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ABSTRACT By mole, cholesterol is the most abundant component of animal cell plasma membranes. Many membrane pro-
teins have been shown to be functionally dependent on cholesterol, several of which have also been shown to bind cholesterol at
well-defined locations on their membrane-facing surface. In this work, a combination of coarse-grained “Martini” and all-atom
simulations are used to identify two, to our knowledge, new cholesterol-binding sites on the A,5 adenosine receptor, a G-pro-
tein-coupled receptor that is a target for the treatment of Parkinson’s disease. One of the sites is also observed to bind choles-
terol in several recent, high-resolution crystal structures of the protein, and in the simulations, interacts with cholesterol only
when bound to the inverse agonist ZM241385. Cataloguing cholesterol-binding sites is a vital step in the effort to understand
cholesterol-dependent function of membrane proteins. Given that cholesterol content in plasma membranes varies with cell
type and on administration of widely prescribed pharmaceuticals, such as statins, understanding cholesterol-dependent function

is an important step toward exploiting membrane compositional variation for therapeutic purposes.

INTRODUCTION

Of the hundreds of different lipids of distinct chemistry
found in the plasma membrane of an animal cell, cholesterol
comprises the largest fraction, ~20% by mole, averaged
across various cell types (1,2). Locally, the composition
may be significantly higher (3), with the envelope of an
influenza virus containing 50 mol% cholesterol (1), presum-
ably reflecting the location of viral budding. This is in stark
contrast to the composition of other cellular membranes.
The endoplasmic reticulum, for example, has a composition
of perhaps 1 mol% cholesterol (4). Beyond animal cell
membranes, sterols and sterol-like molecules are present
in every cell type that is bounded by a lipid membrane,
including ergosterol (yeast) and hopanoids (plant cells and
bacteria) (4).

Cholesterol-binding motifs have been identified in a
diverse array of membrane proteins (5). The amyloid
precursor protein C99, which is cleaved into pathogenic
AQB-peptide in Alzheimer’s disease, has a “GXXXG”
cholesterol-binding motif (6). The cholesterol recognition
amino acid consensus (CRAC) motif was originally identi-
fied on a benzodiazepine receptor that transports cholesterol
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between mitochondrial membranes (7), and has been found
in many transmembrane segments (8,9), including G-pro-
tein-coupled receptors (GPCRs) (10,11) and ion channels
(12). A similar motif, but with the direction reversed
(CARC motif) has also been reported in both GPCRs and
ion channels (9,12,13). Yet another motif (cholesterol
consensus motif, or CCM) was first identified in a choles-
terol-bound crystal structure of the $2-adrenergic receptor,
a GPCR (14).

In many proteins that contain these motifs, cholesterol-
dependent function is observed (9,12,13). Because of their
importance as drug targets (15), significant efforts in this
area have focused on GPCRs, which are also the focus of
this work. Rhodopsin has long been known to respond to
changes in the membrane (16,17), including cholesterol in
bilayers and sterol derivatives in micelle environments.
Chattopadhyay and coworkers (11) have published exten-
sive biochemical data showing that cyclic adenosine mono-
phosphate signaling induced by the seratonin; 5 receptor is
reduced upon cholesterol depletion in cells, and hypothe-
sized the mechanism to be an interaction mediated by the
CRAC motif (10). More recently, the same group have re-
ported similar results for a bitter taste receptor (18). Using
a G-protein-coupling assay inside giant unilamellar vesicles
reconstituted with seratonin;,, Malmstadt and coworkers
have shown that increasing cholesterol enhances ligand
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binding and accelerates GTP turnover (19). In contrast to
the preceding results, which generally observe enhancement
of function in the presence of cholesterol, a recent
publication reported inhibition of function with increasing
cholesterol (20).

Despite the existence of cholesterol interaction motifs
on these proteins, the mechanism by which cholesterol ex-
erts its functional effects is largely unknown. It may be
that cholesterol interaction motifs serve as sites of allo-
steric regulation (21), perhaps ensuring that the protein
signals with maximal efficiency in specific, cholesterol-
rich locations within the cell. A different, but not mutually
exclusive hypothesis is that the receptor responds to
cholesterol-induced changes in curvature  stress
(16,17,22). Disentangling these two mechanisms is chal-
lenging, in part because hypotheses for direct cholesterol
interaction sites are limited to those identified by structural
and/or sequence analysis. One can imagine developing
mutant sequences designed to disrupt cholesterol interac-
tions, but it is very possible that there are locations not en-
compassed by the known motifs; for example, sites not
observed in any crystal structure or comprised of residues
located on adjacent transmembrane segments, making
them more challenging to identify via bioinformatic anal-
ysis, or sites which are specific to a particular ligation
state. If a receptor has multiple binding sites, only some
of which are known, directed mutagenesis to disrupt
cholesterol interactions followed by cholesterol-dependent
functional assays may produce complex, confounding
results.

