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ABSTRACT A docking procedure is described that allows the transmembrane surface of a G protein-coupled receptor (GPCR)
to be swept rapidly for potential binding sites for cholesterol at the bilayer interfaces on the two sides of the membrane. The
procedure matches 89% of the cholesterols resolved in published GPCR crystal structures, when cholesterols likely to be crystal
packing artifacts are excluded. Docking poses are shown to form distinct clusters on the protein surface, the clusters corre-
sponding to “greasy hollows” between protein ridges. Docking poses depend on the angle of tilt of the GPCR in the surrounding
lipid bilayer. It is suggested that thermal motion could alter the optimal binding pose for a cholesterol molecule, with the range of
binding poses within a cluster providing a guide to the range of thermal motions likely for a cholesterol within a binding site.

INTRODUCTION

G protein-coupled receptors (GPCRs) operate in mem-
branes rich in cholesterol, the cholesterol content affecting
the function of many GPCRs (1). These effects of choles-
terol and other lipids could follow from changes in the me-
chanical properties of the membrane or from direct binding
to specific sites on the protein (1-9). Arguing for the impor-
tance of direct binding is the observation that phospholipid
structure affects GPCR function even in nanodisks or deter-
gent micelles in which no bulk lipid bilayer is present (6,10).

Most cholesterol molecules, when in a lipid bilayer,
orient with their —OH groups close to the glycerol backbone
region, with their hydrophobic rings and chains in the hy-
drophobic interior, the long axis of the molecule being
more or less parallel to the bilayer normal (5,11). These cho-
lesterols will be referred to as interfacial cholesterols to
distinguish them from the small proportion of cholesterols
buried deep within the bilayer (12). Molecular dynamics
(MD) simulations suggest that interfacial cholesterols
interact extensively with the transmembrane (TM) surfaces
of GPCRs, adopting an orientation much like that in a sim-
ple lipid bilayer (13—18). As well as the large numbers of
cholesterols interacting nonspecifically with the TM sur-
face, these studies report a few hot-spots in which the
probability of cholesterol contact is high, although even
here, cholesterols are free to rotate about their long axes
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(17), suggesting that the sites are not deep energy wells
into which a cholesterol falls but rather are energetically
shallow sites able to accommodate cholesterols in a range
of poses (19). A combined NMR and denaturation study
on cholesterol binding to the (B, adrenergic receptor
(B>AR) is also consistent with the presence of a small num-
ber of high-affinity sites together with a number of lower
affinity sites (20).

The picture derived from x-ray crystallographic studies is
rather different. The PDB database contained, at the time
this manuscript was prepared, 51 GPCR structures of high
resolution (3.5 Aor better) containing resolved cholesterols.
The Orientations of Proteins in Membranes (OPM) database
provides predicted locations for the lipid bilayer around a
membrane protein (21), and most of the resolved choles-
terols are located with their —OH groups close to the po-
lar-hydrophobic interfaces of the predicted bilayers, as
shown for ,AR in Fig. 1. The number of resolved choles-
terols per structure is small, varying between one and four
(see Tables 1, S1, and S2). The exact relationship between
these cholesterols and the sites predicted by MD simulation
is unclear; they could correspond to hot-spots of the kind
suggested by the MD simulations but could also be the result
of packing constraints in the crystal. There remains a need
for a simple and rapid method for identifying potential bind-
ing sites for cholesterol on GPCRs, capable of distinguish-
ing between high-affinity binding and weak background
binding.

Attempts to define binding motifs for cholesterol on
membrane proteins have, unfortunately, proved to be of
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FIGURE 1 Docking and crystallographic results for 8,AR. (A) and (B)
show surfaces on the IC side for structures 3D4S and SD5A, respectively.
Cholesterol molecules are shown in ball and stick mode: crystallographic
structures, green and docked structures, yellow. Oxygen atoms are colored
red. Sites are labeled as in Table 1. For the 3D4S structure, 1-oleoyl-R-glyc-
erol (magenta) is observed at site C in the crystal structure. The IC side of
the hydrophobic slab representing the bilayer core is shown by the blue bar.
To see this figure in color, go online.

limited value (22). CRAC, CARC, and CCM motifs have all
been suggested, all involving a small number of apolar and
aromatic residues, together with a basic residue that can
hydrogen bond to the cholesterol —OH group. However,
many resolved cholesterols are not bound at any of these
motifs, and many examples of these motifs are not occupied
by resolved cholesterols (1,5,22). In part, the problem arises
because although hydrogen bonding of its —OH group is
likely to be important in anchoring a cholesterol to the inter-
face, analysis shows that 49% of the resolved cholesterols in
GPCR structures are not hydrogen bonded to the GPCR. In a
membrane, these non-hydrogen-bonded cholesterols are
likely to hydrogen bond to water or to the glycerol back-
bones and headgroups of neighboring phospholipid mole-
cules. Indeed, many cholesterols hydrogen bonded to a
GPCR in a crystal may not be so bonded in a membrane
because the surrounding lipid bilayer will provide a much
larger number of potential hydrogen bond partners than a
GPCR.

The usefulness of MD simulations in characterizing
cholesterol binding to GPCRs is limited by the very long
simulation times required to ensure system equilibration

Cholesterol Binding Sites on GPCRs

TABLE 1 Cholesterol Binding to 3,AR (IC Side)

Binding Site®
PDB Space Group A B C
3d4s P 22,2, CLR402 CLR403 OLC 406
2rh1 Cl21 CLR412 CLR414 CLR413
3ny8 P 22,2, CLRI1201 CLRI202 OLC 1206
3ny9 P 22,2 CLRI1201 CLR1202 OLC 1204
3nya P 22,2, CLRI1201 CLRI1202 -
3pds P 22,2 CLRI1202 - -
5d5a Cl121 CLRI1206 CLRI1208 CLR1207
5x7d P2,2,2 CLRI1204 CLR1203" -

“The nomenclature for bound cholesterol (CLR) molecules is that given in
the respective PDB file. In some structures, as indicated, binding site C is
occupied by a molecule of 1-oleoyl-R-glycerol (OLC). Entries in italics
indicate that a docking pose is located at the site as indicated by an rmsd
with the crystallographic CLR molecule of 4 A or less or, in the case of a
bound OLC molecule, where a docking pose overlaps with the OLC, as
shown in Fig. 1 A.

