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An allosteric ligand is bound at the
transmembrane site of CB1R

ABSTRACT: A growing number of G-protein-coupled receptor
(GPCR) structures reveal novel transmembrane lipid-exposed pope
allosteric sites. Ligands must first partition into the surrounding P
membrane and take lipid paths to these sites. Remarkably, a !
significant part of the bound ligands appears exposed to the
membrane lipids. The experimental structures do not usually

account for the surrounding lipids, and their apparent contribution

A complete binding site includes
the membrane lipids

ORG27569 (Porc))
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The bound ligand is significantly
exposed to the membrane lipids
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to ligand access and binding is often overlooked and poorly §0 PN ol Norlr par
understood. Using classical and enhanced molecular dynamics “; P%s;;;;f!{ﬂ S bt o oo o1fece groa

simulations, we show that membrane lipids are critical in the access
and binding of ORG27569 and its analogs at the transmembrane
site of cannabinoid CB1 receptor. The observed differences in the binding affinity and cooperativity arise from the functional groups
that interact primarily with lipids. Our results demonstrate the significance of incorporating membrane lipids as an integral
component of transmembrane sites for accurate characterization, binding-affinity calculations, and lead optimization in drug
discovery.

B INTRODUCTION

Membrane proteins such as G-protein-coupled receptors
(GPCRs) and ion channels constitute therapeutic targets for
more than 50% of the FDA-approved drugs.'”> Recent
developments in the structural biology of integral membrane
proteins, such as advances in X-ray crystallography, cryo-
electron microscopy (cryo-EM), protein stabilization techni-
ques, and the use of lipid nanodisc approaches, resulted in an
increasingly large number of structures in complex with
agonists, antagonists, and allosteric modulators.”> Remarkably,

approximately 40—55% of their nonpolar SASA was exposed to
the membrane lipids, whereas a large part (50—90%) of their
polar SASA was buried within the sites.” These findings raise
an important question on the exact contribution of lipids
toward the binding affinity of ligands. Lipids appear to actively
participate in the ligand-binding process at these sites and thus
seem to potentially affect the dissociation rates (k.;) and
residence time."> Importantly, to reach transmembrane lipid-
facing sites, a ligand must first partition into the membrane and
take lipid-mediated paths. Therefore, the local membrane
concentration of the ligand, determined by its relative affinity

many structures offer unprecedented details on the existence of
transmembrane allosteric sites that can be reached only by
lipid paths.°”® These transmembrane allosteric sites appear to
have significantly different characteristics from druggable
orthosteric binding sites that are typically accessible from the
aqueous phase. The geometrical and physicochemical features
of these shallow pockets, such as volume, compactness,
solvent-accessible surface area (SASA), and distribution of
polar and nonpolar residues, do not entirely conform to the
typical characteristics of druggable sites.””'* For lipid-facing
transmembrane sites, binding of ligands often does not involve
desolvation or removal of water molecules from the site but is
preceded by the relocation of lipids that are directly in contact
with the site residues. Most fascinatingly, ligands bound at
these sites remain significantly exposed to the membrane lipids.
A recent study showed that for a set of allosteric ligands bound
at the transmembrane sites of class A and class B GPCRs,
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for the membrane versus the aqueous phase, and the actual
volume of the membrane containing the ligand would affect
the association rate (k,,) of the binding process and thus the
overall binding kinetics.'®~"*

Membrane lipids have been shown to actively participate in
the access and binding of ligands to transmembrane orthosteric
and allosteric sites of many integral membrane proteins. This
topic has been extensively discussed in recent reviews.”* Lipid
pathways have been described for several ligands binding to
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Figure 1. Orthosteric and allosteric binding sites of CB1R. (A) Extracellular view of the orthosteric and allosteric sites of CB1R (PDB ID 6KQI).
Important orthosteric site residues §173%%, V196332, 1267512, W356%4%, and $3837°, are shown in licorice representations (yellow). The CB1R
agonist, CP55940 (purple), is shown in the orthosteric site, while the allosteric NAM, ORG27569, is shown in combined licorice and surface
representations (light blue). (B) Membrane view of the orthosteric and allosteric binding sites of CB1R. Some of the key allosteric site residues,
H154*%, G157*%, V161>, v234*%, and W241*%, are shown in the licorice representation (magenta). ORG27569 is shown in light
representation (light blue), while the agonist is shown in combined licorice and surface representations.

various GPCRs such as cannabinoid,'"”™>" sphingosine-1-
phosphate,”” rhodopsin,” protease-activated receptor-1,>* 2
adrenergic receptor,zs’26 dopamine D3,” angiotensin II
receptor type 1,”° and P2Y purinoceptor 1°° indicating a
crucial role of the membrane in enabling access to receptor
binding sites. The plasma membrane can act as a “reservoir” or
“depot” for lipophilic and amphiphilic drugs, such as
salmeterol, a f2 adrenergic receptor agonist, which on
dissociation, partitions back into the membrane, enabling
rebinding and thereby prolonging the duration of action.”**
The lipid bilayer has also been shown to “preconfigure”
molecules in the orientation and conformation favorable for
binding by reducing the dimensionality of the ligands as it
takes a two-dimensional lateral diffusion route to access the
binding sites.””*"**

Recently, a crystal structure of cannabinoid CB1 receptor
(CB1R) was reported with an agonist, CP$5940, bound to the
orthosteric site and a negative allosteric modulator (NAM),
ORG27569, bound to a lipid-facing extrahelical transmem-
brane site located near the inner leaflet of the membrane®
(Figure 1 and Supporting Table S1). This extrahelical allosteric
binding site is located between transmembrane helices (TMH)
1, 2, and 4 and overlaps with the conserved cholesterol-binding
site observed in many GPCRs. Surprisingly, a significant part of
the NAM, ORG27569, in its crystal-bound mode, is exposed to
the membrane environment and in direct contact with the
membrane lipids, suggesting a critical role of the surrounding
lipids in stabilizing the ligand at the binding site. Since the
discovery of ORG27569 in 2005,>* several ligand-based
structure—activity relationship (SAR) studies® " have been
carried out to identify functional groups that are critical for the
allosteric activity and substitutions that affect the receptor
binding affinity (Supporting Table S2). It is important to note
that these (SAR) studies were conducted without the
knowledge that ORG27569 binds to the transmembrane
allosteric site. In addition to the binding affinity (the

equilibrium dissociation constant, Ky), these studies also
reported the cooperativity factor (), a parameter quantifying
the effect of allosteric modulators on the binding affinity of the
agonist at the orthosteric site. @ values greater than 1.0 indicate
that the allosteric modulator increases the agonist binding
(positive allosteric modulation).

In this study, using classical and enhanced molecular
dynamics (MD) simulation techniques, we show that the
membrane lipids are an integral part of the transmembrane
allosteric site of CB1R and significantly contribute to the
access and binding of ORG27569 and its structural analogs.
The obtained results reveal that the experimentally observed
differences in the binding affinity and cooperativity among the
studied compounds may, at least in part, arise from the
differences in functional groups that largely interact with the
lipids. The binding free energies calculated using the molecular
mechanics Poisson—Boltzmann surface area (MMPBSA)
method provide valuable insights into the contribution of
individual binding site residues and lipid molecules toward the
binding affinity.