Computational methods to predict cholesterol interac-
tion sites, in a blind and unbiased way, are therefore of
great value. Both coarse-grained (CG) and all-atom simu-
lations have had a significant impact on efforts to under-
stand integral membrane protein-lipid interactions. (The
discussion is limited here to GPCRs; see Hedger and San-
som (23) for a comprehensive recent review.) Using Mar-
tini simulations, Chattopadhyay and coworkers (24) have
identified cholesterol interactions on serotonin receptors,
in some cases mediated by the CRAC motif. Several
groups have used all-atom simulations for the same
problem, starting with Grossfield and coworkers (25,26),
focusing on rhodopsin. Lee and Lyman (27) used rela-
tively short all-atom simulations to predict cholesterol-
binding sites on the A,, adenosine receptor (A;aR);
although the more recent, much longer trajectories re-
ported by Cang et al., (28) on the $2-adenosine receptor
suggest that binding at the CCM requires a slow, concerted
rearrangement of side chains. Also studying $2-adenosine
receptor, Neale et al., (29) postulated a role for an anionic
headgroup as an allosteric modulator of protein function,
in which interaction with the ionic lock stabilizes the
active state.

Here, we present two, to our knowledge, new cholesterol
interaction sites that are identified on the A,,R by exten-
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sive, unbiased molecular simulation, including both CG
Martini simulations and 12 us of all-atom simulations ob-
tained on the “Anton2” special purpose supercomputer.
One of these two sites is identical to the location of a
cholesterol in several high-resolution crystal structures
(30-32). A AR is a ubiquitously expressed GPCR that
stimulates cyclic adenosine monophosphate production
(33) and is a target for several therapeutic applications,
including Parkinson’s disease (34,35). Robinson and co-
workers (36) have shown A,4R to be sensitive to choles-
terol in several systems, including micelles, where sterol
derivatives enhance ligand binding, and in CHO and
HEK cells, where results similar to those reported by Chat-
topadhyay and coworkers (11) for the seratonin;, receptor
are observed (A. Robinson, personal communication).
The Malmstadt laboratory has also obtained evidence for
cholesterol enhancement of A;sR activity in giant unila-
mellar vesicles using a G-protein-coupling assay, and
recently reported ligand-dependent partitioning between
different lipid phases, with liganded receptor preferring
the liquid-ordered phase (19). There is also a recent report
demonstrating the opposite effect, namely that cholesterol
inhibits ligand binding to A;AR (20), which is not sup-
ported by our data. Thus, a more complete understanding
of cholesterol-A, 4R interactions is important to both phar-
macological development targeting A;sR and to resolve
the general mechanism of membrane protein regulation
by direct cholesterol interaction.

The use of Martini to identify lipid-binding sites is gen-
eral, and readily applicable to any membrane protein (37).
Cholesterol exhaustively samples the protein surface in
unbiased Martini simulations of A;AR in a lipid/choles-
terol mixture, producing statistically converged choles-
terol density in localized, reproducible locations on the
protein surface. Individual cholesterols interact frequently
with the protein. The duration of interaction events is
found to have a power-law distribution, indicating a broad
distribution of cholesterol-protein interaction strengths.
Thus, although no single event is sufficient to identify
an interaction site, analysis of the ensemble of events ad-
mits “scoring” all the residues on the membrane-facing
surface according to their propensity to interact with
cholesterol. The CG model therefore provides rapid, blind
predictions for cholesterol interaction sites, which are then
available for follow-on all-atom simulations and experi-
mental study. In our results, the two highest ranked loca-
tions from the Martini analysis, located in the inner and
outer leaflets between helices 5 and 6, bind cholesterol
for extended periods of time in 12 us unbiased all-atom
simulations, both when the protein is bound to an in-
verse-agonist, and when no ligand is bound. The all-
atom results provide detailed structural information on
the cholesterol interaction motifs, enabling comparison
to high-resolution crystallographic data and providing tar-
gets for mutagenesis.



MATERIALS AND METHODS
Martini simulation details

The initial coordinates for the protein were based on a high-resolution struc-
ture of AR bound to the inverse agonist ZM241385 (PDB: 4eiy) (31). A
fusion protein (cytochrome b562) present between residues 208 and 219, as
well as the cocrystallized ZM241385 ligand, were removed. The structure
was then converted to a CG representation using the martinize.py script, and
the system was built with the insane.py script (38) (both scripts freely avail-
able from http://cgmartini.nl/). The secondary structure of the protein was
restrained by an elastic network among the backbone sites (39) (cutoff dis-
tance of 0.9 nm with a force constant of 500 kJ/mol ! nmfz), ensuring that
the inactive conformation was simulated. The simulated system consists of
one protein embedded in a palmitoyloleoylphosphatidylcholine (POPC)/
cholesterol (70:30) mixture: protein (305 residues), POPC bilayer (168
lipids) including cholesterols (72 cholesterol (40)), and aqueous phase
(6119 water beads and 9 neutralizing sodium ions). The lipids and protein
were modeled with the Martini CG force field for biomolecules (41,42).
Nonbonded interactions were cut off at a distance r.,; = 1.2 nm. The Len-
nard-Jones potential is shifted from rg,;; = 0.9 nm to r,. The electrostatic
potential is shifted from rg;r = 0.0 nm to ey,

