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ABSTRACT: Targeting G protein-coupled receptors (GPCRs)
through allosteric sites offers advantages over orthosteric sites in
identifying drugs with increased selectivity and potentially reduced
side effects. In this study, we developed a probe confined dynamic
mapping protocol that allows the prediction of allosteric sites at
both the GPCR extracellular and intracellular sides, as well as at the
receptor−lipid interface. The applied harmonic wall potential
enhanced sampling of probe molecules in a selected area of a
GPCR while preventing membrane distortion in molecular
dynamics simulations. The specific probes derived from GPCR
allosteric ligand structures performed better in allosteric site
mapping compared to commonly used cosolvents. The M2
muscarinic, β2 adrenergic, and P2Y1 purinergic receptors were
selected for the protocol’s retrospective validation. The protocol was next validated prospectively to locate the binding site of [5-
fluoro-4-(hydroxymethyl)-2-methoxyphenyl]-(4-fluoro-1H-indol-1-yl)methanone at the D2 dopamine receptor, and subsequent
mutagenesis confirmed the prediction. The protocol provides fast and efficient prediction of key amino acid residues surrounding
allosteric sites in membrane proteins and facilitates the structure-based design of allosteric modulators.

■ INTRODUCTION

G Protein-coupled receptors (GPCRs) are the largest
membrane protein family consisting of 800 members that
transduce a signal inside cells from a variety of endogenous
ligands including hormones, neurotransmitters, metabolites,
pheromones, odorants, and light. As a result of their broad
influence on human physiology, GPCRs are drug targets in
many therapeutic areas such as inflammation, metabolic and
neurological disorders, pain, addiction, infertility, viral
infections, and cancer. A total of 475 GPCR drugs (34% of
all drugs) are currently approved by the United States Food
and Drug Administration (FDA), and ≥300 GPCR agents are
currently in clinical trials.1 Although GPCR drugs have shown
substantial therapeutic success, developing drugs for many
GPCR subfamilies has proved challenging. A key challenge is
to achieve selectivity when targeting highly conserved
orthosteric sites where the endogenous ligands bind.
Most GPCRs can be modulated by small-molecule ligands

binding to allosteric sites that are spatially and topologically
distinct from the orthosteric sites. Both positive allosteric
modulators (PAM), which enhance the binding and signaling
of orthosteric agonists, and negative allosteric modulators
(NAM), which reduce the activity of orthosteric agonists, have
been described. Allosteric drugs have a better potential for
receptor subtype selectivity due to greater sequence variability

in allosteric sites. Furthermore, allosteric modulators confer
agonist dependence and functional selectivity, causing selective
receptor activation and thus different tolerance in chronic
diseases.2−4 In addition, allosteric modulators have a diverse
relationship between duration and intensity of the effect, which
can prolong the therapeutic effect without drug overdose.5

Two recent FDA-approved allosteric drug examples are
cinacalcet, a PAM of the calcium-sensing receptor against
hyperparathyroidism, and maraviroc, a NAM of the chemokine
CCR5 receptor to prevent the entry of HIV-1.1 Despite the
clear potential benefit of GPCR allosteric modulation, the
discovery of allosteric sites and lead compounds has been
mostly serendipitous, often involving random screening of
compound libraries.
Recent X-ray crystallography and cryoelectron microscopy

(cryo-EM) structures of several GPCRs solved with bound
allosteric modulators have revealed remarkably diverse
locations of the allosteric binding sites.6,7 Allosteric drugs
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can reside inside the helical bundle from the extracellular (EC)
and intracellular (IC) sides, as well as outside the helical
bundle at the lipid interface (LI). For example, in the X-ray
ternary complex of the M2 muscarinic receptor LY2119620, a
PAM binds at an allosteric pocket facing the EC medium,
including extracellular loop 2 and 3 (ECL2 and ECL3), which
lies above the orthosteric site that is occupied by the agonist
Iperoxo8 (Figure 1A). In the X-ray complex of the β2
adrenergic receptor with Cmp-15, this NAM occupies an
allosteric site facing the IC side, involving intracellular loop 1
(ICL1) and the tips of helices 1, 2, 7, and 8, which is distant
from the orthosteric site9 (Figure 1B). Allosteric modulators
sitting at an IC allosteric site have also been found in the X-ray
complexes of the chemokine CCR2, CCR7, and CCR9
receptors.10−12

