserved architecture of seven transmembrane
helices that are linked through six loops, together with
N-terminal and C-terminal domains of varied lengths
(7-9). Ligand binding prompts conformational changes,
activating the receptor and facilitating interactions with
downstream effectors such as G proteins (2,4,10-12).
Submitted March 13, 2025, and accepted for publication September 2, 2025. With the advancements in structural biology, several struc-
tures of GPCRs have been resolved, corresponding to
different conformational states such as the inactive, partially

Cellular communication, in particular, monitoring and re-
sponding to external stimuli, is dependent on the receptors
that are expressed by the cell to interact with its environment
(1). Among these receptors, the G-protein-coupled receptors
(GPCRs) are the largest and most diverse superfamily of
transmembrane receptors, with over 800 members in
the human proteome (2,3). These receptors act as a crucial
communication interface between the cell’s external and in-
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active (only ligand bound), and the fully active bound to
ligand and G-protein or other effectors like pf-arrestin
(13-16). However, the majority of the structurally well-
characterized GPCRs (17) belong to the largest class of
GPCRs (i.e., the class A GPCRs), and the peptide hormone
GPCRs, the class B GPCRs, are relatively less character-
ized (18).

The glucagon-like peptide-1 receptor (GLP-1R) is an
important class B GPCR subfamily member (19) that is pre-
dominantly expressed in S cells of the islets of Langerhans
(20,21). GLP-1R regulates glucose and energy metabolism
in the cellular environment in response to its natural ligand
GLP-1 (22,23). The receptor is an important target for drugs
such as exenatide (Exendin-4) and semaglutide that are
effective in type 2 diabetes and obesity. (23-25). In fact,
the widespread development of weight loss pharmaceuti-
cals, exemplified by drugs such as Ozempic (the brand
name of semaglutide) that target this receptor, has greatly
increased its prominence. At present, 44 structures for
GLP-1R have been reported that include a diverse set of
conformational states such as the apo receptor, agonist
and antagonist bound receptor states, and the heterotrimeric
G-protein-bound state (13-15,26,27). Similar to all GPCRs,
GLP-1R has the conserved seven-transmembrane helix fold
and a distinct extracellular domain (ECD) of approximately
120 amino acid residues (13). The comparison between the
different conformational states of GLP-1R, such as the inac-
tive, the partially active, and the fully active states, has high-
lighted important structural differences, including the
transmembrane domain motion that is the hallmark of all
GPCRs and the domain motion of the ECD domain (specific
to class B GPCRs) (13-15,27). An interesting feature of the
recently resolved active-state structures of GLP-1R is the
presence of a bound cholesterol molecule, suggesting a po-
tential receptor-lipid interplay (28). The interactions of
cholesterol with GLP-1R assume relevance due to the trans-
location of the receptor into cholesterol-rich nanodomains
upon activation (29) as well as its role in cholesterol homeo-
stasis (30,31).

Cholesterol molecules have been reported in several
experimentally resolved structures of GPCRs (32,33),
including the GLP-1R. These interactions have been re-
ported to have functional effects such as in GPCR activa-
tion, ligand binding, and oligomerization (34-40) that are
suggested to be mainly driven by allosteric modulation of
the receptor (41). Molecular dynamics simulations have
been extensively used to complement structural studies
and highlighted the presence of multiple sites with high dy-
namics (42,43), which were shown to modulate receptor dy-
namics (44). In general, GPCR-cholesterol interactions have
been shown to be site and domain specific (45), but only a
few common signatures have been identified (32,46), sug-
gesting receptor-specific cholesterol interactions. Further,
the identification of cholesterol interaction sites has mainly
focused on the inactive state of the receptor, due to the num-
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ber of resolved structures (47-54). However the precise na-
ture of GPCR-cholesterol interactions depends on the
functional state of the receptor, and important state-depen-
dent sites have been reported (55). A detailed map of
GLP-1R cholesterol binding sites has been reported for
the inactive and active states and has shown to have func-
tional effects (56). Further, we previously reported that
posttranslational modifications such as receptor palmitoyla-
tion exert subtle effects on GLP-1R-cholesterol interac-
tions (57). However, a more comprehensive study on the
state-dependent interactions, especially considering the
G-protein-coupled state, that could help decipher how
cholesterol selectively stabilizes certain receptor conforma-
tional states is still lacking.