A docking pose with an rmsd value of 4.3 A with CLR1203 was observed
at this site.

(17). Here, it is shown that the AutoDock Vina molecular
docking tool (23) can be used to sweep the TM surfaces
of GPCRs for potential cholesterol binding sites in just a
few minutes using a conventional personal computer. The
success of the docking approach depends on the creation
of model interfaces on the extracellular (EC) and intracel-
lular (IC) sides of the membrane to which a cholesterol
—OH group can hydrogen bond, mimicking the hydrogen
bond donors and acceptors present in the interface regions
of a lipid bilayer. In a Vina docking run, a single cholesterol
is docked onto the protein surface, generating a maximum of
20 docking poses. To ensure complete coverage of the sur-
face, a set of five sequential docking runs is performed for
each of the two monolayers making up the bilayer, as
described in Methods. This generates a maximum of 200
docking poses, which are then processed to produce a mean-
ingful set of potential binding sites, aiming to filter strong
binding sites from weaker, background binding sites and
from “false” sites. Two criteria are employed in the filtering,
based on the observation that, in GPCR crystal structures, all
resolved cholesterols are oriented close to the bilayer
normal, and all make extensive contacts with the protein
surface. The average tilt angle between the long axis of
the cholesterol ring system and the normal to the EC and
IC planes predicted by the OPM database is 14.4 = 6.7°
with a maximal tilt angle of 30°. The number of residues
contacted by a resolved cholesterol varies from 8 to 13
with an average of 10.1 * 1.5; these numbers exclude cho-
lesterols at the packing interface in the A,AR crystal struc-
ture in which the number of contacts is only five (see further
discussion below). The analysis also excludes cholesterol
hemisuccinate molecules resolved in some structures
because interaction of a hemisuccinate group with a bilayer
surface will be different from that of a cholesterol —OH
group. The criteria required for a binding site were therefore
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chosen to be a maximum tilt angle for a bound cholesterol of
30° and a minimum number of residue contacts of eight. In
what follows, a pose will refer to a pose that has met these
criteria, unless otherwise made clear.

The test of a successful docking protocol is its ability to
identify known, “true,” ligand binding sites, with only a
small number of false positives. The 131 interfacial choles-
terols resolved in GPCR structures provide a large database
for testing. The approach adopted here had a success rate
of 89% in identifying these cholesterols when cholesterols
at packing interfaces in A,5,R structures were excluded.
The question of false positives is less clear. For example,
docking studies with the available 3,AR structures identi-
fied not only the three crystallographic binding sites
(Table 1) but also an average of 3 = 0.5 additional sites
on the IC side with a further 4.9 = 1.8 sites on the EC
side (Table S7). It is not possible to say with certainty
whether or not these additional sites correspond to “real”
sites, a problem faced by any in silico approach. However,
cholesterols were selected from the initial set of poses on
the basis that they matched the characteristics of the crys-
tallographically resolved cholesterols. Further, as shown in
Fig. 2 for GPCRs of classes A, B, C, and F, all these poses
are located in hollows between protein ridges, where crys-
tallographically resolved cholesterols are also observed to
bind. These “greasy hollows” are unlike the highly struc-
turally specific binding sites characteristic of ligand (or
drug) binding sites—binding of cholesterol is less structur-
ally demanding. Last, as the cholesterol content of the
membrane surrounding a GPCR is very high, even sites

A
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of low affinity will, in a membrane, be at least partly occu-
pied by cholesterol.

METHODS

Crystal structures for GPCRs with resolutions of 3.5 A or better were iden-
tified on the OPM (http://opm.phar.umich.edu) and Protein Data Bank
(PDB) (https://www.rcsb.org/pdb) databases. Structures were assigned to
active, inactive, or active intermediate states based on the packing of the
TM helices (Table S7). Docking was performed using AutoDock Vina
(23) running under Chimera (24). Given the large number of GPCR struc-
tures to be searched, a protocol was designed that can run unattended
through large sets of structures. Vina employs a search box to define the
space around the protein to be searched. Here, the search was restricted
to the TM region of the protein, and the EC and IC monolayers were
searched separately. The required dimensions of the search box are the
same for all monomeric GPCRs, but the coordinates defining the position
of the box are not. Fortunately, the OPM database provides coordinates
for membrane proteins all centered about the middle of the predicted hydro-
phobic slab representing the lipid bilayer (21), allowing the same search
box to be used for all the structures.

The cholesterol ligand was prepared for docking with free rotation
about the C-OH bond using AutoDock 4 (25) and with an H atom added
to the cholesterol oxygen. Proteins were prepared using the DockPrep fa-
cility in Chimera, repairing incomplete side chains using the Dunbrack
rotamer library. The AddH command was used to add hydrogens, with
ionizable residues assumed to have protonation states applicable at a
physiological pH, and files in the pdbqt (PDB, partial charge (q), and
atom type (t)) format required by Vina were also generated using the
DockPrep facility. Weighting factors for hydrogen bonds and hydropho-
bic effects were changed from the default values to —2.0 and —0.001,
respectively, values appropriate for a membrane environment (12).
Vina performs a number of individual sampling “runs,” the number be-
ing defined by the exhaustiveness parameter, each run starting from a

FIGURE 2 Surface view of GPCRs with docked
cholesterol molecules for the following: (A) Class
A, A receptor, 5IU4; (B) Class B, calcitonin-
like receptor, 6E3Y; (C) Class C, mGlu5 receptor,
40009; and (D) Class F, smoothened receptor,
SL7D. Surfaces are colored by distance from a
bulk solvent layer calculated using the Depth pro-
gram (29) with distances (A) given by the bottom
scale. Docked cholesterols are colored green, and
in (A), crystallographic cholesterols are colored
blue. EC and IC interfaces are shown by the red
and blue bars, respectively. To see this figure in co-
lor, go online.
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random ligand conformation (26). In a study with flexible peptides as li-
gands, docking was found to have converged when the exhaustiveness
parameter was set at 200 (26). Here, docking was also found to have
converged with an exhaustiveness value of 200, and so this was the value
adopted. Protein structure files downloaded from the OPM database
contain sets of dummy atoms marking the interfaces on the two sides
of the bilayer (21). These dummy atoms were converted into NH3 groups
(see below) and combined with the protein coordinate pdbqt files using
in-house Python code.