Of particular interest are the allosteric sites at the protein−
lipid interface, identified by X-ray or cryo-EM and confirmed
by site-directed mutagenesis. Figure 1C shows the X-ray
complex of the purinergic P2Y1 receptor and BPTU, a NAM
occupying an allosteric site facing the membrane environment
and in contact with helices 1−3 and ECL1.13 Allosteric sites at
different LI locations were found in the complexes with
allosteric modulators of the cannabinoid CB1,

14 complement
C5a,

15,16 corticotropin-releasing factor 1 CRF1,
17 free fatty acid

FFA1,
18 glucagon GCG,19 glucagon-like peptide-1 GLP-120,21

and proteinase-activated PAR2
22 and β2 adrenergic

23 receptors.

These structural data provide the first insights into GPCR
allosteric regulation by small molecules and offer opportunities
to develop computer-aided methodologies to search for
allosteric sites. As the lipid bilayer plays a role in the formation
of such sites, accounting for the receptor in a realistic
environment and its dynamics is important for accurate
mapping of the allosteric sites.
Molecular dynamics (MD) simulations have become an

indispensable tool for studying the structure and dynamics of
drug targets in the cellular environment and predicting ligand
binding sites.24 Among MD-based computational techniques
developed to identify binding sites in proteins, cosolvent
mapping has recently garnered wide interest.25 In MD-based
cosolvent mapping, small organic molecules such as
isopropanol, acetamide, pyridine, and others are used as
probes to map the binding sites. A molecular probe is a
prototype molecule containing polar and/or nonpolar groups
that can quickly diffuse into protein cavities during MD
simulations, thus identifying such cavities as accessible and
therefore as potential binding sites for allosteric modulators. In
addition, MD-based cosolvent mapping can directly account
for protein motion during the site identification process. This
approach has been developed mainly for soluble proteins to
map putative binding sites on the protein surface.25 There are
only a few examples to date where cosolvent mapping has been
used for membrane proteins.26−28 Although these studies have

Figure 1. Locations of GPCR allosteric binding sites in the X-ray structures of the M2, β2, and P2Y1 receptors in complex with allosteric modulators.
(A−C) The overall view of the receptors with a bound allosteric modulator. (A) The M2 receptor bound to LY2119620 (green), a PAM binding at
the extracellular side, and the orthosteric ligand, Iperoxo (blue). (B) The β2 receptor bound to Cmp-15, a NAM, at the intracellular side. (C) The
P2Y1 receptor in complex with BPTU, a NAM bound at the lipid interface. The receptors are in wild type with the rebuilt short intracellular loop 3
(ICL3) fragment. (D−F) The binding interactions between the allosteric modulator and the receptor obtained from MD simulations of the X-ray
receptor−ligand complexes for the M2, β2, and P2Y1 receptors. The key residues forming strong interactions and the allosteric ligands are in gray
and green sticks, respectively. Hydrogen bonds and π−π interactions are shown as pink and cyan dashed lines, respectively.
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successfully mapped the binding sites of membrane-bound
proteins, the proposed protocols could be challenging to
sample all possible locations of allosteric sites in GPCRs as
identified by X-ray crystallography and cryo-EM while avoiding
probe nonspecific binding and membrane distortion.
Here, we propose a novel and efficient MD-based probe

mapping protocol that is capable of exploring all the possible
scenarios of allosteric site locations known to date, including
the most challenging case where the allosteric site resides at the
LI. Our methodology overcomes the limitations of standard
cosolvent mapping protocols through the application of a
cylindrical harmonic wall potential that enhances probe
sampling in a selected area of the receptor. In addition, we
use probes derived from GPCR allosteric ligands that perform
better in mapping allosteric sites compared to organic solvents.
Our protocol represents a fully automatized pipeline including
system setup and simulations for different scenarios. We used
three exemplar receptors, i.e., the M2, β2, and P2Y1 receptors
(Figure 1), for the protocol retrospective validation. We next
applied the protocol in a prospective validation scenario by
predicting the binding site of [5-fluoro-4-(hydroxymethyl)-2-
methoxyphenyl]-(4-fluoro-1H-indol-1-yl)methanone (the
UCB compound), a PAM at the dopamine D2 receptor and
validating the prediction by site-directed mutagenesis. The
outlined computational approach will facilitate structure-based
allosteric drug design by predicting receptor binding sites of
known allosteric modulators for further optimization and/or

by identifying binding fragments that could be developed into
new allosteric modulators.