In this study, we have used coarse-grained molecular dy-
namics simulations to characterize the cholesterol signatures
on GLP-1R in different conformational states: the apo-inac-
tive, the partially active (partial-active), and the GLP-1R-
bound active state that is coupled with the cognate Gag
protein. Further, we consider the receptor bound to exenatide,
a synthetic peptide of 39 amino acids that was the first GLP-
IR agonist used to treat type 2 diabetes mellitus and lower
blood glucose level. Drugs such as exenatide have been
used to overcome the short life of the natural ligand GLP-1
(23,25), but detailed molecular-level pharmacological pro-
files have not been reported. In this work, we characterized
the interactions of the receptor in different conformational
states and identify state-independent as well as state-depen-
dent cholesterol sites. We have estimated both the energetics
and timescales of receptor-lipid interactions at these sites.
Our work highlights an increased affinity of cholesterol for
the active state of GLP-1R and subtle differences between
the receptor bound to GLP-1 and exenatide.

MATERIALS AND METHODS
Structural models of GLP-1R

We used three experimentally reported structures of GLP-1R corresponding
to three conformational states: inactive, partial-active, and active. The inac-
tive conformation was taken from the crystal structure PDB: 6LN2 (13).
The attached Fab fragment was removed, and missing residues between
the 128-137 stalk of the receptor (connecting extracellular and transmem-
brane domain), 338-344 residues ICL2 region, and 421-442 C-terminal res-
idues of the receptor were modeled using Modeller (58). The partial-active
conformational state was taken from the crystal structure PDB: SNX2 (14).

Further, we modeled two active conformations of GLP-1R: 1) with the
natural ligand GLP-1 and 2) with the synthetic peptide, exenatide, which
is a receptor agonist. The receptor active state models are constructed based
on the experimentally resolved structure PDB: 6B3J (15). The GPCR struc-
tural model that was built with an RMSD of less than 0.07 nm upon align-
ment of the receptor with the crystal structure (PDB: 6B3J chain A) was
considered further (59). The G-protein was also modeled independently
(i.e., not as a co-complex). We considered chain A from the crystal structure
PDB: 6B3J, and the missing residues were modeled using the ModWeb
server. (60) We performed site-specific docking to the modeled receptor
and G-protein structure using PyDockWeb to reproduce the cryo-EM struc-
ture pose (61). GLP-1 ligand and exenatide ligand were manually docked
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FIGURE 1 Representative snapshots of the four receptor conformational
states considered in this study: (@) inactive, (b) partial-active, (c) active-
GLP-1, and (d) active-EXE states are shown that are embedded in a
POPC:cholesterol membrane. The receptor is shown in pink color, POPC
lipids in ice blue, and cholesterol molecules are shown in green color. In
the active states, the Ga; coupled to the receptor is shown in magenta color,
and the ligands, GLP-1 and exenatide, are shown in blue and red color,
respectively. The volume corresponding to the surrounding water is shown
in light blue color.

from the reference structures PDB: 6X18 and PDB: 6B3J. The structural
models of the four receptor states considered are shown in Fig. 1.

In order to maintain structural integrity of the receptor, short atomistic
simulations were performed (5 ns) in a single-component POPC membrane
with the CHARMM36 force field (62,63). The topologies of inactive, par-
tial-active, and active-GLP-1R conformations were generated using the
martinize2 script (64). Go potential interactions using the Lennard-Jones
potentials were generated based on the contact maps OV and rCSU (65)
and set up using the program create_goVirt.py (66) with a distance cutoff
of 3 — 11 A and a dissociation energy of ¢ = 12.0 kJ/mol. These poten-
tials allow the sampling of each conformational state without large confor-
mational changes. All simulations performed were based on the Martini-v3
force field (67), including the MARTINI 3 lipid model for cholesterol (68).
We considered a symmetric model membrane bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol at a ratio of
70:30 (number/mole ratio). The receptor in all conformational states was
embedded in the membrane bilayer using the insane.py script (69). The total
cholesterol concentration in the natural membrane was considered as
30 mole % as an average estimate (70).