B RESULTS

Transmembrane Allosteric Site Has Significantly
Different Physicochemical Properties and Lower
Druggability than the Orthosteric Site. The cannabinoid
CBI1 receptor (CBIR), like other class A GPCRs, has a well-
defined and deeply embedded orthosteric binding site located
at the center of the transmembrane helices (Figure 1A). When
not occupied, the binding pocket is solvated with water and is
generally accessible to ligands from the extracellular aqueous
bulk solution. The binding of ligands should be preceded by
the desolvation of water molecules from the site and the
ligands. In contrast, the lipid-facing extrahelical allosteric site
(where ORG27569 binds) is located between and around
TMH 1, 2, and 4, near the core and lower leaflet of the bilayer
(Figure 1B). In the ligand-free state, this site is occupied by

https://doi.org/10.1021/acs.jmedchem.2c00946
J. Med. Chem. 2022, 65, 12240—12255


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c00946/suppl_file/jm2c00946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c00946/suppl_file/jm2c00946_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00946?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00946?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00946?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00946?fig=fig1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

membrane lipids. A ligand must first partition into the
membrane and take a lipid path to reach this site. Also, the
binding of ligands at this site involves the removal of the lipid
molecules that occupy the site. The difference in the locations,
geometry, and (de)solvation characteristics of the orthosteric
and transmembrane allosteric pockets are intriguing. To
quantify the differences, we used fpocket® to calculate the
various properties of these binding sites (Supporting Table
S3). The orthosteric site had a high druggability score (0.9) as
well as large volume and solvent-accessible surface area
(SASA), typical characteristics of druggable binding sites.
However, notably, the allosteric site had a low druggability
score (0.1) and smaller values for descriptors such as pocket
volume and SASA. The druggability score, which assumes any
numerical value between 0 and 1, indicates the likelihood of a
binding pocket being druggable by small-molecule ligands.
This druggability score is calculated by a logistic regression
function using the pocket descriptors such as the normalized
mean local hydrophobic density, the residue-based mean
hydrophobicity score, and the normalized polarity score.
Further details on the score can be found elsewhere."’

The motivation and rationale for this study came from the
fact that this transmembrane binding site would typically be
classified undruggable considering merely the binding site
residues, and therefore, membrane-exposed pockets warrant
cautious calculation and interpretation of the characteristics to
determine their druggability. Importantly, access and binding
of a ligand to this transmembrane site involves the partitioning
of the ligand into the membrane and gaining accessibility near
the site as a first step, followed by eviction of lipids from the
site, and finally, occupation of the site by the ligand. Despite
eviction from the site, the lipids are in close contact with the
bound ligand and potentially contribute to its binding and
stability at the site. Using the cannabinoid CBI1 receptor—
ORG27569 complex as a model system, we attempted to
elucidate this complex interplay between the receptor, ligand,
and the membrane lipids, providing mechanistic insights into
the role of the membrane in the ligand access and binding
processes to the transmembrane lipid-facing site. Specifically,
we determined the membrane partitioning characteristics,
examined the receptor access paths, binding orientations, and
molecular interactions of ORG27569, and quantified the
contribution of lipids to ligand binding and stability.

ORG27569 Preferentially Localizes near the Core of
the Bilayer. ORG27569 is a highly lipophilic molecule with a
calculated logP value of 5.89 (using Bioloom") and a
relatively small topological polar surface area (TPSA = 48.1
A?) for a ligand with 29 heavy atoms. ORG27569 contains two
H-bond donors and two H-bond acceptors and is flexible with
six rotatable bonds (Supporting Table S1). We examined the
membrane partitioning characteristics, such as the energetically
favorable bilayer location, orientation, and conformation of
ORG27569 (Figure 2A), using a combination of steered
molecular dynamics and umbrella sampling (see the Methods
Section for details). The potential of mean force (PMF) curve,
which provides the free energy of solvation of the ligand into
the membrane, indicates that ORG27569 has a highly
favorable free energy of partitioning (~—8 kcal/mol) from
the aqueous phase to the membrane (Figure 2B). Also, the
presence of a negligible energy barrier for crossing the
membrane core (at Z = 0 A) indicates that the ligand can be
found in both leaflets with equal probability. The free energy
minimum for the center-of-mass (COM) of ORG27569 is

PMF of ORG27569
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Figure 2. Membrane partitioning characteristics of ORG27569 in a
model membrane bilayer made of POPC and cholesterol. (A) Two-
dimensional (2D) structure of ORG27569 with the heteroatoms
labeled. (B) Potential of mean force (PMF) curve indicates the
energetically favorable location for the center-of-mass of ORG27569
around the bilayer core. The favorable location of ORG27569
corresponds to the vicinity of the allosteric binding site. (C) Time-
average preferred orientation of ORG27569 within the bilayer. The
head part (indole ring) of ORG27569 is mostly located near the
bilayer headgroups, whereas the tail part (piperidinyl-benzyl frag-
ment) is deeply embedded within the lipid alkyl tails, reaching out to
the membrane core. The various lipid components are shown, with
the alkyl lipid tails represented as lines in gray color and the
headgroups, including phosphorus atoms of the phosphate, oxygen
atoms of the glyceryl carbonyl, and nitrogen atoms of the choline
represented as balls in olive green, red, and blue colors, respectively.
(D) Extent of ligand atoms’ contact with the various lipid components
was calculated as percentage occupancy, indicating the fraction of the
simulation time during which an atom is at least within 4 A of the
lipid group. The atoms from the tail and middle parts (N1, N2, and
O1) are mostly in contact with the lipid alkyl tail, whereas the atoms
from the head part (Cl and N3) are located near the headgroups.
Cho—Choline, Pho—Phosphate, Gly—Glycerol, and Alk—Alkyl.

located at 1Z,,| ~ 2 A from the bilayer core, which
corresponds to the vicinity of the allosteric site. At this
preferred location, ORG27569 assumes orientations in which
the head part (indole ring) is near the polar headgroups of the
bilayer and the tail part (piperidinyl-benzyl rings) is around the
membrane core (Figure 2C). As ORG27569 contains six
rotatable bonds and is flexible, we wanted to assess the ligand’s
most preferred conformation. To account for the ligand
flexibility, the internal angle of the ligand was calculated
between two vertices formed by the head and tail parts using
the amide nitrogen as the intersecting point. In most of the
simulation frames analyzed, the internal angle is around 120°
indicating a relatively extended conformation (Figure S1). We
further investigated the molecular interactions of the ligand
with various lipid functional groups as contact occupancy of
the ligand’s heavy atoms representing both head and tail parts
(Figure 2D). The ligand—lipid contact occupancy calculates
the fraction of the simulation time during which a given atom
is within 4 A of the lipid functional groups such as choline,
phosphate, and glyceryl oxygens (of the lipid head) and alkyl
carbons (of the lipid tail). Consistent with the ligand
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Figure 3. Free energy surface (FES) depicts the access and binding of ORG27569 to the cannabinoid CB1 receptor (PDB ID 6KQI) using well-
tempered metadynamics (WT-metaD). The free energy in kcal/mol was characterized using two collective variables: (1) distance between the
center-of-mass (COM) of the ligand and the COM of the binding site residues in nm (x-axis) and (2) internal angle of ORG275697 in degrees (y-
axis). (A) As ORG27569 (licorice representation, magenta color) approaches the receptor from the aqueous phase, the piperidinyl tail makes initial
contact with R186%22, E2585¢2, and K2595¢? and the chloro-substituted indole ring of the ligand stays in contact with the phosphatidylcholine
(POPC) headgroups. (B) ORG27569 undergoes significant conformational changes as it attempts to access the binding pocket but is blocked off
by the cholesterol molecule already bound to the pocket. (C) Cholesterol molecule dissociates but remains within 4 A of the binding site. This
allows the ORG27569 molecule to slide into the binding site, replicating interactions and a binding pose similar to the crystal structure pose (PDB
ID 6KQI) (Shao et al, 2019). In this pose, ORG27569 forms hydrophobic interactions with H154**1, V161**, vV234*%, and W241*°, The
binding site residues (light blue) are illustrated in the licorice representation. Lipids shown in the licorice representation include cholesterol

(orange), POPC (green), and PSM (yellow).

orientation described above, the tail part of ORG27569 (N-
piperidinyl-phenyl fragment) was seen deeply embedded near
the lipid bilayer core, likely due to its strong hydrophobic
interactions with the lipid alkyl tails. The chlorine (at the S-
position) and nitrogen (N3) atoms of the indole ring were
mostly in contact with the polar headgroups, specifically near
the phosphate and glyceryl groups. Also, these atoms (Cl and
N3) appeared to have negligible contact with the membrane
core (alkyl tails). In contrast, the nitrogen of the piperidinyl
ring and (N1) nitrogen (N2) and oxygen (O1) of the
carboxamide group were in close contact with the lipid alkyl
tail. No intramolecular H-bond was observed for ORG27569
during partitioning through the bilayer.