■ RESULTS

In line with previously published work on cosolvent
simulations of soluble proteins25,29−31 and lipids,32−34 while
the optimal cosolvent concentration range for soluble proteins
is 5−20%, for membrane-embedded proteins the maximum
tolerated concentration should be lower, in the 2.8−5.6%
range. This is due to membrane distortion caused by a higher
concentration of organic solvents. Cosolvents are also known
to be technically challenging to use in combination with lipid
bilayers as they tend to partition from the water layer and be
adsorbed and redistribute into the membrane after just a few
nanoseconds of simulation.32−34

To overcome the membrane distortion as the result of
cosolvent diffusion into the membrane and to keep a suitable
sampling of probe molecules in the receptor while using small
concentrations, we applied a cylinder-shaped wall potential to
allow the movement of the cosolvent molecules only within the
GPCR EC and IC openings or within a defined area at the LI.
With such a restraint, as a cosolvent molecule reaches the wall
of the cylinder, a repulsive bias is applied to prevent it from
visiting regions outside the cylinder. We considered the
mapping of different allosteric site locations as separate
simulation protocols. Thus, to explore allosteric sites at the
EC side, probe molecules were placed at the top water layer

Figure 2. The GPCR probe confined dynamic mapping workflow. (A) An example of the protocol for the M2 receptor extracellular allosteric site.
System setup: A box filled with a mixture of water and probe molecules at a defined concentration is specified using a Z dimension by the user,
whereas the box X and Y lengths are calculated based on protein size at the EC side. The protein is then embedded into the POPC membrane, and
the system is solvated. System equilibration: A cylinder-shaped harmonic wall potential to hold probe molecules away from the protein and
membrane is applied during the equilibration. System production: An extended cylinder-shaped harmonic wall potential is applied to allow the
molecules to move toward and interact with the receptor avoiding partitioning to the membrane during the production step. (B) The cylinder-
shaped harmonic wall potential with addition of two collective variables (CV1 and CV2) to confine the movement of the probes at the lipid
interface of helices 1−3 (in red, orange, and yellow) in the P2Y1 receptor production simulations. The collective variables that define a cylinder
were selected with lower and upper boundaries (10 and 35 Å, respectively).
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(the M2 receptor case). In the case of an allosteric site at the
IC side, the probe molecules were placed at the bottom water
layer (the β2 receptor case). As the LI site in the P2Y1 receptor
is located close to the EC side, the probe molecules were
placed at the top water layer to accelerate probe diffusion to
the membrane. This is also supported by the recent MD
simulations of BPTU binding, which suggests its entrance to
the binding site occurs from the EC side.35 The application of
a wall potential allowed us to use a 10% probe concentration.

■ PROBE CONFINED DYNAMIC MAPPING
Our ad hoc protocols (workflow of the M2 receptor as an
example shown in Figure 2A) enable MD cosolvent and
fragment system setup, equilibration, and production of
membrane-bound receptors. In the system setup, a water-
probe (cosolvents or fragments) box is generated and placed at
a user-defined distance at either the receptor EC and IC side
with (for PAMs) or without (for NAMs) a bound orthosteric
ligand. The box height (Z dimension) is specified by the user,
whereas the box width and depth (x and y sizes) are calculated
based on minimum/maximum protein dimensions on the EC/
IC sides. After the box is placed, the protein is embedded in
the membrane, and the system is solvated and neutralized.
During the equilibration, the probe molecules are confined