The protein and membrane were modeled with the Martini-v3 force field
(67). Four replicate sets of each system were simulated for 40 ps each in the
GROMACS 2018 package (71). 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 (72). Pressure was maintained at 1 bar with
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semiisotropic pressure coupling barostat and compressibility of 4.5e—5
bar~! (73). Periodic boundary conditions were applied to all systems. A
time step of 20 fs was used for numerical integration. All simulation snap-
shots were made with the VMD software (74).

Analysis

To characterize cholesterol interactions around the inactive, partial-active,
and active-GLP-1R conformational states, we computed the cholesterol
spatial density, depletion/enrichment (DE) index, residence time, and rela-
tive free energies.

Spatial density function

To calculate spatial distribution of cholesterol around the receptor (all
conformational states), we used the gmx spatial tools implemented in
GROMACS. The receptor was centered and fitted in the membrane. The
entire length of all trajectories was 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 directions. The two leaflets of the membrane
were averaged independently.

Depletion/enrichment index

The DE index for both lipid types (48,75) was calculated as the ratio of lipid
A interacting with the receptor relative to the bulk of a lipid A:

[LipidA.y]
[Ll'pl'dAhulk} ’

where LipidAy,y is the fraction number of a specific lipid molecules at the
receptor surface relative to all lipids interacting with the receptor, and
LipidApui 1s the fraction number of specific lipid molecules relative to all
lipid molecules in the membrane. A value greater than 1 indicates enrich-
ment of a specific lipid, whereas a value less than 1 indicates its depletion.
The interacting lipids were selected with the gmx select tool using a dis-
tance cutoff of 0.55 nm for the center of mass. The choice of the cutoff
is based on the population distribution of the closest contacts between
cholesterol and the receptor for each of the states, as shown in Fig. SI.
The complete lipid molecule was used for the calculations, especially to ac-
count for the interactions of the sterol moiety of cholesterol with the hydro-
phobic and aromatic amino acid residues (76). The statistical tests were
performed by considering four blocks of the 40-us trajectories and the repli-
cate runs. The first block was not considered (10 us). The error bars corre-
spond to the standard error of the mean (SEM) between the blocks. We used
the t-test to confirm the significance of the data (p < 0.01).

DE index = (D

Residence time of cholesterol

The residence time of cholesterol was calculated by using MDAnalysis tool,
Survival Probability module (77,78). It is defined as the average time a choles-
terol molecule resides within the cutoff distance (0.55 nm) of a given interact-
ing site. The longer the permanence, the slower is the decay; the shorter the
permanence, the faster is the decay. The survival probability is given by

P() = ~ > % @

where T is maximum time of simulation, 7 is the time step, N(¢) is the num-
ber of particles at time ¢, and N(t, t + t) is the number of particles at every
frame from ¢ to rau. We fitted the normalized data with a single, double, and
triple exponential decay function using nonlinear least square fitting:

C(t) = ax exp(—b x x) 3)

C(t) = a x exp(—bx)+c x exp(—dx) 4)
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FIGURE 2 Average two-dimensional cholesterol density in the plane of the membrane shown for the four conformational states of GLP-1R corresponding
to the density in the (@) outer leaflet and (b) inner leaflet of the membrane.
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A list of the residues considered at each site is given in Table S1.
Relative free energy for lipid interactions

To study the relative strength of receptor-cholesterol interactions, we calcu-
lated relative AAGy;,. The energetics were calculated at different receptor
sites and compared with the receptor-phospholipid interactions. We first
calculated cholesterol and POPC interactions within a given distance cutoff
of 0.55 nm, relative to lipids in the bulk membrane. The energy values were
averaged from all simulation sets for each of the receptor sites considered:

[LipidAs.y)

AAG = —
[LlpldAbulk]

— RTIn (©)

Since we consider the relative fraction of cholesterol compared with the
phospholipid, the values are of the relative interaction energetics and vary
from the AGy;, reported earlier (79).