Access and Binding Mechanisms of ORG27569 to the
Transmembrane Binding Site. To elucidate the role of
membrane lipids in the access and binding of ORG27569 to
the transmembrane allosteric site of CBIR, we performed
association simulations using an enhanced sampling technique
called well-tempered metadynamics (see the Methods Section
for details). We embedded CBIR in an asymmetric bilayer of
the heterogeneous Iinid composition, closely mimicking its
native environment*"*> (Supporting Table $4). As shown
earlier, ORG27569 preferentially partitions into the membrane
and localizes around the membrane core near the allosteric
site. Therefore, we conducted multiple association simulations
with the ligand randomly placed around the receptor near the
bilayer core and ~20 A away from the binding site. In addition,
we also performed several simulations with the ligand
randomly placed in the extracellular aqueous bulk, 10—20 A

12243

away from the receptor. In all simulations, the free energy
associated with the ligand access and binding to the receptor
was characterized by two collective variables: (1) the distance
between the COMs of the ligand and that of the binding site
residues, and (2) the internal angle of the ligand, accounting
for its conformation (Figure 3).

In simulations where ORG27569 started its journey from
within the membrane, the ligand stayed near the bilayer core
and took a lateral walk mostly by interactions with the alkyl
tails of the membrane lipids, maintaining its orientation
suitable for binding to the allosteric site. At the beginning of
the simulation, the binding site was occupied by lipids such as
POPC, POPE, and cholesterol that formed a H-bond with
R230** from the allosteric site. All three of these lipid
molecules were within 4 A of the binding site. The ligand’s
access to the site was obstructed by these lipids, and thus, the
ligand drifted upward where it interacted with membrane-
facing protein residues, including T242*', 1245*%%, V249*%,
and L252*!. The ligand moved back out into the membrane,
extensively interacting with the surrounding lipids before
starting to access the site in a horizontal position. It then
flipped into the allosteric pocket, indole ring first, displacing
the bound POPE lipid. The binding pose of the ligand was
finetuned by the alkyl tails of the POPE and POPC, which
propelled the ligand into an upright position in the binding
pocket where approximately 50% of the NAM was embedded
in the binding site, and the rest was in contact with membrane
lipids. In its final bound pose, which is almost identical to the

https://doi.org/10.1021/acs.jmedchem.2c00946
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Figure 4. Membrane lipids assist and contribute to the stability and binding of ORG27569 to the cannabinoid CB1 receptor (PDB ID 6KQI). (A)
Well-tempered metadynamics recreates the crystal-bound pose. The binding pose obtained from well-tempered metadynamics (magenta) was
compared to the crystal structure pose (blue). (B) Final bound pose of ORG27569 (magenta) with the amide oxygen flipped outwards, forming a
H-bond with the cholesterol hydroxyl group (green). (C) Final pose of ORG27569 (magenta) shows membrane lipids within 4 A of the ligand,
“supporting” its upper region. Lipids shown include cholesterol (orange), phosphatidyl sphingomyelin (purple), and phosphatidylcholine (light

green).
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Figure 5. Membrane lipids are an integral part of the transmembrane binding site and contribute to ORG27569 binding. (A) 2D depiction of the
“complete” allosteric site, including binding site residues and lipids that are within 4 A of ORG27569 in its final binding orientation at the end of
the association simulation. Lipids (orange) shown include phosphatidylcholine (POPC), cholesterol (CHOL), and phosphatidyl sphingomyelin
(PSM). (B) Extent (%) of the total, nonpolar, and polar solvent-accessible surface area (SASA) of ORG27569 buried within the protein (buried
surface area, BSA), and exposed to the membrane lipids (membrane-exposed surface area, MESA), are given. These values were calculated using
the final binding pose from the association simulations. A significant amount of the ligand remains exposed to the membrane lipids in its final

bound form (total MESA = 46%). Most of the polar surface area of the ligand is buried within the binding pocket (polar BSA = 88%).

crystal structure, the ligand was in close contact with L138*8,
L142%%3, H154**, V161245, W241*%°, and 1245**,

In most of the simulations where the ligand was placed in
the aqueous phase initially, ORG27569 quickly made its way
into the membrane, approaching in a horizontal orientation
with the piperidinyl tail making initial contact with R186%*,
E2585¢12 and K259F°"? (Figure 3A). However, the chloro-
substituted indole ring stayed in contact with the nearby
phosphatidylcholine (POPC) molecules. The ligand spent
some time near the lipid headgroups forming additional
contacts with N187°%, L190°%%, 1245*%*, Vv249*%, and
L252*¢! (Figure 3A). It then proceeded into the membrane
with the chloro-substituted indole ring (head) first. The ligand
spent a considerable time in the membrane interacting further
with 1245%%* V249*%% and L252*%", which are membrane-

12244

facing receptor residues, while making its way to the binding
site. The ligand underwent significant conformational changes,
eventually arriving at an orientation suitable for binding.
During this time, a cholesterol molecule was already bound at
the site and appeared to hinder the ligand’s entrance to the
binding site (Figure 3B). On being barred from entry,
ORG27569 moved back into the membrane, where it
continued to interact extensively with the membrane lipids
while trying to renegotiate for a possible entry into the binding
site. Upon successful approach by the ligand this time, the
cholesterol molecule dissociates from the site creating space for
the ligand, which finally makes its way into the binding site
(Figure 3C). Two POPC molecules from the upper leaflet
appear to propel the ligand with their alkyl tails toward the
allosteric site. In its final bound pose, ORG27569 adopts a

https://doi.org/10.1021/acs.jmedchem.2c00946
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Figure 6. ORG27569 competes with cholesterol for the allosteric binding site of the cannabinoid CB1 receptor (PDB ID 6KQI). (A) Cholesterol
molecule was bound to the allosteric site at the beginning of the WT-metaD simulation. The cholesterol (magenta) molecule and binding site
residues H154>*! and R230*% (green) are shown in licorice representation. (B) H-bond distance between the cholesterol 3-OH group and the
side-chain amino groups of H154**' and R230** are shown in blue and orange lines, respectively. Around 10 ns, there were fluctuations in the
bond distance as the ligand attempted to make its way into the pocket. This step was followed by the dissociation of the cholesterol molecule, as
shown by the red arrow, enabling ligand binding. (C) Distance between the COMs of ORG27569 and the binding site residues during the
association process. As shown by the red arrow, the distance comes closer to 4 A, which indicates its bound state. (D) Fluctuation in the internal
angle of ORG27569 during WT-metaD is shown in blue. The ligand mostly favors a relatively extended conformation and ends up in a
conformation similar to the crystal-bound one. (E) Distance between the chlorine atom and the side chains of H154**! and R230*%* are shown in
magenta and cyan, respectively. Both distances come close to 4 A, indicating the ligand-bound state.

half-in, half-out orientation identical to the crystal-bound pose
with the indole ring making extensive interactions with
H154*%, G157*%, V161**, v234*% and W241*° (Figure
3C) while buried in the protein. The tail part of ORG27569,
the piperidinyl-benzyl ring, however, sticks into the membrane,
interacting mostly with the surrounding lipids (Supporting
Movie M1).