Docking poses obtained for individual GPCR structures were sorted into
clusters using simple threshold clustering based on a root mean-square de-
viation (rmsd) between poses of less than 4 A (27). Poses were rejected
when a cholesterol contacted fewer than eight residues, or when the angle
between the long axis of the cholesterol molecule and the bilayer normal
was greater than 30°. The large search boxes used here meant that the
maximum of 20 poses returned by a single Vina run was insufficient to
cover all possible binding sites, and so five sequential runs were performed
for each monolayer for each structure, with the poses selected from the first
run (in pdbqt format) being combined with the pdbqt file used in that run to
generate the pdbqt file for the second run and so on. Poses from sets of
GPCR structures were clustered using the density-based spatial clustering
of applications with noise method with a threshold rmsd value of 3.5 A
and a minimal number of neighbors of two (27).

Systematic residue numbers were obtained from the GPCR database
(http://gpcrdb.org) (28). Residue depths from a theoretical bulk solvent
layer around the protein were determined using the Depth server (http://
cospi.iiserpune.ac.in/depth/htdocs/intro.html) with a solvent neighborhood
radius of 3 A and a minimal number of neighborhood solvent molecules of
five (29). Residues within 4 A of a bound cholesterol molecule were iden-
tified using protein and cholesterol molecules prepared as for docking.

A table of cholesterol dockings (Table S7) together with associated
structure files in PDB format for downloading are available on the
DeepCholesterol web site (https://deepcholesterol.soton.ac.uk).

Cholesterol Binding Sites on GPCRs

RESULTS AND DISCUSSION

A protocol for identifying interfacial cholesterol
binding sites

The protocol adopted for docking is illustrated in Fig. 3 for
the IC side of 3D4S. The default version of Vina uses
weighting factors for the hydrophobic effect and for the
hydrogen bonding of —0.0351 and —0.587, respectively,
values designed for an aqueous environment. These values
are unsuitable for a hydrophobic environment and result in
docking poses limited to a restricted area of the protein sur-
face with many cholesterols docked with their —OH groups
in what would be the interior of the membrane (Fig. 3 A). In
a previous article, it was shown that the appropriate weight-
ing factors for a membrane were —0.001 and —2.0, respec-
tively (12). Using these parameters, docking poses are more
widely spread over the TM surface but with many poses
very unlike those observed crystallographically (Fig. 3 B).
The final step was to introduce interfaces on the EC and
IC sides to which the cholesterol —OH group could
hydrogen bond (Fig. 3 C). Wiener and White (30) described
the hydrocarbon/headgroup boundary of a lipid bilayer as
“one of tumultuous chemical heterogeneity because of the
thermal motion of the bilayer.” The exact nature of the
model interfaces is therefore not important, just as long as
they provide ample potential hydrogen bond donors and ac-
ceptors. Here, the interfaces were created by converting the
dummy interface atoms in OPM structure files to NHj3; all

FIGURE 3 The docking protocol. The figure
shows docking on the IC side of 3D4S. Cholesterol
docking poses are shown in green (A—C) or in green
and magenta (D). In (A) and (B), the locations of
the EC and IC interfacial planes predicted by
OPM are shown as red and blue bars, respectively;

in (C) and (D), the interfacial planes have been re-
placed by planes of NH; molecules (ball and stick;
N, blue; H, white). In (A), the top and bottom edges
of the Vina search box are shown by black lines. (A)
shows the results of a single docking run with
default Vina binding parameters and (B) with bind-

ing parameters appropriate for a hydrophobic envi-
ronment. (C) shows the results of a single docking
run with modified binding parameters and the in-
clusion of interfacial planes of NHj;. (D) shows
the three binding poses selected from the first dock-
ing run (green), together with the additional bind-
ing pose selected from the second docking run
(magenta). To see this figure in color, go online.
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docked cholesterols now adopt orientations with their —OH
groups close to the interface (Fig. 3 C).

The docking run shown in Fig. 3 C returned 20 poses, the
maximal possible number. Many of these poses are very
similar, and so poses were sorted into clusters, in this case
giving one cluster of eight poses, five of two poses, and
two single poses. Poses were then filtered on the basis of
tilt angle and the numbers of contact residues (see Methods),
leading to the rejection of nine poses. For the remaining
poses that were in clusters, the pose of highest energy in
that cluster was chosen to represent the cluster. This resulted
in a final selection of three poses (Fig. 3 D). To ensure com-
plete coverage of the surface, four further sequential runs
were performed (see Methods). In this example, the second
run resulted in one more selected pose (Fig. 3 D) with runs
three to five resulting in no further poses. For all GPCRs
studied, the majority of selected poses were found in runs
one and two, with a few in runs three and four and none
in run five, showing that all poses that met the chosen
criteria had been detected.