All CG simulations were performed using the GROMACS simulation
package version 5.0.6 (43). The system was energy minimized via steepest
descent followed by a 1-ns integration at constant temperature, pressure,
and particle number using a 10 fs timestep (leap-frog algorithm). The inte-
gration timestep was then increased to 20 fs for a 200 us production simu-
lation, with configurations stored every 500 ps. The protein/bilayer (A,a/
POPC and cholesterol) and the aqueous phase (water and sodium ions)
were coupled independently to external temperature baths at 300 K, using
a Bussi-Donadio-Parinello thermostat (44) with a relaxation time of 1.0 ps.
The pressure was coupled (using the Parinello-Rahman barostat (45)) to an
external bath at 1.0 bar using a relaxation time of 12.0 ps, a semi-isotropic
pressure scheme, and compressibility set to 3 x 107 bar™'.

All-atom simulation details

Initial coordinates were based on the same high-resolution, ZM241385-
bound structure as the Martini simulations (31). Initial coordinates for res-
idues 209-219 were obtained by aligning to the structure of the thermosta-
bilized mutant bound to ZM?241385 (3 pwh), published by Tate and
coworkers (46), and in which the missing residues are resolved. The apo
structure was created by simply deleting the ligand. A symmetric lipid
bilayer containing 504 dipalmitoyl phosphatidyl choline, 132 dioleoyl
phosphatidyl choline, and 273 cholesterol randomly distributed and
solvated with ~55,000 tip3p (47) waters was prepared using the
CHARMMGUI (48), heated to 295 K, and run for 50 ns with NAMD
v2.9 under semi-isotropic constant temperature, pressure, and particle num-
ber conditions using the Langevin piston and temperature coupling method.
The protein was embedded in the membrane by aligning to the OPM data-
base (49) structure of A,AR (also based on PDB: 4eiy) and deleting any
lipid with a significant steric clash. The only components from the crystal
structure that were included were one sodium ion and the ZM241385 ligand
(in the ligand bound case); no cholesterols from the crystal structure were
included. Ten chloride ions were added to neutralize the system. The pro-
tein and lipids were modeled with the CHARMM36 force field (50,51)
and the ligand with the CHARMM general force field (52) with atoms typed
by the ParamChem server (53).

Several equilibration steps were run with NAMD v2.9 (54). The initial
configuration was relaxed by 4000 steps of steepest descent. The protein
backbone was then restrained using a force constant of 2 kcal/mol/A? as
the system was heated to 295 K, reassigning velocities from a Maxwell-
Boltzmann distribution every four timesteps, with the simulation cell
volume allowed to change semi-isotropically via a Langevin piston with a
damping timescale of 0.1 ps and period 0.2 ps (55). An additional 20,000
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equilibration steps were performed, rescaling velocities every 100 steps to
enforce a temperature of 295 K. Finally, the Langevin equation was inte-
grated for 1 ns witha 1.0 fs timestep, followed by 10 ns with a 2.0 fs timestep,
and all covalently bonded hydrogens constrained by SHAKE (56). During all
relaxation steps electrostatics were computed with the particle-mesh Ewald
method (57)ona 1A grid, with a tolerance of 10~ and fourth order interpo-
lation. Lennard-Jones interactions were cut off at 10 A and shifted to zero at
125A ensuring both continuous potential and force.

The equilibrated binary restart files were converted to dms format for
production simulation on Anton2. Force field information was added using
Viparr v4.5.34. Integration was performed under constant pressure (1 atm),
temperature (295 K), and particle number with the multigrator (58) method,
with temperature (295 K) controlled by a Nose-Hoover (59) chain coupled
every 24 timesteps and pressure by the Martyna-Tobias-Klein barostat
(pressure 1 atm, semi-isotropic) coupled every 480 timesteps (60). Electro-
statics were computed using the k-space Gaussian split Ewald method (61),
with long-range interactions computed every third timestep. Lennard-Jones
interactions were cut off at 11 A or greater. (Full details are available in the
simulation configuration file in the Supporting Material.) Both ZM241385
bound and apo simulations were run for 6 us with a 2.5 fs timestep (hydro-
gens constrained by M-SHAKE (62)), and simulation configurations were
stored every 240 ps.