WT-MetaD Simulations Reproduced the Crystal-
Bound Pose of ORG27569. The WT-metaD association
simulations recreated the crystal-bound pose of ORG27569
(Figure 4A) with the chloro-substituted indole ring embedded
within the receptor and forming mostly hydrophobic
interactions with the binding site residues. On the other
hand, a majority of the tail part of the ligand (the piperidinyl-
benzyl ring) “sticks out” of the binding pocket making
extensive interactions with the membrane lipids. While in all
of the WT-metaD simulations, ORG27569 adopted binding
poses and interactions similar to the crystal-bound pose, the
ligand slid further into the pocket than in the crystal structure.
Interestingly, the ligand’s carbonyl oxygen of the amide group
assumes a different orientation relative to the crystal structure,
flipping outward and facing the membrane, where it forms a H-
bond with a neighboring cholesterol molecule (Figure 4B).

Lipids such as Cholesterol and PSM Support the
Ligand in the Binding Site. The cholesterol molecule that
dissociated upon ORG27569’s entry into the site remained
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within 4 A of the ligand. The cholesterol molecule, together
with a sphingomyelin (PSM) lipid molecule and a second
cholesterol molecule, formed a “lipid support site,” holding up
the tail part of the ORG27569, which projects out into the
membrane from the binding pocket (Figure 4C). Solvent-
accessible surface area (SASA) calculations were carried out
using the final bound pose from the WT-metaD association
simulations to estimate the extent to which the ligand is buried
within the protein (buried surface area, BSA) and in contact
with the membrane lipids (membrane-exposed surface area,
MESA). As shown in Figure SA,B and Supporting Table SS,
~46% of ORG27569 remains exposed to the membrane, with
its nonpolar part contributing significantly to this number,
while most of the polar regions are embedded in the binding
site. This is comparable to the crystal structure where ~42% of
the ligand was exposed to the membrane. Next, we recalculated
the druggability score and other binding site characteristics of
the transmembrane allosteric site, incorporating the lipids that
are directly in contact with ORG27569 (Supporting Table S3).
With the inclusion of lipid molecules, there was a significant
increase in the values of various pocket descriptors, with the
druggability score increasing to 0.9 and the volume and SASA
values much higher than those calculated without the lipids.
Delipidation and Rearrangement of Lipids by
ORG27569’s Entry into the Allosteric Binding Site. In
most of the simulations, in the beginning, a cholesterol
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Figure 7. Contribution of the binding site residues and lipids to the overall binding of ORG27569 to CBIR (PDB ID 6KQI). (A) Contact
frequency (%) of ORG27569 accounts for the extent of molecular interactions with the binding site residues. The contact frequency represents the
fraction of the total simulation time during which a given residue is within 4 A of the ligand. For example, the binding site residues, C238*%,
W241*%, and F237**, are in close contact with ORG27569 for >95% of the simulation time. (B) Several membrane lipids such as cholesterol,
POPC, POPE, POP], and POPS are directly in contact with ORG27569 likely stabilizing the ligand within the binding site, as observed during the
1 ps long unbiased all-atom MD simulation. (C) Distances between ORG27569 and several lipids were monitored during the entire simulation.
The dotted lines represent an arbitrary 4 A distance in the graphs. The distances are shown for cholesterol (CHOL1, deep sky blue),
phosphatidylcholine (POPC2, black), phosphatidylethanolamine (POPE4, blue), phosphatidylinositol (POPIS, purple), and phosphatidylserine

(POPS6, red).

molecule was observed to be in or around the allosteric site
(Figure 6A). Although the direct access of the ligand to the site
was initially impeded by this cholesterol, the ligand’s approach
led to the perturbation of the H-bonds formed between the
hydroxyl group of the same cholesterol and the side-chain
amino groups of the residues, H154**" and R230** (Figure
6B). The eventual binding of the ligand, as depicted by the
distance between the COMs of ORG27569 and the binding
site and the internal angle of the ligand (Figure 6C,D), and the
distance between the ligand chlorine atom and the side-chain
amino groups of the residues, H154**" and R230** (Figure
6E) corresponds to the time of the eventual dissociation of the
cholesterol molecule (Figure 6B). We also observed rearrange-
ments of several other lipids around the binding site (Figure
S2). It was observed that most of the lipids moved away from
the binding site to create enough space for the ligand and
further reordering and stabilization of the same lipids around
the binding site.

Assessment of ORG27569’s Orientation and Molec-
ular Interactions Using Unbiased All-Atom MD Simu-
lations. We performed unbiased MD simulations in three
replicates to assess the stability of the ligand in the binding site
as well as the contributions of the membrane lipids to its
binding and interactions. This is important as the crystal
structure gives no information about the interaction of
ORG27569 with the neighboring lipid molecules. The
simulation started with ORG27569 in the crystal structure-
bound pose along with the cocrystallized agonist (CC55940),
and the total simulation time was 1 microsecond (us). The
ligand was stable in the binding site, as shown by its root-
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mean-square deviation (RMSD) (Figure S3A) and the distance
between the COM:s of the ligand and the binding site residues,
which include 1141, H154, G157, S158, V161, F237, C238,
and W241 (Figure S3B). Similar to orientations observed in
WT-metaD association simulations, the ligand moved slightly
deeper into the binding pocket while still having a significant
part outside of the pocket, interacting extensively with the
membrane. We also observed a flipping of the carbonyl oxygen
of the carboxamide group toward the membrane, and it
remained in this orientation for the majority (~85%) of the
simulation (Figure S3C), suggesting an alternate orientation
for ORG27569 observed in the crystal structure. However,
caution should be exercised in assessing this finding as
electronic polarizability, accounting for the response of the
charge distribution to variation in the surrounding electric field
was not considered in this simulation, given the anisotropic
nature of the aqueous-membrane-protein environment.
Membrane Lipids Significantly Contribute to the
Binding of ORG27569 at the Transmembrane Allosteric
Site. Since ORG27569 was significantly exposed to the
membrane and had contact with many lipid molecules, we
sought to estimate the contribution of these membrane lipids
to its binding using the 1 s unbiased MD simulation
trajectory. The relative contributions of the membrane lipids
and protein residues were estimated using the MMPBSA
method by including the membrane lipids as part of the
binding site (Supporting Tables S6 and S7). The results
indicate that the protein residues such as W241*%°, C238*%,
F237*%, and S158>*, which are directly in contact with the
ligand for most of the simulation time (Figure 7A), contribute
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Figure 8. ORG27569’s analogs show distinct contacts with the membrane with varying alkyl chain lengths. (A) 2D structures of ORG27569 and its
analogs. (B) Binding affinity of the ligands to the allosteric site (as either the equilibrium dissociation constant Kj or the ECy value), the binding
cooperativity factor (@), and the extent of contact with the protein and lipids of the studied ORG27569 analogs. The heatmap shows the
percentage occupancy (the fraction of the simulation time during which the given ligand is within 4 A of the protein residue or membrane lipids)
was calculated as the extent of contact the ligand atoms make with the various lipid components throughout the simulation time. The longer alkyl
chains at C-3 positions of the analogs such as Compounds 11j, Compound 12f, and ICAM-b appear to be mostly in contact with the membrane
lipids. Ligand parts: T—tail (piperidinyl-benzyl rings), A—alkyl chain at the C-3 position, and H—head (indole ring); P—protein residues; and

Membrane: C—Choline, P—Phosphate, G—Glyceryl, and A—Alkyl.

significantly to the overall binding of ORG27569, as indicated
by the magnitude of the negative energy values (Supporting
Table S6). Also, several lipid molecules, including cholesterol,
POPC, POPE, POPI, and POPS, which directly interacted
with the ligand during the simulation, contributed favorably to
the binding of the ligand (Figure 7B,C, and Supporting Table
S7). Some of these lipids, such as POPIS and POPS6, reached
the ligand only after 200 and 600 ns, respectively, and stayed in
contact for the rest of the simulation time.