A comparison between crystallographic
and docking results for 3,AR

Crystal structures for 6 ;AR in the inactive state each
contain between one and three resolved cholesterols, all
on the IC side; docking studies successfully identified 16
of the 17 cholesterols contained in the eight available struc-
tures (Table 1). The cholesterols are located at distinct sites,
two of which are occupied by cholesterol in all but one
structure, the third site being only occupied by cholesterols
in two structures but being occupied by 1-oleoyl-R-glycerol
in three others. Docking to the 3D4S structure identified a
total of four binding sites on the IC side (Table S3), two cor-
responding to the two cholesterol binding sites A and B re-
ported for the 3D4S structure and one corresponding to site
C occupied by 1-oleoyl-R-glycerol (Fig. 1 A; Table 1). In
the SD5A structure, all three sites A—C are occupied by
cholesterol (Fig. 1 B), and docking identifies six sites on
the IC side (Table S3), of which three correspond to the
three crystallographic binding sites (Fig. 1 B; Table S3).
The observation that a cholesterol docks to site C in 3D4S
(Fig. 1 A) shows that docking is able to detect binding sites
for cholesterol even when the site is not occupied by choles-
terol in the crystal. In fact, a cholesterol was resolved at site
C only in the two structures that crystallize in the C121
space group (Table 1); this space group results in a multilay-
ered structure of symmetry-related dimers with site C at the
protein-protein interface (31), suggesting that crystal pack-
ing could be an important factor in resolving cholesterol
at this site. Agreement between the lists of residues making
up the docking and crystallographic binding sites is very
good (Table S3).

rmsd values between docked and crystallographically
resolved cholesterols are higher than would be expected in a
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drug docking study, varying for the structures shown in
Fig. 1 between 0.9 and 2.9 A. These values are, however, com-
parable to rmsd values between corresponding resolved cho-
lesterols in the 3D4S and SD5A structures; after aligning the
two structures, the rmsd values for cholesterols at sites A
and B are 2.6 and 1.0 A, respectively. The high value at site
A is not due to a problem with protein alignment as the
rmsd value between the residues that make up site A (residues
70-115 and 151-166; Table S3) is just 0.7 A. Rather, the
cholesterol at site A adopts a pose in SD5SA with its smooth
A face against the protein surface, whereas in 3D4S, the
cholesterol binds edge-on, even though the residues making
up site A in the two structures are very similar, with 10 residues
in common, the only difference being that Leul55 is also a
part of site A in the SD5A structure (Table S3). These results
are consistent with the idea that cholesterol binding sites are
able to accommodate cholesterols in a range of poses.
Docking results for all 8 $,AR structures containing
resolved cholesterols are given in Table S7, and a cluster
analysis of the poses is shown in Fig. 4, together with a com-
parison with the crystallographic results. In Fig. 4, C and D,
clusters are shown in different colors with the number of
poses in the cluster given in brackets; poses not in clusters
are colored tan. The analysis identifies six clusters on the
EC side and seven clusters on the IC side, three of which
correspond to the crystallographic sites A—C; 87 and 93%
of the poses on the EC and IC sides, respectively, are located
in clusters. A spread of poses is observed in each cluster,
together with differences in the numbers of poses in each
cluster (Fig. 4). Because all eight 3,AR structures are in
the same, inactive state, with highly superimposable TM
a-helices, any particular binding site would have been ex-
pected to be present in all eight structures. The observed
variability in poses turns out to be due in large part to differ-
ences in the protein tilt angles predicted by OPM, these dif-
ferences resulting in changes in the pose giving the most
stable hydrogen bonding interaction with the interface, as
illustrated in Fig. 5 for two ($,AR structures, 3NY8 and
3NYO. Fig. 5 A shows that the pose at site A is different
for 3NY8 (orange) and 3NY9 (green), despite the fact that
the positions of the residues making up the binding site
are superimposable in the two structures. The predicted
membrane interfaces on the IC side are, however, different
for 3NYS8 (tan) and 3NY9 (blue). Fig. 5 B shows that if
the interface for the 3NY9 structure is exchanged for that
of the 3N'YS structure, then the pose (yellow) shifts and be-
comes very similar to that of the crystallographically
resolved cholesterol (magenta) and to the pose for the
3NYS structure in Fig. 5 A. Fig. 5 C shows the protein sur-
face at site A with the crystallographically resolved choles-
terol and the two poses located in a hollow on the IC side. A
larger effect is seen at site d (Fig. 5 D), in which no pose is
observed for 3NY9 until its interface is replaced by that of
3NY8. These results establish that differences in poses be-
tween different crystal structures of a protein in the same
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conformational state are not due to structural differences in
the TM regions but, rather, to differences in predicted inter-
face tilts.

The tilt of the protein relative to the two interfaces as re-
ported by OPM is particularly sensitive to the distribution of
charged residues in the interhelical loops close to the inter-
faces. For 3NY8 and 3NY9, residue differences close to the
interfaces include, on the IC side, the side chain of Glu338,
which adopts a different position in the two structures, and
the side chain of Lys60, which is missing in 3NY9; on the
EC side, the side chain of Lys97 adopts a different position
in the two structures, and the side chains of Trp32 and
GIn299 are missing in 3NY9. To what extent these predicted
differences in protein tilt might be observed in a real mem-
brane is unclear, but MD simulations also show differences
in protein tilt between 3NYS8 and 3NY9 (Memprotmd.bioch.
ox.ac.uk) (32). If thermal motion of protein loops and of the
lipid bilayer results in fluctuations in tilt, the optimal choles-
terol binding pose could vary with time in the manner shown
in Fig. 5. Cluster analysis (Fig. 4, C and D) could then pro-
vide information about the range of possible binding poses
for cholesterol at any given site. If only a single crystallo-
graphic structure is available for a protein, equivalent infor-
mation can be obtained by generating a set of tilted
interfacial planes around the protein. As an example, the
EC and IC interfacial planes around 3D4S were rotated by
5, 0, and —5° around the Chimera x and z axes to generate
nine pairs of planes. Cholesterol docking to these nine struc-