RESULTS

Cholesterol exhaustively samples the protein
surface during Martini simulation, obtaining
converged densities at preferred loci of
interaction

Over the course of the 200 us Martini simulation, the 72 cho-
lesterols completely sample the membrane-facing surface of
the protein, and identify regions of preferred interaction. This
is shown in Fig. 1, in which isosurfaces of cholesterol density
are rendered. The densities were computed on a 0.2 nm
resolution grid using the VolMap plugin to VMD (63), with
each cholesterol site contributing equally to voxel densities.
The isosurface corresponding to five times the bulk choles-
terol density (fop row) shows that the protein surface is
completely sampled by cholesterol. Furthermore, because
the density of cholesterol near the protein is greater than
the bulk, the analysis indicates that the local protein environ-
ment is enriched in cholesterol, consistent with a model in
which cholesterol forms a nearby annular pool (13). A
Voronoi analysis of the first two solvation shells around the
protein is reported in Table 1, based on centers of mass of
lipids and a-carbon atoms of the protein, projected onto the
bilayer midplane (64) (see Fig. S1). The analysis indicates
that this enrichment is confined to the first solvation shell
around the protein, which is enriched on average by slightly
more than two cholesterols and depleted by two POPC, rela-
tive to the bulk concentration. The second shell shows the
reverse trend, being depleted by ~1.5 cholesterols and en-
riched by 1.5 POPC. Note that the enrichment in the first shell
is also asymmetric, with the inner leaflet slightly more en-
riched in cholesterol than the outer leaflet.

Rendering isosurfaces at higher cholesterol density (mid-
dle and lower panels) yields a more stringent criterion, and
reveals locations on the protein surface that may be specific

Biophysical Journal 113, 2415-2424, December 5, 2017 2417


http://cgmartini.nl/

Rouviere et al.

- helix5

N-terminus __...-
(helix 1)

C-terminus

interaction sites. At 10 times the bulk density, preferred loci
of cholesterol interactions begin to emerge. At this level,
comparison of the density between nonoverlapping trajec-
tory segments demonstrates convergence of the sampling
of the protein surface by cholesterol (Fig. S2). Although in-
accuracies in the force field cannot be ruled out, predictions
based on these data do obtain a high level of statistical con-
fidence within the limitations of the model. At 15 times the
bulk density, tightly localized interaction regions are clearly
identified.

Although the cholesterol density indicates converged
sampling, it does not provide a sufficient basis for prediction
of cholesterol interaction sites. This is because any cutoff in
cholesterol density for defining such sites is likely to be arbi-
trary. One could, for example, raise or lower the cutoff to
eliminate or add cholesterol interaction sites to provide bet-
ter agreement with experimental data. A “blind” algorithm
to rank residues according to their propensity to interact
with cholesterol is therefore preferred. A ranking based on

TABLE 1 Number of Cholesterol in First and Second
Solvation Shells in Inner and Outer Leaflets

First Shell Second Shell
Cholesterol (outer) 7.1 (0.2) 7.7 (0.1)
Cholesterol (inner) 8.3 (0.2) 7.6 (0.1)
POPC (outer) 14.4 (0.3) 19.9 (0.1)
POPC (inner) 13.2 (0.3) 20.1 (0.1)

The SEs computed from five nonoverlapping blocks are in parentheses.
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FIGURE 1 Cholesterol density as observed in
Martini simulations. Red wire frame shows isosur-
face of cholesterol density at 5x (A), 10x (B), and
15x (C) the bulk density of cholesterol in a 200 us
Martini simulation of A;sR. Three views are
rendered to show the entire surface, rotated by
120°; helix 1 (cyan), helix 5 (blue), and helix 8
(green) are shown to orient the viewer. Top and
bottom views are shown in the middle panel. To
see this figure in color, go online.

the analysis of all observed individual cholesterol interac-
tion is described below, after a discussion of the nature of
cholesterol interaction events.

Individual cholesterol interaction events are
frequent, with a broad distribution of interaction
times

Several observables were considered as candidates to iden-
tify individual interaction events, including cholesterol
diffusivity and statistical analysis of individual trajectories.
As shown in Fig. 2, the distance between individual choles-
terols and the protein clearly identifies binding events,
visible as regions of reduced fluctuation and close approach
to the protein. To automate the identification of such events
in all 72 cholesterol trajectories, a cutoff distance of 0.63 nm
was defined from the first minimum of the radial distribution
function of the protein surface-cholesterol center of mass
distance, indicated by the horizontal dashed line in Fig. 2.
Periods of time during which this distance falls below the
cutoff are identified as interaction events.

The durations of each event for all cholesterol trajectories
are compiled into a histogram, shown in Fig. 3. Individual
cholesterol-protein interactions span four orders of magni-
tude, and are well-described by a power law (r~'*?) up
to ~1 us, after which the statistical representation of
very long events is not sufficient to obtain a reliable fit.
The broad, power-law distribution of event durations sug-
gests that the free-energy barriers governing the unbinding
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FIGURE 2 Distance to protein surface for a single cholesterol during
a 50 us segment of a 200 us Martini simulation. Interaction events are
visible as periods of close approach and reduced fluctuation. Any
distance <0.63 nm (red dashed line) is identified as an interaction event.
To see this figure in color, go online.

kinetics are themselves broadly distributed (although not
necessarily as a power law), which in turn implies that
cholesterol-protein interactions are very heterogeneous.
Stochastic processes of this type may be described by a frac-
tional Klein-Kramers equation (65). Although the power
law is similar to a one-dimensional first-passage time distri-
bution (t_3/ 2), the correspondence is coincidental. The cut-
off that defines a cholesterol-protein interaction is very
short-ranged, corresponding to direct contact between the
cholesterol and protein.