Differences in the Binding Affinities of ORG27569
Analogs May Be Attributed to Functional Groups That
Interact Largely with the Membrane Lipids. To delineate
the structure—membrane interaction relationships of the
allosteric ligands at the transmembrane site, we extended our
study by investigating a few structural analogs of ORG27569
(Figure 8). The analogs resulted from several ligand-based
structure—activity relationship studies to optimize the binding
affinity and cooperativity of ORG27569 (Supporting Table
S2). From these studies, structural variation at the C-3 position
of the indole ring was demonstrated to affect the activity of
ORG27569, with an increase in the alkyl chain length at this
position resulting in a corresponding increase in the binding
affinity or cooperativity in general****** We, therefore,
investigated five analogs of ORG27569 with varying alkyl chain
lengths and/or tail substitutions using unbiased MD
simulations (Figure 8A). All of the studied analogs were
docked at the site using ORG27569 as a template, and the
protein—ligand complexes embedded in their native heteroge-
neous membrane environment were subjected to 200 ns long
MD simulations. The resulting trajectories were analyzed for
the stability of the ligands at the site, binding orientations, and
molecular interactions with the site residues and the
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surrounding lipids. The analogs assumed orientations that
are similar to that of ORG27569 in the allosteric binding
pocket and remained within the site for the entire simulation
time (Figures S4 and SS). The contact heatmap generated
from the MD simulation trajectory shows the extent of
contacts made by the head, tail, and alkyl chain parts of
ORG27569 and the analogs with the binding site residues and
the membrane lipids (Figure 8B and Supporting Table S8). All
of the analogs have significant contact with the lipid alkyl tails
indicating that they remain in the site and interact with the
core of the bilayer. The indole head group (H) of all of the
ligands except Compound 21 is entirely in contact with the
protein residues and the lipid alkyl tails. In the case of
Compound 21, the ligand moves down toward the lower leaflet
and appears to make notable contact with the choline
functional groups and, to a smaller extent, with the glyceryl
atoms. The tail part (T) of all of the ligands except ICAM-b
interact mostly with the lipid alkyl region. In the case of
ICAM-D, the ligand moves up toward the upper leaflet and
appears to make some contact with the choline and glyceryl
functional groups. In the crystal structure, the alkyl chain at the
C-3 position of the indole ring in ORG27569 was positioned
away from the site and appeared to project toward the
membrane lipids. In simulations of all of the analogs, the alkyl
chain remained positioned toward the membrane and engaged
in interactions with the lipids indicating that the differences in
the substitution at the C-3 position mainly alter interactions
with the membrane lipids and not the binding site residues
(Supporting Movie M2). The extent of membrane interactions
was also quantified by the fraction of the ligands’ solvent-
accessible surface area that is in contact with the membrane
lipids, MESA, and the fraction that is buried within the binding
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Figure 9. Preferred orientations of ORG27569 and its analogs at the transmembrane allosteric binding site. (A) Orientation of ligands with respect
to three critical binding site residues, H154*%, V161%*%, and W241*% reveals the differences in the molecular interactions with protein residues
and the surrounding membrane lipids. Most importantly, compounds with long alkyl substitutions at position C-3 are oriented such that their alkyl
groups point toward the membrane lipids, affecting the overall orientation of the ligands. (B) Boxplot shows the orientational angle of each ligand
through the entire simulation time that was quantified as a tilt angle between the bilayer normal (z-axis) and the vector, connecting the two ends of
the ligand as depicted in Figure SSB (chlorine atom at one end and the farthest aromatic carbon atom on the piperidine ring or the nitrogen of the
dimethylamino group at the other end). The N-piperidinyl and dimethylamino analogs are shown in blue and red colors, respectively.

site, BSA (Supporting Table SS). The MESA values for ICAM-
b and Compound 21 were higher than that of ORG27569 (57,
51, and 46%, respectively), likely due to differences in their
relative binding orientations within the site. As expected, the
BSA value was much higher for ORG27569 as compared to
that of Compound 21 and ICAM-b (53.9, 49, and 43%,
respectively). In the case of analogs with the dimethylamino
tail, both Compound 13 and Compound 11j have much lower
MESA values compared to Compound 12f (35, 37, and 54%,
respectively). This difference is mainly attributed to the smaller
dimethylamino tail as compared to the N-piperidinyl ring.
However, the presence of the n-hexyl chain in Compound 12f
seems to pull the molecule up and contribute to a higher
MESA value. The number of lipid molecules surrounding the
ligand (within 4 A) calculated for all of the analogs confirm the
above observations (Figure S7).

The alkyl chain at the C-3 position seems to cause notable
differences in the orientation of the analogs at the site (Figure
9A). These differences were quantified as the orientational
angle of the ligands with respect to the bilayer normal (z-axis)
(Figure 9B). Interestingly, the analogs with longer alkyl chains
(ICAM-b, Compound 11j, and Compound 12f) and one
without the alkyl substitution at the C-3 position (Compound
21) appear to make smaller orientational angles from the
bilayer normal (z-axis) compared to ORG27569 and
Compound 13, both with an ethyl substitution. The orienta-
tional angle and MESA of the ligands seem to be affected by
several factors, including the alkyl chain length at the C-3
position, polar interactions of the carbonyl functional group,
and the aryl—aryl interactions between the indole ring of the
ligands and the side-chain imidazole ring of the binding site
residue H154>*.

For all of the analogs, the orientation and polar interaction
of the carbonyl group were monitored by calculating the

12248

distance between the carbonyl oxygen and the side-chain
hydroxyl group of S158>* in the allosteric binding site (Figure
SSA). In addition, the relative bilayer depth of the bound
ligands was quantified by the distance between the COMs of
the indole ring of the ligands and the side-chain imidazole ring
of the binding site residue H154>*' (Figure SSB). Interestingly,
the analog with the longest alkyl chain and dimethylamino-
benzyl tail (Compound 12f) moved above the imidazole ring
within the first S ns and maintained a distance of ~10 A for the
rest of the simulation time. However, other analogs with
smaller alkyl chain lengths in that group (Compound 11j and
Compound 13) maintained the indole ring much closer to the
imidazole ring (average distance of ~5 A). Among the analogs
with the piperidinyl-benzyl tail, Compound 21 and ICAM-b
had similar profiles with distances ranging between 5 and 8 A.
Compound 21, which has no alkyl chain at the C-3 position,
showed a relatively distinct lipid interaction profile such that its
head part appears to make more contact with the choline
headgroups (Figure 8B), suggesting that the C-3 alkyl chain
might serve as an anchor to the membrane, stabilizing the
position of the ligand in the membrane core.

Using the MMPBSA method, we calculated the individual
contributions of the binding site residues and lipids within 4 A
of the bound ligand toward the binding free energies of the
analogs (Supporting Tables S6 and S7, respectively).
Specifically, the contributions by 3—4 lipid molecules from
each leaflet (U1, U2, and U3 from the upper leaflet and L1, L2,
L3, and L4 from the lower leaflet), as illustrated in Figure S6
are given. The analogs with the longer alkyl chains seem to
have higher relative free energies of binding. The relative
contributions by many critical residues such as V161**,
F237+%, C238**, and W241**° seem to have notable
differences among the analogs. Also, the relative contributions
of various lipid molecules have considerable variations, raising
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the possibility that the differences in the binding affinity and
cooperativity observed in the experiments among the analogs
may be attributed to interactions not only with binding site
residues but also with the lipids. The experimental binding
affinity values along with the confidence intervals reported in
the original articles are given in Supporting Table S2. As can be
seen, the binding affinity (Kj) values for several compounds,
including ICAM-b, have quite large confidence intervals.
Therefore, it is critical not to entirely rule out a potential
trend between the experimental data and the calculated
MMPBSA energies. Importantly, for ORG27569 and Com-
pound 12f, the reported confidence interval is relatively
narrow, and the calculated MMPBSA energies seem to capture
the observed trend (Supporting Table S6). It should be noted
that all of these compounds have been reported by the same
research group using an identical assay procedure. Unfortu-
nately, only the ECg, value was found for Compound 21,
generated by a different group. To further highlight the
contribution of lipids that are directly in contact with the
ligands, we employed the heterogeneous dielectric implicit
membrane model to estimate the binding energies (Supporting
Table S9). Although this membrane model allows the
dielectric constant to vary along the bilayer normal to
represent the anisotropic nature, the calculated binding
affinities show poor correlation with the experimental data,
even among compounds with tight confidence intervals.