Cholesterol Binding Sites on GPCRs

FIGURE 4 Cluster analysis of poses for 3,AR,
all views being from the EC side. The eight struc-
tures included in the analysis are listed in Table 1.
All structures have been aligned to 3D4S, with TM
a-helices shown and numbered. (A) and (B) show
crystallographic and MD results, and (C) and (D)
show docking results for the EC (A and C) and IC
(B and D) monolayers. In (A), residues on the EC
side identified in MD simulations as being close
to bound cholesterols are shown in pink (E/-E4)
(13,14) or blue (ECI) (16) and in yellow when pre-
sent in both sets of MD simulations. In (B), crystal-
lographically resolved cholesterol molecules on the
IC side are shown in green, located at sites A—C
(Table 1); the number of cholesterols resolved at
a given site is given in brackets. Residues identified
in MD simulations are again shown in pink ({7, 12,
14) (13.14) or blue (IC1, IC2) (16). (C) and (D)
show clusters of poses on the EC and IC sides,
respectively, colored by cluster, with single poses
colored tan. The numbers in brackets give the num-
ber of poses in each cluster, and in (D), clusters cor-
responding to the three crystallographic sites A—C
on the IC side are labeled in capitals with additional
clusters in (C) and (D) in lower case. To see this
figure in color, go online.

tures (Fig. S1) results in a distribution of docking clusters
very similar to that shown in Fig. 4, C and D.

A comparison between crystallographic and
docking results for other GPCRs

The PDB database contains 27 A,4R structures in an inac-
tive state containing resolved cholesterols at four sites on
the EC side (Table S1). Docking results for these structures
are shown in Fig. 6 and Table S1. Of the 51 cholesterols
observed at sites C plus D (Fig. 6 A), all but one are repro-
duced by poses, but of the 27 cholesterols observed at site B,
only one is matched by a pose, and none of the nine choles-
terols at site A have matches (Table S1). All the structures
show type 1 crystal packing with each A,sR molecule sur-
rounded by four symmetry mates within membrane-like
layers (33). In this arrangement, every A, R molecule
forms one parallel and one antiparallel dimer with two of
its neighbors, both involving direct protein-protein interac-
tions. The remaining two neighbors pack to form rows of di-
mers, packing being mediated solely by cholesterols, the
dimer structure being unusual in that packing results in a
zig-zag rather than a planar structure, with each A;sR dis-
placed from its two neighbors (Fig. 7 A). It is also noticeable
in Fig. 7 A that cholesterols occupying sites A and B at the
packing interface are located with their —OH groups well
above the interface plane predicted by OPM, unlike the cho-
lesterols at sites C and D. An analysis of all resolved
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FIGURE 5 Effect of interfacial layer tilt on
docking. (A) and (B) show results at site A for
3NY8 and 3NY9 after aligning the 3NY8 structure
to that of 3NY9. The IC interfaces for 3NY8 and
3NY9 are shown as tan and blue spheres, respec-
tively, together with the crystallographically
resolved cholesterol for 3NY9 (ball and stick,
magenta). In (A), the pose (lines) is shown for
3NYS8 (orange) and 3NY9 (green). Residues close
to the docked cholesterol (within 4 A) for 3ANY9
are colored blue. Residues close to the docked
cholesterol for 3NY8 are colored tan when they
are also close to the docked cholesterol for 3NY9
and yellow when only close to the docked choles-
terol for 3NYS8. (B) shows the effect on poses

cholesterols bound to GPCRs in the PDB database shows
that 74% have their OH groups located within 2.5 A of an
interface. Of the 26% of cholesterols with OH groups
further than 2.5 A from an interface, 81% come from
AR, all from cholesterols at sites A and B; excluding these
molecules, the proportion of cholesterols with OH groups
within 2.5 A of an interface becomes 94%. Site A is also un-
usual in that cholesterols at this site make contact with just
five residues, compared with the average of 10.1 + 1.5 con-
tacts at other sites. Finally, thermal B factors for cholesterols
at site A are unusually large (circa 95 for the SMZP structure
shown in Fig. 7 A); only 9 of the 26 structures show a
resolved cholesterol at site A, whereas all but two show cho-
lesterols at sites B—D (Table S1). These observations suggest
that the dimer arrangement observed in the crystal might not
be observed in a membrane; although A;AR forms oligo-
mers in membrane-like environments, this is dependent on
the presence of the 95 residue-long C-terminal sequence,
which is removed from the construct used in crystallo-
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when the IC interface for 3NY9 is exchanged for
that of 3NYS8. The crystallographically resolved
cholesterol for 3NY9 is shown colored magenta.
The pose for 3NY9 with the 3NY9 interface (as
in (A)) is colored green and that for 3NY9 with
the 3NY8 interface is colored yellow. Residues
close to the docked cholesterol for 3NY9 with
both the 3NY9 and the 3NY8 interfaces are colored
blue. Two residues close to the docked cholesterol
only for 3NY9 with the 3NY9 interface are colored
tan; the single residue close to the docked choles-
terol only for 3NY9 with the 3NY8 interface is
colored orange. (C) shows the protein surface at
site A for 3NY9 colored by surface depth with
cholesterol molecules colored as in (A); the blue
bar shows the position of the IC interface for
3NY9. (D) shows the effect of tilt on docking at
site d (Fig. 4). The pose for 3NY8 is shown in yel-
low (ball and stick), but no pose is observed at this
site for 3NY9. However, after aligning 3NY9 to
3NY8 and replacing the 3NY9 interface with that
of 3NYS, a pose is observed (lines, magenta). Res-
idues close to the docked cholesterol for 3NY8 are
shown in tan and those close to the docked choles-
terol for 3NY9 with the 3NY8 interface are shown
in blue. To see this figure in color, go online.

graphic studies (34). If A,4R adopted a pose in a bilayer
like that observed in the crystal, there would need to be a
thickening of the bilayer close to sites A and B to satisfy
the hydrophobic requirements of the cholesterols at these
sites, but MD simulations (32) provide no evidence for
any such distortion. The simplest explanation for the dock-
ing results is that sites A and B correspond to crystal packing
“artifacts” and that only sites C and D will be observed in a
membrane. As described below, this is consistent with MD
simulations of cholesterol binding.