RESULTS

To investigate differential lipid interactions of GLP-1R dur-
ing its activation process, we performed coarse-grained sim-
ulations of the receptor in four conformational states,
namely the inactive, partially active (partial-active), GLP-
1-bound active (active-GLP-1), and exenatide-bound active
(active-EXE) states (see Fig. 1). The representative snap-
shots of the receptor in the different conformational states
are shown in Fig. 1. Notably, the orientation of the ECD
as well as transmembrane helices V and VI along with the
presence or absence of the ligand and Ga; differ in the

different states. During the replicate simulation sets, we
sampled the microsecond timescale conformational dy-
namics of the receptor and receptor-lipid interactions.

Specificity and organization of cholesterol
interaction sites

To analyze lipid interactions of GLP-1R, we calculated two-
dimensional spatial density maps of cholesterol, i.e. the
spatial density function (SDF) in the plane of each leaflet
of the membrane (see Fig. 2). We identified multiple choles-
terol sites for all receptor conformational states with impor-
tant differences between them. In the outer leaflet of all the
states, four distinct sites were observed with differential
populations, named el-e4, which differed marginally in
terms of the exact residue-wise interactions. In addition,
the inactive and active-GLP-1 receptor conformations
appear to interact with cholesterol at an additional e5 site.
The site el is located in the crevice between transmembrane
helices I and VII for all receptor conformational states. This
site matches the site of the bound cholesterol molecules
resolved in previous structural studies (PDB: 7DUR (28)
and 7E14 (28)). The site e2 is at the interface of helices I
and II, site e3 is between helices III and IV, and site e4 is
at helices IV and V. From the plot, it appears that the active
conformational states exhibit higher cholesterol density at
the sites el—e4. In the inner leaflet, the number of sites
vary, and both inactive and partial-active receptors interact
at three sites (named i1-i4 based on Ref. (57)). Surprisingly,
the active-GLP-1 and active-EXE receptors exhibited only a
single distinct site, i4. The position of the site i4 is similar to
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that of the cholesterol molecules resolved in previous struc-
tural studies (PDB: 7DUR (28) and 7E14 (28)). Conversely,
we did not observe any specific interaction sites for POPC in
any of the receptor states, resulting in a limited number of
nonspecific interactions (see Fig. S2). In general, the
different cholesterol signatures for various conformational
states signify that cholesterol specificity depends on recep-
tor conformational states.

Cholesterol enrichment is a hallmark of receptor
activation

To further quantify the lipid interaction sites of the receptor,
we calculated the site-wise DE index to highlight the preferen-
tial interactions of lipids for each of the conformational states,
relative to the membrane bulk (Eq. 1). We first analyzed the
cholesterol enrichment for the whole receptor (Fig. S3). The
DE index values of the receptor in the inactive, partial-active,
active-GLP-1, and active-EXE states are 1.15+0.02, 1.17 =
0.01,1.28 £0.02, and 1.43 =0.13, respectively. These results
show that cholesterol is enriched at the receptor nanoenviron-
ment, relative to membrane bulk. Interestingly, cholesterol
enrichment at the active receptor, both GLP-1 and exena-
tide-bound conformational states, is significantly higher than
the inactive and partial-active states (p < 0.01).