Scoring residues by binding event duration and
contact number identifies putative interaction
sites

There are 18,459 interaction events in the histogram in
Fig. 3. Most are weak, short-lived, and nonspecific, but
some likely involve well-defined cholesterol interaction
sites on the protein surface. Locations on the protein that
are repeatedly visited by cholesterol are more likely to be
such specific sites, especially if cholesterol dwells at these
locations for an extended period of time, and if a cholesterol
makes multiple contacts with the protein at the same
location.

A residue-based scoring function was therefore devel-
oped that incorporates both locality and duration of
interaction. For each cholesterol, every interaction event
defined by the threshold in Fig. 2 is identified. Events
with durations <1 us are discarded. This cutoff in duration
is arbitrary, as there is no timescale evident in the distribu-
tion in Fig. 3; however, Fig. S3 shows that the ranking of
the residues is insensitive to this parameter, and Fig. S4
shows that it is insensitive to the 0.63 nm distance cutoff.
A score for each residue is accumulated by summing the
number of cholesterol-residue contacts for that residue
during the interaction events with duration >1 us. After
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FIGURE 3 Histogram of cholesterol interaction event durations. A total
of 18,459 events are included, with durations from 10 ns to 25 us. The line
is fit to £~ "°. To see this figure in color, go online.

summing these scores for each residue, they are normal-
ized by the total trajectory duration and the number of
side chain sites in the Martini model for that residue.
Although the absolute value of the score is arbitrary, it
nonetheless ranks the residues by their propensity to
interact with cholesterol.

When rendered on top of the protein structure, the residue
scores identify several putative cholesterol interaction sites,
as shown in Fig. 4. The most highly ranked residues cluster
around a deep cleft between helices 5 and 6. These residues
span both leaflets, and will be referred to as h6o (helix 6,
outer leaflet) and h56i (helices 5 and 6, inner leaflet).
Cholesterol is also found at h6o in every high-resolution
crystal structure of A;AR bound to the inverse agonist
ZM?241385, several of which were obtained by different
methods and by different research groups (30-32).

Cholesterol also interacts with highest-ranked
sites from Martini analysis in all-atom
simulations, revealing additional structural and
dynamic details

Cholesterol also interacts with both h6o and h56i in unbi-
ased all-atom simulations. Two simulations of the receptor,
one bound to ZM?241385 and one apo, each 6 us in duration,
were obtained in a dipalmitoyl phosphatidyl choline/dio-
leoyl phosphatidyl choline/cholesterol mixture. The choice
of receptor states was motivated by recent experimental
work indicating a difference in lipid-protein interactions
upon ligand binding (N. Malmstadt, personal communica-
tion). A single cholesterol remains tightly bound to h56i
throughout the entire ZM?241385 trajectory; in the apo
trajectory a cholesterol occupies h56i continuously for
2.6 us. An illustrative configuration in Fig. 5 A from the
apo trajectory shows several residues that form the h56i
interaction site. Note the presence of a lysine positioned
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A

to interact with the hydroxyl, a common feature in other
cholesterol interaction motifs, including the CRAC and
CCM. Note also that the site is positioned between helices
5 and 6, and therefore definition of the site requires superim-
posing the sequence on top of the structure; identifying the
residues of the interaction site on the basis of sequence
alignment alone would be challenging.

A map of the distance of each residue to the nearest atom
of any cholesterol (Fig. 5 B) reveals the difference between
transient encounters and long-lived interaction events. Inter-
action events entail the close approach to several residues
simultaneously; when this occurs, the interaction is main-
tained for a significant period of time. An interaction event
observed during the apo receptor simulation is used to illus-
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FIGURE 4 Cholesterol interaction scores for
every residue, rendered on the membrane-facing
surface (A) and a snake plot (B). Blue indicates
no interaction with cholesterol, red indicates a
high probability for cholesterol interaction. Inset
of (A) shows the middle row from Fig. 1, to orient
the viewer and to facilitate comparison to choles-
terol densities. The highest-ranked locations are
referred to in the text as h56i and h6o, and appear
in the far right image. In (B), the residues of h6o
are indicated as diamonds, and h56i as squares.
To see this figure in color, go online.

trate the point, as during the ZM241385 trajectory a single
cholesterol remains bound throughout the entire simulation
(Fig. S5). Fig. 5 B also shows that Leul91 and Leul94 are
always in contact with a cholesterol, even when a single
cholesterol is not bound to the h56i. These residues were
among the most highly scored in the Martini analysis, as
shown in Fig. 4 B.