A cluster analysis of the poses on the EC side of A;4R as-
signs the 134 poses to eight clusters with three poses not as-
signed to a cluster (Fig. 6 C). Three of the clusters contain
26 or 27 poses each, including the two clusters C and D
that correspond to binding sites in the crystallographic struc-
tures. Cluster f is a rather diffuse cluster involving interac-
tions with TM2 and 3, adjacent to the crystallographic
binding site B. On the IC side, 120 poses are assigned to
four large clusters (Fig. 6 D). Docking results for inactive



b(28)

A AR structures crystallized without cholesterol (Fig. S3, A
and B) are very similar to those with cholesterol, except that
for structures without cholesterol, the proportion of poses in
many of the clusters is less. This effect arises from a differ-
ence in the tilt of the interface planes predicted by OPM for
structures with cholesterol, which crystallize in the C222,
crystal form, and those without cholesterol, which crystal-
lize in other forms. All the AR structures in the C222;
form have a fully resolved N-terminus with Pro2 or Ile3 at
the predicted EC interface. However, the most N-terminal
region of TM1 is not resolved in structures in other crystal
forms, structures starting at ca Ser6. This has a marked ef-
fect on the tilt of the EC interfacial plane predicted by
OPM as OPM locates the most N-terminal resolved residue
at the interface. In the C222; crystal form, the N-terminal
Prol makes contact with helix H8 in an adjacent crystal
plane, stabilizing the N-terminal region in a fully extended,
resolvable form; in the other crystal forms, there are no such
adjacent H8 regions. Shortening the N-terminal chain in a
C222; structure and recalculating the OPM plane results
in a tilted plane as observed for the structures in crystal
forms other than C222,. Structures with a short N-terminal
region show distortion of the surrounding bilayer in MD
simulations (32). It is a moot point what the structure of
the full N-terminal region will be in a membrane because
the interaction stabilizing an extended N-terminus in the
crystal will be absent.

Results for the remaining GPCRs containing resolved
cholesterols are listed in Table S2; 16 of the 23 resolved
cholesterols are reproduced in the docking studies. The

¥
d(18)

Cholesterol Binding Sites on GPCRs

FIGURE 6 Cluster analysis of poses for AjsR,
all views being from the EC side. The 27 structures
included in the analysis are listed in Table S1. All
structures have been aligned to 4ELY. (A) and (B)
show crystallographic and MD results, and (C)
and (D) show poses for the EC (A and C) and IC
(B and D) monolayers. In (A), resolved cholesterols
on the EC side are shown in green, located at sites
A-D as given in Table S1; the number of choles-
terols at a given site is given in brackets. Residues
identified in MD simulations as being close to
bound cholesterols are shown in pink on the EC
(IS1, 1S2, h60) and IC (IS3, h56i) sides (17,36).
(C) and (D) show clusters of poses on the EC and
IC sides, respectively, colored by cluster, with sin-
gle poses colored tan. The numbers in brackets give
the number of poses in each cluster, and in (C), the
clusters corresponding to the crystallographic sites
C and D on the EC side are labeled in capitals with
additional clusters in lower case. To see this figure
in color, go online.

dimeric metabotropic glutamate receptor structure shows
six resolved cholesterols, all located at or close to the dimer
interface. Four of these cholesterols are matched in the
docking studies (Table S2); the other two cholesterols
(CLR1902 and 1904) make only small numbers of residue
contacts (4-6), and no poses match these two cholesterols
(Table S2).

Is cross-docking a problem?

AutoDock Vina employs rigid protein structures with no
allowance for ligand-induced conformational changes.
This may not be a problem in “self-docking” studies in
which a ligand is docked into a structure from which that
same ligand has been first extracted. However, it could be
a problem in “cross-docking” studies in which a ligand is
docked into a structure that was not determined in the pres-
ence of the ligand under study (35). For the particular case
of docking cholesterol onto the TM region of a membrane
protein, cross-docking is less likely to be a problem because
the energy well in which a cholesterol binds is not deep, and
considerable movement within the site is possible (Fig. 2).
This is confirmed by the analysis of the docking results
for A,AR at sites C and D on the EC side (Fig. 6). Because
activation of GPCRs results in little change in TM helix
packing on the EC side, it is possible to analyze together
the inactive, active intermediate, and active state structures
of A,,R. The PDB database contains 17 structures for
A, AR with no bound cholesterols, crystallized from deter-
gent either with or without cholesterol, from detergent
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FIGURE 7 (A) The packing interface for A,sR crystallized in the C222,
space group. An A;,R monomer in the SMZP structure is shown (ribbons;
tan), together with the two neighboring molecules that pack to give a layer
structure (ribbons; orange and yellow). A;AR monomers are separated by
cholesterols (spheres) packed at the protein-protein interfaces; the four cho-
lesterols per monomer resolved in this structure are colored by the mono-
mer to which they belong, and binding sites A—D are labeled as in Table
S1. The position of the interface on the EC side as predicted by OPM is
shown by the red bar. (B) The surface of an A,,R monomer is shown on
the EC side of the membrane for the 4EIY structure, with the crystallo-
graphic cholesterol molecule at site B (Table S1) shown in orange (ball
and stick). The pose in cluster f (Fig. 6 C) is shown in blue (ball and stick).
Residues identified as being both part of cholesterol binding site IS2 pre-
dicted in MD simulations (36) and as being adjacent to the pose (blue)
are shown in yellow. Residues that are only part of site /S2 are shown in
light blue, and residues that are only adjacent to the pose are shown in
green. To see this figure in color, go online.

containing cholesterol hemisuccinate, or from a cubic phase
containing cholesterol. Of these, all 17 show a pose at site D
and 14 show a pose at site C (Table S4), providing no evi-
dence for a cross-docking problem.