In addition, we calculated the DE index of cholesterol at
the sites identified in Fig. 2. The values for the DE index at
the common sites el—e4 and i4 are shown in Fig. 3. For site
el (transmembrane helices I/VII), cholesterol enrichment
was observed for both the active-GLP-1 and active-EXE
states relative to the inactive and the partial-active confor-
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FIGURE 3 Cholesterol sites in GLP-1R. (a)
Depletion/enrichment indices for receptor sites
el—-e4 and i4 in different receptor conformational
states: inactive (blue), partial-active (orange),
active-GLP-1 (green), active-EXE (red). (b)
Representative snapshots of the cholesterol inter-
acting at site el. All four receptor states considered
are shown highlighting the common and unique
residues. The receptor, GLP-IR, is shown in light
gray, the cholesterol in magenta, its headgroup in
dark blue, GLP-1 in blue, and exenatide in red.
The bound G-protein is shown in green, and the
main residues interacting are shown in yellow.
The error bars correspond to the SEM between
the simulation blocks.

mations. This enrichment suggests enhanced cholesterol
recruitment upon receptor activation. Representative snap-
shots of the cholesterol molecule at this site are shown in
Fig. 3. The site el is adjacent to the interaction interface
of transmembrane helices I and VII and could be important
for the conformational flexibility of transmembrane helix
VII that is vital for activation of class B GPCRs, in general
(80), and ligand-dependent differences in GLP-1R (81).
Further, site el is located adjacent to the ECD domain
that is reoriented toward this site in the active state and
could help stabilize it by capping interactions. At site e2
(I/II), which is quite dispersed, cholesterol is marginally
depleted based on the value of the DE indices across the re-
ceptor conformations. Representative images of the choles-
terol interacting at this site are shown in Fig. S4. Both sites
e3 (III/IV) and e4 (IV/V) exhibited an increased cholesterol
enrichment in the active states compared with inactive and
partial-active states (Figs. S5 and S6). The higher indices
for both sites at the active receptor conformations confirm
the importance of lipid clustering at these sites. The com-
mon site i4 (V/VI) of the inner leaflet region of the receptor
highlights the cholesterol enrichment in all conformational
states of the receptor and shows an increase in active confor-
mations (Fig. S7). Interestingly, site i4 is present toward the
PxxG motif in transmembrane helix VI that is important for
the conformational flexibility of the helix during activation
(18). The sites i1-i3 are shown in Figs. S8-S10. Although
both GLP-1 and EXE ligands induce specific enrichment
patterns at the el, e3, e4, and i4 sites, subtle differences in
DE indices between these ligands reflect ligand-specific
preferential cholesterol interactions.
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FIGURE 4 Relative free energy for cholesterol interacting with GLP-1R
for the common sites, el—e4, and i4 for all the receptor conformations. The
bars are given in the order corresponding to the inactive (blue), partial-
active (orange), active-GLP-1 (green), and active-EXE (red) states. The er-
ror bars correspond to the SEM between the simulation sets.

Low relative free energy of cholesterol
interactions

To quantify the free energy of cholesterol interactions, rela-
tive to POPC interactions, we calculated the relative popu-
lation (i.e., the fractional contacts of cholesterol at each site
compared with bulk phospholipids). The relative energies
were calculated from the relative populations (see Eq. 6
in materials and methods), and the values are shown in
Fig. 4. The negative values of AA G indicate favorable in-
teractions of cholesterol, compared with POPC, at these
sites. The relative free energy of cholesterol interactions
was found to be low at all sites, surprisingly lower than
kT. Low values of GPCR-cholesterol energetics have
been previously reported for class A GPCRs but are usually
higher than kT (79). We would like to emphasize here that
these are relative energetics compared with POPC and not
the absolute binding free energy of cholesterol at these
sites. Overall, our analysis shows that the active states
exhibit more favorable, but weak, interactions than the
inactive or the partial-active conformations at several sites.
The exenatide-bound receptor shows a marginal increase in
cholesterol affinity compared with the GLP-1 bound
receptor. At site el, cholesterol has a favorable relative
energetics of — 1.40+0.07 kJ/mol for the active-EXE
and — 1.23 =0.05 kJ/mol for active-GLP-1 conformational
states. Since the site is extremely dispersed, both inactive
and partial-active conformations have an unfavorable AA
G compared with the phospholipid interactions. The e2
site exhibits a similar unfavorable cholesterol binding
energetics for all receptor states. Although we observe an
increased spatial density at site e2, it is dispersed, and
cholesterol is not enriched if we consider the whole site,
in line with the unfavorable energetics. Both sites e3 and
e4 show favorable energetics for the active conformational
states. Similarly, at the inner leaflet i4 site, cholesterol ex-
hibited more favorable energetics for active conformational
states compared with the inactive and partially active
states.