Cholesterol is dynamic even when tightly interacting with
the protein, frequently rotating about its long axis. This
behavior is evident in a 200 ns portion of the apo receptor
interaction event detailed in Fig. 5, and shown in Movie
S1. Although this is in contrast with the conventional view
of ligand binding, in which the ligand is expected to occupy
a well-defined binding pose, small ligands are also observed

FIGURE 5 Snapshot showing disposition of
cholesterol with h56i in all-atom simulation (A),
and distance between cholesterol and h56i residues
during all-atom simulation (B). Cholesterol (yel-
low) interacts with h56i in all-atom simulations of
both ZM241385-bound and apo (shown). Note the
position of K233, interacting with the hydroxyl,
shown in red. The methyl groups of the (§-face of
cholesterol are shown in black. (B) shows the dis-
tance between each heavy atom of selected side
chains and the closest atom of any cholesterol (in
nm, scale bar on the right). Although many choles-
terols make transient contacts with some residues of
h56i, a binding event (black arrow) appears as a

3
time (usec)
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sustained, close approach of several structurally
contiguous residues. The sequence is indicated at
the left, the protein backbone is indicated by the
dashed line, and the side chains by the solid vertical
lines. To see this figure in color, go online.



to be quite dynamic when bound to the orthosteric binding
pocket of A;AR (66).

Cholesterol also interacts with h6o in both trajectories.
Fig. 6 B shows the distance between the closest of all choles-
terol atoms and the residues of h6o during the ZM241385
bound trajectory. Two distinct cholesterol binding events
are apparent, indicated by the simultaneous close approach
of a cholesterol to all residues of h6o; these events are
marked by two sets of black arrows. That these events are
interactions with single cholesterols is easily verified by vi-
sual inspection, as shown in Fig. 6 A and Movie S2. That
these binding events are also dynamic is clear from Movie
S2. In contrast, cholesterol only interacts with h6o during
the first 250 ns of the apo trajectory (Fig. S6). At other times
during the apo trajectory, cholesterol makes transient con-
tacts with some of the residues, but it never binds all the res-
idues of the site simultaneously after the first 250 ns. In
particular, it never forms a sustained interaction with hy-
droxyl of S263. In a third simulation of the receptor bound
to the agonist NECA, there is no interaction of cholesterol
whatsoever with h6o, as shown in Fig. S7.

Although the trajectories of the receptor in three different
states are suggestive of a ligand-dependent interaction of
cholesterol at h6o, none of the cholesterol-binding events
appear to be connected to obvious conformational changes
in either the global structure, or the individual helices.
This is shown in Figs. S8 and S9, which show overall
conformational landscape of the protein, and the root
mean square deviation of individual helices during the apo
and ZM?241385-bound simulations. Comparison of the helix
root mean square deviations in particular and the choles-
terol-binding events does not reveal any change in helix
5 or 6 upon cholesterol binding or unbinding. Thus, we
expect that ligand-dependent preference for cholesterol is
“built in” to the initial structure.

The two cholesterol-binding sites are located in the same
region of the protein, but in opposite leaflets, with Leu247
located near the bilayer center and positioned to interact
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with cholesterols in either leaflet. The motif of h56i is
similar to other sites reported on GPCRs: it occupies a
groove between helices 5 and 6, and has a Lys positioned
to interact with the headgroup of cholesterol. In contrast,
hé6o is not located in a groove between helices, and instead
is located mainly on helix 6, and has a serine located on
extracellular loop 3. Interacting with the hydroxyl on
cholesterol, the serine takes the place of the lysine that is
often found on cholesterol-binding motifs.

DISCUSSION

CG simulations of the A,,R with Martini show the local
environment of the protein to be enriched in cholesterol,
and identify areas on the protein surface that prefer interact-
ing with cholesterol over other lipids. A residue-based
scoring function that rewards protein-cholesterol contacts
and the duration of interaction identifies two cholesterol
interaction sites. The first, h56i, is located between helices
5 and 6 in the inner leaflet, and the second, h6o, is located
on helix 6 in the outer leaflet.

A total of 12 us of unbiased all-atom simulations of the
receptor in two different ligation states (apo, and bound to
the inverse agonist ZM241385) strongly support the interac-
tion of cholesterol at these locations, with cholesterol inter-
acting at both locations in both trajectories; in one case, a
cholesterol remains bound at h56i for the entire 5 us trajec-
tory. The all-atom data reveal the interactions to be dy-
namic, with the cholesterol free to rotate about its long
axis even when associated closely with the interaction sites.
In addition, the interaction of cholesterol at h6o is strikingly
similar to several recent high-resolution crystal structures of
AsAR bound to ZM?241385, in which cholesterol is found
at the same location, interacting with the same residues
(30-32). Recently, Guixa-Gonzalez, et al. (20) proposed
that cholesterol may access the orthosteric-binding site
from the same location. We do not observe spontaneous
entry of cholesterol in 17 us of AA simulation.