in a closed cylinder and not allowed to interact with the
protein−membrane system (Figure 2A). During the produc-
tion, to map EC/IC allosteric sites, the cylinder boundary
facing the protein is removed to allow the probes to diffuse
toward and interact with the protein. During the production,
the distanceZ collective variable facing the system boundary is
maintained, thus defining a semiclosed cylinder, and its
boundary lowered by ∼10 Å (Figure 2A). This enables the
probes to be confined in the periodic cell and increases their
probability to interact with the protein. To sample putative
allosteric sites at the LI, during the system production, two
additional distanceZ collective variables were added to confine
the probe movement in the specific area of the cylinder defined
by target receptor transmembrane helices to sample. Thus, in
the case of the P2Y1 receptor, the area of the cylinder that is
sampled by the probes is defined based on helices 1−3 (Figure
2B). In addition, to increase probe membrane penetration, the
van der Waals radii of the carbon atoms of the bilayer lipid tails
was decreased by 10%. This slight artifact enabled us to

preserve membrane integrity during the simulation while
allowing the probe to diffuse more easily into the lipid bilayer.

■ PROBE SELECTION FROM ORGANIC SOLVENTS
AND PRIVILEGED FRAGMENTS

Organic solvents such as isopropanol, acetamide, and pyridine
(Table 1) are often used as standard probes to sample donor
and acceptor hydrogen bonds and hydrophobic interactions in
the dynamic mapping of putative binding sites for soluble
proteins.29−31 Allosteric modulators of various drug targets,
however, are characterized by high aromaticity and rigidity in
their structures.36,37 Thus, the probes derived from common/
privileged substructures of GPCR allosteric modulators could
be more suitable for mapping GPCR allosteric sites. The
muscarinic PAMs including LY2119620 (Figure 1) and its
analogues were subjected to a maximum common substructure
search that yielded N-methylthieno[2,3-b]pyridine-2-carbox-
amide as a “core fragment” (Figure S1). From this structure,
two substructures, thieno[2,3-b]pyridine (THP) and N-
methylformamide (NMF) were identified by ring−chain
fragmentation as probes (Table 1). For the β2 receptor, the
fragmentation of Cmp-15, (Figures 1 and S1) resulted in the
selection of benzamide (BZA) and butyramide (BTA) as
probes. For the P2Y1 receptor, the BPTU compound (Figures 1
and S1) was fragmented by functional groups, and phenol
(PHX) and 2-hydroxypyridine (P2O) were selected as probes.
The choice of these fragments fits the recent docking
structure−activity analysis of the P2Y1 allosteric antagonists.38

The three selected receptors were simulated in the presence of
the standard cosolvents and the above-mentioned fragments
(Table 1).

■ MD TRAJECTORY ANALYSIS

We conducted probe confined dynamic mapping of two empty
receptor structures taken from X-ray complexes of the
receptors with and without an allosteric modulator. In the
case of the M2 receptor to map the PAM binding site, we also
simulated the receptor structure in the presence of Iperoxo, the
orthosteric agonist. From the trajectory visual inspection,
probe molecules reached and interacted with the amino acid
residues of the EC, IC, or LI allosteric binding sites in all the
receptors (Videos 1, 2, and 3 in Supporting Information). This

Table 1. Standard Cosolvent and Specific Probes Used for MD Mapping of GPCR Allosteric Sites
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is particularly true for the specific fragments that are retained
in allosteric sites for a long time. The harmonic wall potential
prevented the probes from penetrating the lipid bilayer and
diffusing to distant water layers. To assess the performance of
the protocol, we analyzed the trajectories in two different ways.
First, we quantified the probe presence in the allosteric binding
sites (retrospective analysis). We then evaluated the possibility
of allosteric site detection from our probe simulations
assuming the location of the allosteric sites is unknown
(predictive analysis).
Retrospective Analysis: Probe Allosteric Site Occu-

pancy. To validate the ability of the probes to occupy the

allosteric site of the M2, β2, and P2Y1 receptors, we calculated
the probe occupancy at allosteric interaction spots (Table 2),
i.e., residues contributing most to the ligand−receptor
interaction energy as obtained from conventional MD
simulations of the X-ray structures of the receptors bound to
the allosteric modulators (Figure 1D−F, Table S1). The probe
occupancy was calculated from the 40 ns production runs and
expressed as the percentage of the simulated time in which
each spot was occupied by a probe averaged over (at least)
three independent trajectories.
Although ISO, PYR, and NMF probes occupy two

interaction spots for over 70% of the simulated time, in the

Table 2. Probe Occupancy at Allosteric Interaction Spotsa

receptor occupancy (%)