Cholesterol Interactions in GLP-1R

Nanosecond timescale residence time of
cholesterol

To quantify the residence time of cholesterol at the different
receptor sites, we calculated the survival probability of the
contacts between the receptor and cholesterol. The contact
autocorrelation function was calculated using Eq. (2) (see
materials and methods section for details). As an example,
the survival probability at site el is shown in Fig. 5 for
the four conformational states of the receptor. For this, we
fitted the decay function using single (Eq. 3), double
(Eq. 4), and triple (Eq. 5) exponential fits as shown in
Figs. 5 and S11. Based on the goodness of fit values, the tri-
ple exponential is the best fit at these sites (especially in the
active state) and is reported in Table S1. It is clear from the
exponential fits that cholesterol exhibits multiple timescale
dynamics, shorter subnanosecond (t;, T;) and longer
multi-ns (t3) dynamic regimes. The longest T3 residence
times are plotted in Fig. 6 and are shown in Table S1. At
all sites considered, cholesterol displays a residence time
of 3-20 ns, with increased residence times corresponding
to the active states at several sites. In the inactive and par-
tial-active conformational states, site el exhibits cholesterol
residence times of 5-8 ns, whereas it is remarkably
increased for both active receptor conformations,
18.0£0.57 ns and 21.0*=0.9 ns for the active-GLP-1 and
active-EXE states, respectively (Table S1). Surprisingly,
the residence time at site i4 is low for all receptor states
(Table S1) but comparatively higher for the active receptor
conformational states (4 ns) compared with inactive and
partial-active conformations (2-3 ns). Sites e2—e4 exhibit
similar residence times ranging from 2 to 6 ns for the
different receptor states, although the residence times at
the active states is often higher than the inactive state
(Table S1). The differential residence time in the two active
states, especially at sites el and i4, highlights how drugs
could induce varying downstream effects.

DISCUSSION

GLP-1R is an important GPCR that plays a central role in
various metabolic and cholesterol homeostasis pathways
and is a drug target for several weight loss drugs. The active
state of the receptor has been reported to exhibit increased
cholesterol interactions due to its partitioning in choles-
terol-rich ordered phases. However, uncovering the detailed
thermodynamics and kinetics of its interactions with choles-
terol is challenging due to the high dynamics and relatively
low energetics of these interactions. In this work, we eluci-
date the state-dependent dynamics of cholesterol interac-
tions with GLP-1R wusing coarse-grained molecular
dynamics simulations. We have compared the interactions
of cholesterol with multiple distinct receptor conformations,
namely the inactive, partial-active, and active (both bound
to GLP-1, its natural ligand, and exenatide, a synthetic
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agonist). Our work provides novel insights into how choles-
terol modulates receptor conformational states through site-
specific interactions and advances our understanding of
lipid-mediated regulation in class B GPCRs.

The most striking outcome of the work is the distinctly
increased cholesterol interaction in the active states of the
receptor, relative to the inactive and partial-active states.
In particular, we observed distinct cholesterol interaction
sites across the receptor conformational states, with
increased cholesterol enrichment around the active receptor
conformations compared with the inactive and the partial-
active conformations. Several of the sites, such as sites
el—e4 in the outer leaflet and i4 in the inner leaflet, overlap
in all the receptor conformational states, albeit with varying
affinities. The active conformational states deviate more
from a “cylindrical” shape compared with the inactive
states due to the outward motion of transmembrane helix
VI. We suggest the increased cholesterol interactions could
be due to differential receptor shape, increased receptor sur-
face area, and local curvature. Similar findings have been re-
ported in the case of the adenosine,, receptor and the

Tau (ps)

pentameric ligand-gated ion channel, where cholesterol
enrichment at key transmembrane sites facilitated receptor
activation and stability (82,83).