FIGURE 6 Snapshot showing disposition of
cholesterol with h6o in all atom simulation (A),
and distance between cholesterol and h6o residues
14  during all-atom simulation (B). A snapshot of
cholesterol interacting with h6o in the all-atom
simulation of the receptor bound to ZM241385 is
shown in (A). All labeled residues are also observed
to interact with cholesterol in several crystal struc-
0.8 tures of the receptor bound to ZM241385. Note
the position of S263, interacting with the hydroxyl,
shown in red. The methyl groups of the 3-face are
shown in black. (B) shows the distance between
the nearest cholesterol atom and each heavy atom
0.2 of the residues (in nm, scale bar on the right) indi-

time ( useC)

cated in the (A) over the entire simulation. Two
interaction events are indicated with horizontal
black arrows, the backbone of the protein is indi-
cated with dashes, and the side chains with solid ver-
tical lines. To see this figure in color, go online.
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Prior work, both simulation (20,21,26,67,68) and experi-
mental (10,14,18), on cholesterol-GPCR interactions has
often focused on a single interaction site, whether it is the
CRAC motif or the CCM. This is logical, as these were
the only known cholesterol interaction sites, identified
through a combination of crystallography, bioinformatic
analysis, and functional studies. After earlier, unbiased sim-
ulations of cholesterol A,sR interactions (27), our results
suggest that cholesterol interaction sites on single GPCRs
may be more numerous than previously thought, with a
broad distribution of interaction times. This should be taken
into account when designing experiments and interpreting
cholesterol-dependent functional data, as changing the
bulk cholesterol concentration will change the occupancy
of all cholesterol interaction sites. Thus, a catalog of all
cholesterol interaction sites on the protein would be of great
use in designing mutants to test the functional consequences
of direct cholesterol interactions.

Although anecdotal, the all-atom data suggest that
cholesterol interaction at h6o is favored when the receptor
is in the inactive state. Cholesterol is observed to interact
at this location in the ZM241385-bound receptor, but not
when bound to the agonist NECA. The apo simulation
was initiated from the ZM241385 structure by deleting
the ligand, and therefore is expected to retain a memory
of the inactive state. In this case, cholesterol briefly binds
h6o in the beginning of the simulation, but then does not
interact during the remainder of the simulation. High-reso-
lution structures of the receptor have cholesterol at this loca-
tion, and all of these structures are bound to the inverse
agonist ZM241385.

A related function of cholesterol interaction sites may be
to couple trafficking/localization and function, especially
given that there seem to be multiple cholesterol interaction
sites on A,sR. These appear to be relatively low affinity in-
teractions, with the consequence that they will not be occu-
pied by cholesterol when the protein is inserted into the
membrane of the endoplasmic reticulum, and only bind
cholesterol once the protein is located in a higher cholesterol
environment, perhaps ensuring that the protein signals after
being trafficked to the plasma membrane.

Our results suggest that GPCRs may possess several
cholesterol interaction sites, which may interact with
cholesterol in a ligand-dependent way. An exhaustive cata-
log of putative cholesterol interaction sites should be of
great value, in tandem with experimental tests of choles-
terol-dependent function. Work is ongoing to experimen-
tally test the sites reported here for their effect on
cholesterol-dependent signaling.

SUPPORTING MATERIAL

Supporting Materials and Methods, nine figures, and two movies are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)
31070-6.
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Supporting Materials and Methods

Anton? final.ark file (full simulation configuration)

anton {

chem {
Escale = "1000"
Fscale = "1000"
Tempmax = "350"
average dispersion_ type = "manual"
r over_ sigmamin = "0.55"
rmin = "0.5"
useries {

accuracy_ level = "-1"

}

}

tune {
Bumpiness = "1.72362525504993691072"
SubeXeS = ["8" "4" "4" ]
VirtualSubboxes = ["8" "4" "4"]
checkpoint {

first = "0"

minutes = "2"

on_last timestep = "true"
outdir =

"/anton2fs/raw/lymane/prot2 prod/workdir/jobsteps/000020-
00018868 /checkpoint.atr”

}
development {
icb {
max_pos_queue_size = "1024"
}
}
energy {
format = "etr"
interval = "240"
outdir =

"/anton2fs/raw/lymane/prot2 prod/workdir/jobsteps/000020-
00018868/energy.etr"

}
engine {
derived {
double buffer htis queues = "true"
}
migration {
channels = "16"
interval = "9"



offset = "-1"

}
}
htis {
Tiles = ["1" "2" "1"]
cs {
StoredSetReplication = "1"
Subboxing = ["1" "1" "1"]
}
fi {
StoredSetReplication = "1"
Subboxing = ["2" "1" "1"]
}
mid {
StoredSetReplication = "1"
Subboxing = ["2" "1" "1"]
}
}

jobstep wallclock = "60.0"
last _time = "6000000"

machine size = ["4" "4" "8"]
max_strain = "0.1"
optional {

bootframeset =

"/anton2fs/raw/lymane/prot2 prod/workdir/jobsteps/000019-
00018817/checkpoint.atr"
bootframeset neartime = "5799840.0"
strain free system size = ["154.79" "138.75" "121.38"]

}

trajectory {
interval = "240"
mb_per file = "100"
outdir =

"/anton2fs/raw/lymane/prot2 prod/workdir/jobsteps/000020-
00018868/run.dtr"