M2 probe (no.) SB HB1 HB2 HYD

Agonist4MQT ISO (31) 32 ± 9 67 ± 19 64 ± 16 71 ± 13
Empty4MQT ISO (31) 36 ± 5 80 ± 8 75 ± 12 76 ± 11
Agonist4MQT ACE (32) 38 ± 9 81 ± 6 64 ± 18 76 ± 11
Empty4MQT ACE (32) 41 ± 7 76 ± 15 52 ± 26 73 ± 15
Agonist4MQT PYR (24) 30 ± 9 69 ± 11 45 ± 19 59 ± 19
Empty4MQT PYR (24) 38 ± 10 73 ± 12 54 ± 1 79 ± 6
Agonist4MQT NMF (33) 52 ± 1 94 ± 4 88 ± 11 91 ± 7
Empty4MQT NMF (33) 48 ± 10 83 ± 13 66 ± 11 81 ± 14
Agonist4MQT THP (14) 43 ± 13 93 ± 2 85 ± 7 92 ± 2
Empty4MQT THP (14) 26 ± 9 59 ± 21 54 ± 7 47 ± 36
Agonist4MQS ISO (31) 31 ± 5 49 ± 10 35 ± 3 66 ± 14
Agonist4MQS ACE (32) 27 ± 6 29 ± 10 29 ± 6 27 ± 10
Agonist4MQS PYR (24) 14 ± 3 80 ± 7 24 ± 15 73 ± 6
Agonist4MQS NMF (33) 30 ± 1 50 ± 15 33 ± 2 42 ± 13
Agonist4MQS THP (14) 23 ± 3 82 ± 3 63 ± 16 79 ± 5

β2 probe HB1 HB2 HYD1 HYD2

Empty5X7D ISO (42) 63 ± 7 52 ± 9 46 ± 11 21 ± 26
Empty 5X7D ACE (43) 77 ± 20 55 ± 16 58 ± 21 80 ± 7
Empty5X7D PYR (32) 87 ± 9 71 ± 21 65 ± 25 51 ± 38
Empty5X7D BZA (21) 87 ± 10 80 ± 10 77 ± 14 80 ± 12
Empty5X7D BTA (29) 85 ± 12 42 ± 33 68 ± 8 62 ± 38
Empty2RH1 ISO (42) 72 ± 8 0 6 ± 2 65 ± 31
Empty2RH1 ACE (43) 15 ± 6 0 6 ± 2 46 ± 40
Empty2RH1 PYR (32) 41 ± 34 0 6 ± 5 52 ± 10
Empty2RH1 BZA (21) 66 ± 26 0 48 ± 27 75 ± 43
Empty2RH1 BTA (29) 53 ± 22 0 55 ± 22 3 ± 4

P2Y1 probe HB HYD

Empty4XNV ISO (30) 4 ± 7 18 ± 11
Empty4XNV ACE (30) 0 11 ± 4
Empty4XNV PYR (23) 12 ± 19 19 ± 12
Empty4XNV PHX (19) 22 ± 19 63 ± 11
Empty4XNV P2O (19) 48 ± 12 79 ± 7
Empty4XNW ISO (30) 6 ± 10 39 ± 39
Empty4XNW ACE (30) 0 5 ± 4
Empty4XNW PYR (23) 5 ± 4 45 ± 28
Empty4XNW PHX (19) 40 ± 10 73 ± 13
Empty4XNW P2O (19) 19 ± 11 68 ± 23

aThe occupancy is expressed as a percentage of the simulated time averaged over three independent trajectories. Allosteric interaction spots are
identified based on ligand-residue interaction energy obtained from the MD simulations of X-ray receptor-ligand complexes (Table S1). The
allosteric interaction spots include the following residues: SB: E172ECL2, HB1: N4106.58 and Y177ECL2, HB2: Y802.61 and N419ECL3, and HYD:
W4227.35 and F181ECL2 for the M2 receptor; HB1: N69