Eight structures exist for §,AR crystallized from a
cholesterol-containing cubic phase, showing up to three
cholesterol binding sites each (Table 1), but only in two cases
is site C occupied by cholesterol; in three structures, it is occu-
pied by 1-oleoyl-R-glycerol, and in three other structures, the
site is unoccupied. However, poses are observed at site C for
the three structures where site C is occupied by 1-oleoyl-R-
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glycerol (Fig. 1; Table 1) and in one structure (3NYA) where
site C is empty (Table S7). In the remaining two crystal struc-
tures with an empty site C (3PDS and 5X7D), no pose was
observed at the site (Table S7). However, these two structures
show very different tilt angles in the membrane to the other
B>AR structures and show no pose at site B (Table 1), so
that the lack of docking at site C could be due to the unusual
tilt angle. Thus, 3,AR structures also provide no evidence
that cross-docking is a problem.

A comparison between MD simulations
and docking results

The agreement between MD simulations and docking is
generally good, with the docking approach detecting more
of the crystallographically determined binding sites for
cholesterol than the MD approach. MD simulations of
A, AR by the Lyman group (17,36) identified five potential
binding sites for cholesterol (Fig. 6; Table S5). One of these
(h60) corresponds to site C in the crystal structure, but the
other three crystallographic sites for cholesterol were not
identified in the MD simulations. Importantly, however, res-
idues identified near binding sites in the MD simulations
match well to residues close to poses (Fig. 7 B; Table S5).
In particular, both the MD and docking studies detect a
cholesterol binding site on TM?2/3 at the crystal packing
interface close to crystallographic site B (Fig. 7 B), although
neither sites A nor B were detected in either the MD or dock-
ing studies. The fact that both sites A and B were absent
from both the MD and the docking studies supports the sug-
gestion that these sites could be crystal packing artifacts.

Agreement between MD simulations (13,14,16,37) and
docking results is also good for 3,AR (Fig. 4). The MD sim-
ulations of Cang et al. (13,14) detect a site (I2) correspond-
ing to crystallographic binding site C on the IC side, in good
agreement with the docking results. The MD simulations of
Manna et al. (16) detect a site (IC1) corresponding to crys-
tallographic binding site A on the IC side, also in good
agreement with the docking results. On the EC side, Cang
et al. (13,14) and Manna et al. (16) detect a binding site
(E2 and EC1, respectively) that matches residues in docking
clusters f and g (Fig. 4 C). MD simulations by Mahmood
et al. (37) identified two binding sites for cholesterol on
B>AR, one on the EC side and one on the IC side. Neither
correspond to a crystallographic binding site, but the six res-
idues identified as part of the binding site on the IC side
(Vall26, Vall29, Val206, Pro211, Ile214) are all present
in cluster & (Fig. 4 D; Table S7).

MD simulations by Cang et al. (14) for 6;AR (2VT4)
identified six residues on TM6 involved in an interaction
with cholesterol, of which four are part of a docking site
on the IC side, and one is part of a docking site on the EC
side (Table S7). Cang et al. (14) also identified an occupied
CCM motif on §;AR (Lys159, Cys163, Trp166), part of one
of the docking sites on the IC side (Table S7).



A comparison between the docking results for rhodopsin
and opsin and the results of MD simulations is presented in
Table S6. MD simulations were interpreted in terms of
groups of residues that showed preferential interaction
with cholesterol; these groups contained a spread of residues
too wide to correspond to a single binding site (38—40) but
generally map well onto the docking clusters (Fig. S2;
Table S6). MD groups Al, Ci, and DI contain residues
from TM1/7 on the IC side, close to the palmitoyl chains
attached to Cys322 and Cys323, and in simulations, choles-
terol was observed binding between the palmitoyl chains
and the protein surface (40). No equivalent docking poses
were observed (Table S6), presumably because the docking
procedure does not allow the marked deviation in palmitoyl
chain conformation from that in the crystal required to allow
the chain to wrap around a bound cholesterol. However,
group CI contains five additional residues not present in
groups Al and DI, and these residues are close to docking
clusters d and f (Fig. S2, A and B). Five of the eight residues
in group A2 are close to cluster d (Fig. S2 B), and four of the
five residues in group A3 are close to cluster a (Fig. S2 A).
Of the five residues in group B/ and the three in group B2,
all but one are close to clusters b, ¢, and e (Fig. S2, A and B).
Group C2 contains nine residues of which eight are close to
clusters g and & (Fig. S2 B), and group C3 contains just
Tle263, which is close to cluster i on the EC side (Fig. S2
A). Seven of the nine residues in opsin in group D2 are close
to cluster j on the IC side (Fig. S2 F), but the three residues
on TM6 in group D3 are not close to any of the identified
clusters for opsin (Table S6).

Cholesterol Binding Sites on GPCRs

A coarse grain MD simulation of the smoothened recep-
tor using the SL7D structure identified one major binding
site for cholesterol in the TM region, involving residues
276, 279, 283, 286, 312, 313, 316, 317, and 320 (41). This
agrees well with the residues identified for the most energet-
ically favorable binding pose (275, 279, 311, 312, 313, 316,
317, and 320; Table S7).

A comparison between inactive and active
conformations of GPCRs

GPCRs cycle between one or more inactive (basal) states,
observed in the absence of ligands or in the presence of in-
verse agonists or antagonists, and an active state requiring
both a bound agonist and a bound G protein or equivalent;
for some GPCRs, the binding of just an agonist results in an
active intermediate state (42). Binding of inverse agonists
or antagonists results in changes around the ligand binding
site but does not affect packing of the TM helices. In contrast,
activation of a GPCR leads to changes in helix packing on the
IC side with an outward movement of TMS5 and 6 and an in-
ward movement of TM7; helix packing in the active interme-
diate state is intermediate between those in the inactive and
active states (42,43). The largest number of GPCR active state
structures exists for rhodopsin. Activation of rhodopsin leads
to changes in surface topology and changes in the shapes and
sizes of some sites where cholesterol binds (Fig. 8). On the EC
side of the inactive state is cluster a, which contains poses
from 9 of the 11 available inactive structures, but no poses
are present in this region on any of the eight available active