}
}
}
boot {
file = "/anton2fs/raw/lymane/prot2 prod/workdir/prot2 wff.dms"
}
force {
nonbonded {
average dispersion = "0"
electrostatic {
type = "useries"
}
far {
n k = ["64" "64" "64"]
r spread = "9.05629019737243545762"
sigma s = "2.09060048085864913503"
}
r cut = "9.0572901973724349034"
type = "vdw-elec"

vdw_r cut = "9"



}
}
integrator {
Multigrator {
barostat {

MTK {
T ref = "295.00"
tau = "0.0416667"

thermostat {
NoseHoover {
chain {
mts
tau =

"0.0416667"]

}
}
type =
}
}
interval = "480"
type = "MTK"
}
nve {
type = "Verlet"
}
thermostat {
Antithetic {
use molecular ke =
}
NoseHoover {
chains =
mts
tau =
}

use molecular ke =

[{
lllll

}

interval = "24"
type = "NoseHoover"

}

dt = "0.0025"

pressure {
isotropy = "semi isotropic"
p ref = "1.0"
tension_ref =

["O-" "Oo"

}
remove_com _motion = "true"
respa {

bonded_interval = "1"

[".0416667"

"0-"

ll4ll
["0.0416667"

"0.

"NoseHoover"

"true"

".0416667" "

"true"

"0-" "0."

nonbonded far interval = "3"
nonbonded near interval = "1"

}

temperature = [{
T ref = "295.00"
}]

"0-

0416667"
.0416667"]
n IIO.Il IIO.

"0."]



type = "Multigrator"

}

jobengine {
local preprep = "1"
skip preprep = "0"



Supporting Results

Figure S1. Example Voronoi construction for one leaflet, showing POPC (red) and
cholesterol (yellow) around A2aR (gray).



0-10 ps 0-20 ps 0-33 s 33-66 s 66-99 s
Figure S2. Convergence of cholesterol densities during 100 psec Martini simuation.
Wireframe indicates cholesterol density at least 10x the bulk density.

Figure S3. Residue ranking is insensitive to the definition of the interaction
timescale, provided it is at least 500 nsec. The heatmap showing the score of each
residue is shown for four choices of the cutoff time for defining an interaction event:
100 nsec (panel A), 500 nsec (panel B), 1,000 nsec (panel C), 2,000 nsec (panel D).

gt

Figure S4. Residue ranking is insensitive to the definition of the cutoff distance for
defining a cholesterol/protein contact. The heatmap showing the score of each
residue is shown for three choices of the cutoff distance for defining an interaction
event: 0.55 nm (panel A), 0.65 nm (panel B), 0.70 nm (panel C).
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Figure S5. Interaction of cholesterol with h56i in all atom simulation of ZM241385 bound
receptor. The distance between each heavy atom of selected sidechains and the closest atom
of any cholesterol (in nm). Though many cholesterols make transient contacts with different
residues, in this trajectory a single cholesterol remains bound throughout the entire
trajectory. The sequence is indicated at the left, the protein backbone is indicated by the
dashed line, the sidechains by the solid vertical lines.
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Figure S6. Interaction of cholesterol with h6o in all atom simulation of the apo receptor.
The distance between each heavy atom of selected sidechains and the closest atom of any
cholesterol (in nm). Many cholesterols make transient contacts with different residues, in
this trajectory the only binding event occurs during the initial 500 nsec of the simulation.
The sequence is indicated at the left, the protein backbone is indicated by the dashed line,
the sidechains by the solid vertical lines.
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Figure S7. Interaction of cholesterol with h6o in all atom simulation of the NECA
bound receptor. The distance between each heavy atom of selected sidechains and the
closest atom of any cholesterol (in nm). Many cholesterols make transient contacts with
different residues, in this trajectory the only binding event occurs during the initial 500
nsec of the simulation. The sequence is indicated at the left, the protein backbone is
indicated by the dashed line, the sidechains by the solid vertical lines.



time(usec)

time(usec)

time (usec)

Figure S8. Conformational landscape of apo simulation. The left panel shows the RMSD
matrix of the all atom apo simulation. The right panel shows the RMSD of each of the
transmembrane helices. The entire transmembrane bundle is used as a reference for
alignment in the left panel, so that relative motion of helices is captured.
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Figure S9. Conformational landscape of the ZM241385 bound simulation. The left
panel shows the RMSD matrix (backbone heavy atoms) of the all atom ZM241385 bound
simulation. The right panel shows the RMSD (backbone heavy atoms) of each of the
transmembrane helices. The entire transmembrane bundle is used as a reference for
alignment in the left panel, so that relative motion of helices is captured.



Movie M1. 200 nsec portion of the all-atom simulation of the apo receptor, showing
cholesterol bound to h56i. See caption of Fig. 5 for explanation of rendering scheme.

Movie M2. 200 nsec portion of the all-atom simulation of the ZM241385-bound receptor,
showing cholesterol bound to h6o. See caption of Fig. 6 for explanation of rendering scheme.
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