The molecular interactions of the CB1R agonist, CP55940,
at the orthosteric site were also assessed in the presence of
ORG27569 and its analogs using the same simulation
trajectories. The molecular interactions, specifically, the H-
bonds formed between the agonist and the orthosteric binding
residues, $173*%°, 1267512, and $3837° (Figure S8A), were
monitored. Except for transient disruptions, as seen with
ORG27569, ICAM-b, and Compound 13, the H-bonds remain
relatively stable for all analogs. Contacts between the agonist
and other binding site residues were also evaluated using a 4 A
cutoff (Figure S8B). Although there is a high degree of
similarity in the agonist contacts (F170*%, 8§173%%°, L193%%,
1267512, F268F°12, F3797%, and S3837%) in the presence of
ORG27569 and other analogs, subtle differences are observed
for several residues (F108N*™ F177%%% F1893% T1973%,
Y275%%, L276%%, and L359%%1).

B DISCUSSION AND CONCLUSIONS

A growing number of experimental structures reveal the
existence of transmembrane extrahelical binding sites in
integral membrane proteins such as GPCRs, ion channels,
and transporters.”** These relatively less conserved sites are
attractive targets for allosteric modulation and offer immense
advantages in terms of selectivity for ligands compared to
orthosteric sites. However, the transmembrane sites pose
unique challenges in that a ligand must first partition into the
membrane and navigate through the surrounding lipid
environment before it can access and bind to the site.” Earlier
studies have suggested that interactions of ligands with the
membrane lipids, driven by their distinct lipophilic and
amphiphilic properties, can result in a difference in properties
such as binding kinetics and rebinding to the receptors
affecting their overall pharmacology, including the onset and
duration of action.'”*>* According to the microkinetic model,
specific interactions of ligands with the membrane lipids can
determine their local concentrations surrounding the target site
and preorganize them in orientations and conformations

suitable for binding. Importantly, while bound, a significant
part of these ligands remains directly in contact with the
membrane lipids, revealing an intriguing and often overlooked
situation where the surrounding lipids actively contribute to
the binding and stability at the site.

In this study, the solvation free energy profile obtained from
the membrane partitioning simulations revealed that
ORG27569 has a much higher affinity for the membrane
than the aqueous bulk. Intriguingly, the energetically favorable
bilayer location of ORG27569, which is near the membrane
core, corresponds to the location of the allosteric site, ensuring
high local concentrations of the ligand near the site (Figures
1B and 2B). Surprisingly, ORG27569’s preferred orientations
and conformations within the membrane observed in the
simulations are comparable to its crystal-bound pose,>
indicating that the membrane lipids likely facilitate the binding
process by preorganizing the ligand favorable for binding.

Our WT-metaD association simulations offer useful insights
into how ORG27569 accesses the binding site deeply
embedded within the lipid bilayer. The association simulations
revealed that the membrane lipids play an important role in
facilitating ligand partitioning, preconfiguration, and eventual
binding. The ligand first partitions into the lipid bilayer
assumes orientations that are optimal for binding, and then
binds to the target site (Figure 3A—C). These correspond to
the earlier suggested mechanisms of binding of ligands to
membrane-embedded  sites.**%*¢ Interestingly, the ligand
made initial contact with several residues near the extracellular
surface. These interactions were seen consistently in multiple
simulations and appear to be critical in drawing the molecule
around the transmembrane allosteric site. Multiple sequence
alignment performed with several other class A GPCRs,
including CB2 receptor; histamine 1 receptor; -1 and f-2
adrenergic receptors; dopamine 1 and 2 receptors; 0, 4, and
opioid receptors; angiotensin II type 1 receptor; chemokine
receptor 6; cholecystokinin-1 receptor; orexin-1 receptor;
adenosine A2A receptor; and sphingosine-1-phosphate re-
ceptor, reveals negligible conservation among these residues
(Supporting Figure S9). The sequence alignment also revealed
a moderate to high sequence similarity among certain allosteric
site residues (Supporting Figure S10). This specificity at the
extracellular surface residues may likely play a critical role in
imparting the receptor selectivity for these ligands, potentially
reducing off-target interactions. In addition to these apparent
fundamental steps, desolvation of the site residues and the
ligand must precede the binding event. Desolvation prior to
the ligand binding is a thermodynamically important process
by which solvent molecules within the binding site as well as
those surrounding the ligand get freed (gain of entropy),
facilitating the receptor—ligand complex formation.*’ " In the
case of the CBIR transmembrane allosteric site, lipids
molecules that are in close contact with the site residues
must be evacuated, as well as the lipids from the membrane
bulk surrounding the ligand, must be stripped off prior to
binding. Notably, the binding pocket of the allosteric site has
structural features similar to Cholesterol Consensus Motif
(CCM), which has been described for other GPCRs”’
(Supporting Table S10). Although this site’s primary amino
acid sequence does not entirely meet the CCM requirement, a
cholesterol molecule has previously been crystallized at this
site.’”>> Surprisingly, in all of the association simulations, a
cholesterol molecule was seen in and around the site, likely
competing with the ligand.52 However, once the ligand reaches
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the binding site, these cholesterol molecules stay near the site
and appear to stabilize the ligand even by forming a H-bond
(Figure 6). We also observed the rearrangement of several
lipids around the binding site during the association process
(Figure S2). This rearrangement process involved the selective
recruitment of certain lipids near the site as well as the
displacement of others from the vicinity of the site. These
point to an interesting and complex interplay between
membrane lipids and ligands that bind to the transmembrane
region and suggests an integral role of the membrane lipids in
promoting ligand stability. Also, these complex phenomena
might significantly impact the overall thermodynamics of the
binding process, affecting the binding kinetics and affinity of
ligands. Intriguingly, incorporating the surrounding lipids as
part of the transmembrane allosteric site seems to significantly
improve the binding site characteristics (Supporting Table S3),
suggesting that transmembrane lipid-facing binding sites need
careful consideration and renewed interpretation of the typical
characteristics sought after druggable binding sites. We believe
that this strategy might result in the rediscovery of potential
transmembrane sites, previously considered undruggable.
While bound to the allosteric site, most of the tail part of
ORG27569 and its analogs were directly in contact with the
lipids. Specifically, most of the piperidinyl-benzyl ring,
representing up to 46% of the solvent-accessible surface area
of ORG27569, was exposed to the membrane lipids (MESA in
Figure SB and Supporting Table S5). The other studied
analogs bind in orientations similar to ORG27569 and expose
a significant part of their tails (piperidinyl-benzyl ring for
Compound 21 and ICAM-b, and dimethylamino-benzyl ring
for Compound 13, Compound 11j, and Compound 12f),
which varies from ~35 to 57% of MESA (Supporting Table
SS). A similar range in the MESA values has been reported for
the ligands bound to transmembrane allosteric sites of class A
and class B GPCRs before.® For all of the studied ligands, we
monitored the trajectory of every single lipid that came in
contact (within 4 A) with the ligands (Supporting Figures
S11—S15). Figure 7C features the distance plots for lipids with
a percentage occupancy of at least SO (%) and above for
ORG27569. As can be seen from the graphs, these lipids seem
to stay in contact with the ligands for the majority of the
simulation time. Interestingly, in a few simulations, lipid
molecules (for example, cholesterol surrounding Compound
12f, Supporting Figure S15), diffused farther from the ligand
but stayed within ~10 A. Furthermore, the binding free
energies calculated by the MMPBSA method revealed that the
lipids surrounding the ligands make a significant energetic
contribution to ligand binding (Figure 7B,C, and Supporting
Table S7). Among the studied analogs, the major structural
differences are (1) the length of the alkyl chain at the C-3
position of the indole ring and (2) the substitution at the para
position of the phenyl ring, either the N-piperidinyl ring or
dimethylamino group. Importantly, the crystal-bound orienta-
tion of ORG27569 and our simulations show that both these
functional groups interact mostly with the membrane lipids.
Also, changes in these positions seem to affect the binding
affinity (K;) and the cooperativity factor in a more complex
and nontrivial fashion. For example, ICAM-b and Compound
11j have the same length alkyl chain (n-pentyl group) at the C-
3 position but differ in the tail part. The replacement of the N-
piperidinyl group (in ICAM-b) with the dimethylamino group
(in Compound 11j) seems to produce a ~3-fold increase in the
binding affinity (K) with no effect on the cooperativity factor.