The relative energetics of cholesterol interactions, AAG,
calculated here are lower than the values estimated previ-
ously for the cholesterol-GPCR interactions (79,84).
Cholesterol-GPCR interactions have been suggested to be a
series of shallow minima of relative energetics of 1-3 kT
(42,43). However, since the relative energetics calculated
here are below thermal energy (kT ~2.5 kJmol), their biolog-
ical significance is unclear. Several methods have been used
to estimate the energetics (79,85-87), each with its own lim-
itations. A tricky consideration is that previous formulations
of cholesterol interaction energies (and not relative ener-
getics) are based on a comprehensive sampling of cholesterol
populations and comprise the estimate of site area. Usually
the populations at the site are normalized by the area of the
bulk membrane considered (i.e., considering an area that cor-
responds to the accessible area in the vicinity of the receptor).
Previous work has estimated it from the lipid molecules in a
single-component membrane (86) or from the projections of
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the coordinates of the transmembrane helices (79), and the
energy values were found to be sensitive to the site area.
We overcome this limitation by considering a relative ener-
getics with respect to the “bulk” phospholipids in the mem-
brane. In contrast, enhanced sampling approaches consider
only a single site, and the predefined lipid of interest is
“pulled” outward into the bulk lipid membrane, and it is
challenging to sample multiple binding/unbinding pathways.

The GPCR-cholesterol interactions estimated here are at
a nanosecond timescale at all sites considered. Site-specific
differences are discerned, such as the cholesterol residence
time in active receptor conformations showing slower ex-
change at sites el and i4, indicating relatively long-lived
cholesterol interactions. Although GLP-1 and exenatide-
bound active conformations show similar enrichment and
energetics, subtle differences in DE indices and residence
times suggest ligand-specific lipid interactions. A similar
nanosecond timescale residence has been reported for the
GLP-1R, and a few of the main sites of interaction have
been experimentally tested (56). Interestingly, coarse-grain
simulations were used to identify site el to be the most
favorable binding site in the active state (56), similar to
the current study. However, the timescales calculated in
this study are much lower than the reported values. Our
approach does not consider transient unbinding events that
would correspond to lower residence times than with tools
such as PyLipID (88) previously used to analyze cholesterol
interactions (56). The second site reported (56) corresponds
to site €3 in our work, but the third favorable site reported at
the intracellular leaflet is not observed in the active state in
our work. Both differences in lipid composition and the
presence of the ligand at the extracellular sites could
contribute to these differences. In the inactive state, the first
site is similar to site il (56). The second and third sites
correspond to sites e3/e4, although they are much more
buried. Four mutations—V229A, V160A, I165A, and
L401A—have been experimentally demonstrated to exhibit
significant cholesterol-dependent differences in receptor
internalization (56), of which V160, 1165, and L.401 show
high cholesterol interactions in our work. The fourth resi-
due, V229, which is well characterized experimentally
(56), has a low occupancy in the current study, although
much higher interactions are observed at the adjacent resi-
due, L1228, that is a part of site e3. These cholesterol sites
have been suggested to be potentially druggable sites that
could be leveraged for the rational design of allosteric mod-
ulators of this important drug target (56).