FIGURE 8 Cholesterol binding to inactive
(1U19) and active (2X72) forms of rhodopsin.
Shown are depth-colored surface plots for inactive
(A and B) and active forms (C and D) with the (A
and C) and (B and D) views being related by a
180° rotation. (A) shows a pose on the EC side
(green, ball and stick), part of cluster a (Fig. S2;
Table S5), absent in (C); poses that are parts of
cluster b (magenta, ball and stick; Fig. S2) and
adjacent to TM4 (cyan, ball and stick) on the EC
side are seen at equivalent positions in (A) and
(C). (B) shows a pose on the IC side (green, ball
and stick), part of cluster d (Fig. S2; Table S5),
absent in (D); poses that are parts of clusters f
(cyan, ball and stick) and i (magenta, ball and stick)
on the EC side (Fig. S2) are found at equivalent
positions in (B) and (D). Poses not specifically
mentioned are shown colored tan. To see this figure
in color, go online.

Biophysical Journal 116, 1586—-1597, May 7, 2019 1595



Lee

state structures (Fig S2 A; Table S7); shapes of the hollows
containing cluster a change on activation (Fig. 8, A and C).
Similarly, on the IC side cluster d, which contains poses
from all 11 available inactive structures, disappears on activa-
tion (Fig. S2 B; Table S7), activation again leading to changes
in the shape of the binding region (Fig. 8, B and D). The loss of
binding sites is quite localized, neighboring binding sites be-
ing unaffected (Figs. 8 and S2). The observed disappearance
of the two binding clusters on activation is statistically highly
significant, with p values of 0.0004 and <0.00001 for clusters
a and d, respectively. Opsin has the same TM helix packing as
activated rhodopsin and so, as expected, cholesterol binding
to opsin is very similar to that to activated rhodopsin
(Fig. S2; Table S7).

Inactive, active intermediate, and active structures are
available for A, 4R (Fig. S3). Only two structures are available
for the active state but docking clusters for cholesterol are very
similar for the active and active intermediate states. Conver-
sion from the inactive to the active intermediate state leads
to the loss of a docking cluster on the EC side, in the vicinity
of TM3/4, that contains seven poses from the nine inactive
structures (p value for the change, 0.0019). Activation also
leads to the appearance of a new cluster, between TM4 and
5, containing four poses from the seven active intermediate
structures (p value for the change, 0.029). On the IC side, for-
mation of the active intermediate state leads to the loss of the
cluster, in the vicinity of TM7, that contains five poses from
the nine inactive structures (p value for the change, 0.017).

CONCLUSIONS

GPCRs in mammalian cells are surrounded by membranes
rich in cholesterol. Effects of cholesterol on GPCRs include
an increase in thermal stability, a reduced number of energet-
ically favorable receptor conformations, and changes in
ligand affinity (1). Crystallographic studies identify just a
small number of cholesterol binding sites on the TM surfaces
of GPCRs, whereas MD simulations suggest that cholesterol
molecules can interact with most of the TM surface. An anal-
ysis of GPCR crystal structures by Gimpl (1) showed that
cholesterol binding was not restricted to any particular bind-
ing motif, so that a search for binding sites based on motif is
of limited value. Similarly, the practicability of an MD-based
search for binding sites is restricted by the long simulation
times required to ensure system equilibration (17). Here, a
docking protocol is described that allows the TM surface of
a GPCR to be swept for potential binding sites for cholesterol
in a few minutes on a personal computer. Docking was per-
formed using AutoDock Vina, and docking poses were
filtered to select those with characteristics (number of con-
tacts and binding angle) that matched those of cholesterol
molecules in GPCR crystal structures. The docking approach
identified 89% of the cholesterols resolved in GPCR struc-
tures when cholesterols likely to be crystal packing artifacts
were excluded. Agreement between the docking approach
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and MD studies was good, with the docking approach identi-
fying more crystallographic sites than the MD approach.

Docking results for sets of crystallographic structures of
the same conformational state of a protein varied between
structures but with the docking poses falling into a number
of distinct clusters. For example, for the eight available
structures of 3,AR in the inactive state, the average numbers
of clusters on the EC and IC sides were 4.9 *= 1.7 and
5.3 * 1.1, respectively (Fig. 4). Coloring the 8,AR surface
by depth shows that the clusters are located in hollows be-
tween surface ridges (Fig. S4). This confirms the results of
MD simulations (4,17) that show that cholesterol binding
sites are not deep energy wells into which a cholesterol falls
to occupy a single, well-defined conformational state but,
rather, are “greasy hollows” within which a cholesterol
can adopt a range of binding poses. The most favorable
binding pose for a cholesterol in one of these hollows de-
pends on the angle of tilt of the GPCR in the surrounding
lipid bilayer. The angle of tilt, as calculated by the OPM
database (44), is sensitive to the distribution of charged res-
idues close to the bilayer surface so that the optimal choles-
terol binding pose is likely to be affected by thermal motion,
both of the protein and of the lipid bilayer. If this is the case,
then the range of cholesterol binding poses at a given site, as
shown in Fig. S4, will represent the likely range of thermal
motions for a cholesterol molecule at the site.

Extension of these results to a real biological membrane
is complicated by the possible existence of membrane re-
gions enriched in cholesterol and by competition between
phospholipids and cholesterol for binding to the protein sur-
face. Effects of cholesterol on GPCR function could follow
from binding between TM helices if binding between the
helices restricted their relative motion; this would not
require binding to be highly specific. The observation of
different patterns of cholesterol binding for inactive and
active conformations of GPCRs (Figs. 8, S2, and S3) sug-
gests that the presence of cholesterol could affect the ener-
getics of conformational changes on the GPCRs. Finally, it
has been suggested that the presence of cholesterol could
affect the packing of GPCRs into oligomeric structures (45).

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.03.025.
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