However, an identical replacement of the tail part among
ORG27569 and Compound 13 did not affect the binding
affinity but produced a ~3-fold increase in the cooperativity
factor. Furthermore, among the two compounds containing the
dimethylamino substitution at the phenyl ring, Compound 11j
and Compound 12f, increasing the alkyl chain length at the C-
3 position (from n-pentyl to n-hexyl) seems to affect both the
binding affinity (a 2-fold increase) and the cooperativity factor
(a 3-fold decrease) in opposite ways.’”** Apparently, the
differences in the structural features among ORG27569 and its
analogs (the alkyl chain length at the C-3 position and the
para- substitution on the phenyl ring) seem to dictate varied
interactions with the membrane lipids, resulting in distinct
binding orientations, molecular interactions with the binding
site residues, and the extent to which a given ligand is buried
within the binding site (BSA) or exposed to the membrane
lipids (MESA). The nontrivial structure—activity relationships
(both Ky and ) among these ligands can be attributed, at least
in part, to the differences in their membrane lipid interactions.
It is essential to recognize that only a limited number of
compounds were evaluated here. Studying more compounds
from additional series is necessary to fully understand the role
of ligand—lipid interactions on the binding affinity and
cooperativity.

The insights obtained from this study suggest that while
seeking ligands for transmembrane lipid-facing sites, a rational
structural design strategy should include consideration for
optimizing membrane interactions along with receptor
interactions toward desirable pharmacodynamic outcomes.
This idea indicates a paradigm shift from the strategy of
uncoupling the membrane interactions and improving
structure—activity relationships of ligands through interactions
with binding site residues alone. We presume that the
proposed strategy, incorporating membrane lipids as an
integral component of the binding site, might require efforts
toward meeting one or more of the following objectives.”***°
First, ligands must have optimal lipophilic and amphiphilic
properties resulting in favorable membrane partitioning
characteristics to achieve adequate local concentrations
surrounding the target site. Second, ideal membrane lipid
interactions of ligands may facilitate the access and binding
processes by preorganizing the ligands in suitable orientations
and conformations near the site. Third, the bound ligands
should engage in the most favorable interactions with the
surrounding lipids such that their binding orientations and
residue interactions at the site result in desirable efficacy. It
should be noted that these requirements may differ
significantly depending upon the location of the site with
respect to the bilayer depth. For example, ligands binding to a
site near the bilayer headgroups might engage mostly in polar
interactions in contrast to ligands binding to a site near the
bilayer core where hydrophobic interactions may dominate. A
recent study’’ offered a valuable retrospective analysis of
TRPAL1 antagonists from two different chemical series. These
molecules target two distinct binding sites: (1) proline
sulfonamides that bind to an intrahelical transmembrane
binding site, and (2) hypoxanthine analogs that bind to an
intracellular binding site located near the lower leaflet of the
bilayer. Intriguingly, the physicochemical and pharmacokinetic
properties of the studied molecules seem to be dictated by the
location and characteristics of the sites and the extent to which
the ligands were exposed to the lipids.
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In summary, our work provides valuable insights into the
active role of membrane lipids in orchestrating the access and
binding process for ligands targeting the lipid-facing trans-
membrane allosteric site of CBIR. As shown in this study, the
membrane lipids play a critical role in not only facilitating the
ligand partitioning and access but also actively contributing to
the binding affinity and thus the stability of ligands at the
binding site. As we witness staggering progress in the structural
biology of integral membrane proteins, including GPCRs”* ™’
and ion channels, transmembrane allosteric sites offer attractive
alternatives to the more conserved orthosteric sites to gain
better selectivity and efficacy, safety, and prospect for biased
signaling.”” Factors such as the asymmetry among the upper-
and lower leaflets, organ-, tissue- and subcellular organelle-
specific heterogeneity in the lipid composition of the bilayer,
both in normal and disease states, would warrant additional
consideration while incorporating the membrane into the drug
discovery workflow.”'® It is certain that with the growing
knowledge of the structure—membrane interaction relation-
ships for small-molecule ligands, additional tools and
techniques to rationally account for the role of membrane
lipids would facilitate the effective design of drug candidates
for transmembrane extrahelical target sites.

B METHODS

Calculation of Pocket Descriptors Using fPocket. The pocket
descriptors for the orthosteric and allosteric pockets were calculated
using the default parameters in fPocket.>’ For the protein—ligand
complex without lipids, calculations were done using the crystal
structure of CBIR bound to the NAM, ORG27569, and the agonist,
CP55940 (PDB ID 6KQI). Later calculations with lipids were done
using a frame extracted from the WT-metaD simulation, as described
elsewhere in this section.

Unbiased MD Simulations Protocol. In this study, we used the
crystal structure of CBIR bound to the NAM, ORG27569, and the
agonist, CP55940 (PDB ID 6KQI). The protein structure was
prepared for simulations using Molecular Operating Environment
(MOE).** The T4 lysozyme fused to the intracellular loop (ICL) 3
was removed, and the ICL3 was modeled using Modeller.*® The
mutations T210A, S203K, E373K, T238V, and R340E were reverted
to the wild-type sequence. Structure preparation was carried out in
MOE to fill in missing atoms, assign partial charges, and assign
protonation states at pH 7. The analogs of ORG27569 used included
Compound 21,%° ICAM-b,** Compound 13,** Compound 11j,* and
Compound 12£3% The ligands, ORG27569 and CP55940, and the five
ORG27569 analogs were then parameterized using the CHARMM-
GUI ligand reader and modeler,’® and charges were assigned using
CGenFE.” Further, a short energy minimization step to remove any
steric clashes in the protein—ligand complexes was carried out using
MOE, and the resulting structures were used to build the systems
utilizing CHARMM-GUL®® The membrane builder module in
CHARMM-GUI® was used to build a heterogeneous membrane
consisting of 16:0/18:1 phosphatidylcholine (POPC), cholesterol,
18:1/16:0 phosphatidyl sphingomyelin (PSM), 16:0/18:1 phospha-
tidylserine (POPS), 16:0/18:1 phosphatidylinositol (POPI), and
16:0/18:1 phosphatidylethanolamine (POPE) distributed asymmetri-
cally. Further details on lipid distribution between the leaflets are
contained in the supplementary information (Supporting Table S4).
The system was solvated with TIP3P”® water molecules up to about
23 A padding on both sides, and a 0.15 M concentration of NaCl was
used to neutralize the system charge. The final system size was 90 X
90 X 115 A’ and contained 247 lipid molecules. The resulting
protein—ligand complex in its native membrane environment
surrounded by solvent and ion molecules was subjected to 5000
steps of steepest descent minimization and then equilibrated usin$ the
CHARMM-GUI recommended six-step equilibration protocol.”’ All
MD simulations were carried out using GROMACS 5.1.4.”>

For the production run, a cutoff distance of 12 A was used for the
van der Waals and short-range electrostatic interactions. The long-
range electrostatic interactions were computed with the particle-mesh
Ewald summation method. A 2-fs integration time step was used for
all MD simulations. The system was then simulated using NPT
conditions at 1 atm pressure and a temperature of 310 K for a total
simulation time of 1 us with frames saved every 10 ps. For the
analogs, the total simulation time was 200 ns for each system.