Surprisingly, the microsecond timescale residence times
reported previously for the serotonin;, receptor (79) are
not captured in this study. However, the triple exponential
fit, as considered in this study, has been previously reported
for the serotonin;, receptor (79) and has been shown to
correspond to annular, intermediate, and nonannular sites.
The serotonin; 5 receptor has been previously shown to be
cholesterol sensitive (37,40,89-91), and several cholesterol

Cholesterol Interactions in GLP-1R

sites have been identified in the high-resolution receptor
structure obtained by cryo-EM (92). The lack of the micro-
second-timescale cholesterol interactions in GLP-1R could
be inherent to the receptor. However, since a simple model
membrane is considered, other lipids that contribute to syn-
ergistic co-binding with cholesterol (48) could be essential
for longer-timescale cholesterol interactions. It is important
to consider that due to the reduced energetics and timescales
compared with previous studies, the cholesterol sites identi-
fied here could be low-affinity, nonspecific hotspots rather
than high-affinity cholesterol-binding sites.

In this study, we have calculated several measures to
comprehensively analyze GPCR-cholesterol interactions.
The SDF calculations are a qualitative measure to identify
the main locations, whereas the DE index, energetics, and
residence times provide a quantitative estimate. Surprisingly,
despite their functional significance, GPCR-cholesterol ener-
getics have been previously shown to be low, suggesting a
role of binding kinetics (52,79). We would like to note that
there is no direct correlation between a site with more nega-
tive AAG (thermodynamic preference) and longer residence
time (kinetic stability). Overall, we observed favorable inter-
actions and longer residence at the main sites, but with a few
exceptions. Previous GPCR-cholesterol sites have focused on
the energetics of the interactions and have been shown to be
low, of the order of kT, but their functional significance was
not clear. Interestingly, GPCRs have been reported to have a
kinetic control on ligand binding that could be critical for
ligand specificity and not just the ligand-binding energetics.
It is therefore important to explore both the energetics and
the dynamics at these sites, and the combined evidence pro-
vides a robust argument that these cholesterol interaction
sites are not nonspecific but are dynamic, state-dependent,
and biologically relevant, playing a role in modulating the
GPCR functional dynamics.

An important consideration in systematically quantifying
the kinetics of a coarse-grained model is the fundamental
aspect of a coarse-grained model, in that it “accelerates”
the kinetics due to a smoother energy potential and reduces
molecular roughness. The value of the residence times
therefore should be compared between the conformational
states and not considered to be the absolute values. The
overall energetics of GPCR-cholesterol interactions calcu-
lated from atomistic resolution is similar to that from
coarse-grained simulations. In fact, Lee and Lyman pro-
vided the first estimates of the free energy being of the order
of kT from simulations that were only 500 ns in length and
without sampling multiple binding/unbinding events (84).
Longer coarse-grained simulations were able to corroborate
the energy scales, although the authors did not estimate the
energetics (93). More recently an approach to comprehen-
sively sample lipid dynamics was introduced, and the en-
ergy scales were found to be similar for atomistic models
as in coarse-grained models (94). Likewise, similar features
of cholesterol interactions with different membrane proteins
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have been reported in coarse-grained (95) and atomistic (86)
resolutions. Taken together, although lipid dynamics and
lipid degrees of motion are important, the relative energetics
and timescales reported in this work would not differ if we
considered a more detailed atomistic representation.

CONCLUSION

GPCR-cholesterol interactions have been widely studied
with multipronged experimental and computational ap-
proaches. In general, these sites have been found to be recep-
tor specific and stochastic in nature (42,48,79). In this work,
we used coarse-grained simulation approaches to investigate
the interactions of cholesterol with GLP-1R in varying
conformational states. We observed cholesterol-interacting
hotspots that were both common and specific to different re-
ceptor conformational states. In particular, increased choles-
terol enrichment was identified at several receptor sites in the
active conformational states, both bound to its cognate
ligand, GLP-1, and to exenatide, a drug used in the treatment
of diabetes. However, subtle differences in the cholesterol in-
teractions were observed between the receptor bound to the
two agonists, suggesting a ligand-specific modulation of
the membrane nanoenvironment. Importantly, we have
estimated the energetics and residence times of cholesterol
interactions and show that these are favorable but small in
magnitude. We envision that cholesterol binding to confor-
mation-specific sites could help stabilize specific receptor
conformational states and help in receptor activation.
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