Association Simulations Using Well-Tempered Metady-
namics (WT-MetaD) to Characterize Ligand Access Path(s).
To bind to the transmembrane allosteric site, a ligand must partition
into the membrane and access the site only through lipid path(s).
Also, the binding of a ligand at this site involves the removal of lipids
that are directly in contact with the binding site residues. These
complex access and binding events were investigated using an
enhanced simulation technique called well-tempered metadynamics.”
Well-tempered metadynamics is an adaption of metadynamics and has
been used extensively to investigate rare and interesting events within
reasonable timescales by adding a bias that constrains the system to
explore only relevant physical regions of conformational space.”®
Following equilibration, WT-MetaD was conducted in triplicate using
PLUMED v2.3’* with the ligand placed in random positions in the
aqueous bulk and another triplicate of ligands placed in the
membrane. The distance between the center-of-mass (COM) of the
binding site residues, H154**, V161**, V234** and W241**°, and
the COM of ligands was used as the first collective variable (CV)
while the internal angle of the ligand was utilized as the second CV.
The distance between the chlorine atom and H154**' was used as a
committor, which essentially turned off the bias once the distance was
at least 4 A. For all WT-metaD, simulations were carried out at 310 K
with an upper wall of 3.0 nm, a bias factor of 15, sigma of 0.05, height
of 1.5, and a force of 200 kJ/mol. The corresponding free energy
surface was then created using MEPSA.”®

Membrane Partitioning Simulations. We determined the
membrane partitioning characteristics of ORG27569 using a
combination of steered molecular dgrnamics (SMD) and umbrella

. . . 26,7 . .
sampling, as previously published. The ligand was (parametenzed
using the CHARMM-GUI ligand reader and modeler, * and charges
were assigned using CGenFF.”” The CHARMM-GUI® membrane
builder was used to generate a bilayer consisting of 65 lipids per
leaflet, of which 59 of them were POPC lipids and 6 cholesterol
molecules, adding up to a total of 130 lipid molecules. The system was
solvated with TIP3P”° water molecules, and the ionic concentration
was kept at 0.15 M using adequate NaCl. The system was then
subjected to equilibration using the CHARMM-GUI six-step
equilibration”" process, which uses an NVT ensemble for the first
two equilibration steps and an NPT ensemble for the last four steps.
The equilibration started with a harmonic force constant of S kcal/
mol restraints on the heavy atoms of the protein, planar restraints to
restrain the headgroups of the lipid components along the z-axis, and
dihedral restraints to restrain chirality of lipid headgroups and double
bonds for 250 ps. This step was followed by two steps that ran for 250
ps with a scaling factor on the restraint, slowly releasing the restraints.
The final three steps of the equilibration continued with a scaling
restraint, but for 500 ps with the force totally removed in the last step.
An additional S0 ns equilibration was carried out before starting the
SMD.

The ligand’s initial position was in the bulk water, 35 A from the
center of the bilayer. During the SMD, the ligand was pulled through
the membrane bilayer from its initial position. The pulling was carried
out at a speed of 1 A per ns with a 1 fs time step along the bilayer
normal (z-axis) with a harmonic restraint of $§ kcal/mol/A® on the
ligand. A total of 35 windows, extending from the bulk solvent to the
middle of the bilayer, each 1 A apart, were extracted from the
simulation trajectories and used as starting points for the umbrella
sampling simulations. Each window was equilibrated for 10 ns, and
umbrella sampling was carried out for another 40 ns. A biasing
harmonic constraint of 1.5 kcal/mol/A* was used to restrain the z-
component of the distance between the center-of-mass of the lipid
atoms and the heavy atoms of the ligand during the umbrella sampling
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simulations. All simulations were carried out using the CUDA version
of NAMD 2.12.77 The potential of mean force (PMF) was
constructed using the weighted histogram analysis method
(WHAM).”®

Solvent-Accessible Surface Area (SASA) calculations. Studies
have shown that the standard free energy of transfer of a solute from
water to the membrane is empirically related to the solute’s solvent-
accessible surface area (SASA).””™®' Also, the extent of the ligand’s
SASA that was buried during the receptor binding has been shown to
directly correlate with the binding affinity. Apparently, for ligands
binding to the lipid-exposed sites, the extent of ligand’s SASA exposed
to the membrane would have similar effects. Therefore, we calculated
the solvent-accessible surface area (SASA) of protein—ligand
complexes and the unbound species (protein and ligands) of CBIR,
ORG27569, and its analogs using NACCESS.*> The NACCESS
program calculates the atomic accessible surface by rolling a probe
(size = 1.4 A) around the given molecule’s van der Waals surface.
Specifically, the solvent-accessible surface area of a ligand in its
receptor-bound form is defined as the membrane-exposed surface area
(MESA), while the difference between the SASA of an unbound
ligand and its MESA value represents the buried surface area (BSA).

Binding Free Energy Calculations Using the MMPBSA
Method. We used the Molecular Mechanics Poisson—Boltzmann
Surface Area (MMPBSA) method to calculate the binding free energy
of the studied compounds as well as the contribution of the binding
site residues of the receptor and the membrane lipids. The MMPBSA
method® combines both molecular mechanics and continuum
solvation models. Eyp, the average molecular mechanical energy,
includes the energy of both bonded (bond, angle, dihedral, and
improper interactions) and nonbonded interactions (van der Waals
and electrostatic interactions) and is calculated using molecular
mechanics (MM) force-field parameters.** We applied the MMPBSA
method using the latest implementation of the g_mmpbsa tool.*>~*’
Lipids within a 4 A distance from the ligand were included as part of
the binding site in the MMPBSA free energy calculations. The energy
contribution of the protein residues and lipid components was then
calculated using the following equation®®

'free )

n
AR}:E — 2 (Aibound _ A,

i=1
where AREE is the binding energy of residue x, 7 is the total number
of atoms in the residue, A?°"™ and A are the energy of the ith atom
from the x residue in bound and unbound forms, respectively. We
further employed the heterogeneous dielectric implicit membrane
model®” implemented in gmx MMPBSA™ to estimate the MMPBSA
binding free energies. In contrast to the implicit solvent model with a
single dielectric constant used earlier, this membrane model allows
the dielectric constant to vary along the bilayer depth in the
membrane. Memopt = 2 and memopt = 3 were tested and gave
similar results, so memopt = 2 was used for all calculations.
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This movie captured the access and binding mechanism
of ORG27569 to CBIR from an extracellular aqueous
environment, investigated by the association simulations
using well-tempered metadynamics (Movie M1) (MP4)

This movie captured the binding and molecular
interactions of Compound 12f, an analog of
ORG27569 to CBIR. The n-hexyl alkyl chain at the
C-3 position of the indole ring is entirely in contact with
the surrounding membrane environment, investigated by
all-atom classical MD simulations (Movie M2) (MP4)
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