2.40, D3318.49, and backbone of R63IL3, HB2: T2746.36, HYD1: V54, L64ILC1, and F3328.50 and
HYD2: I722.43, L2756.37, and Y3267.53 for the β2 receptor; and HB: L1022.55 backbone and HYD: T1032.56 and M1233.24 for the P2Y1 receptor.
“Agonist” and “Empty” are for the receptor agonist-bound and empty forms, respectively. X-ray structures used in the MD simulations with PDB
code: 4MQT, 5X7D, and 4XNV contain an allosteric modulator and with PDB code: 4MQS, 2RH1, and 4XNW are without an allosteric
modulator. The number of probes in the box/cylinder used in the simulations is indicated in parentheses. Occupancy with the highest values and
mentioned in the text are in bold.
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simulations of the M2 empty receptor form, the occupancy
tends to be higher in the agonist-bound form of the M2

receptor (Table 2). The THP and NMF probes occupy three
interaction spots (HB1, HB2, and HYD) for over 85% of the

Figure 3. Probe density and cavity detection analyses for MD simulations of the receptor empty forms obtained from X-ray structures of the
receptors with (PDB codes: 4MQT, 5X7D, and 4XNV) and without an allosteric modulator (PDB codes: 4MQS, 2RH1, and 4XNW). (A) The
aggregated view of probe density from the probe-MD simulations. The probe density was calculated using the VMD VolMap tool (isovalue = 0.5).
The probe density is in yellow, red, and pink for the standard probes and in cyan and green for specific probes. (B) Binding cavities detected by
MDpocket from the three conventional MD simulation runs of the empty receptors. The cavities are shown in transparent surface representation
and generated with Maestro 2019-3. (C) Druggable cavities predicted by Fpocket. (D) The overlap of probe density and druggable cavities for the
M2 receptor and the overlap of probe density with detectable cavities for the β2 and P2Y1 receptors. (E) The X-ray structure of the receptors bound
to the allosteric modulator is shown for comparison.
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simulation time, whereas the ACE probe occupies the HB1
spot in the agonist-bound form of the M2 receptor for over
70% of the time. This supports the hypothesis that the Iperoxo
agonist stabilizes the allosteric binding site of LY2119620,
which is in line with the recent conventional MD simulations
of both the M2 receptor forms.39 The probes derived from the
maximum substructure search (THP and NMF) performed
better by yielding a higher occupancy of several interaction
spots than the standard probes. In most of the THP and NMF
trajectories, we observed one probe molecule occupying the
allosteric site and forming persistent interactions with W4227.35

(the Ballesteros-Weinstein numbering is given in super-
scripts40) or N419ECL3 and Y802.61 (Figure S2, Video 1 for
the THP probe). Other probes were less persistent and only
occupied the site intermittently. Up to two probe molecules
were detected around the residue interaction spots at a 2.5 Å
distance (Figure S2).
We next simulated the X-ray structure of the M2 receptor

bound to Iperoxo in the absence of the allosteric modulator
(PDB ID: 4MQS) to assess whether the probes were able to
recognize and occupy the allosteric site. The THP and PYR
occupancies were high, over 60%, for the HB1, HB2, and HYD
interaction spots and over 70% for the HB1 and HYD spots,
respectively. The occupancies of other probes were lower with
ISO and NMF probes occupying the HB1 and HYD
interaction spots by above 40% of the time.
In the β2 receptor simulations, three probes (PYR, BZA, and

BTA) occupied for over 85% of the time the HB1 interaction
spot (Table 2). The ACE probe was retained in HB1 and
HYD2 spots for over 77% of the time, whereas BZA occupies
all four interaction spots for over 77% of the time. The
occupancy of the ISO probe ranged from 21 to 63%. The
probes derived from ligand fragmentation, particularly BZA,
had the highest occupancy in all the hotspots. In the
trajectories, one or two BZA molecules interacted with
N692.40, S3298.47, D3318.49, and R63ICL1 (Figure S3). In
particular, one BTA molecule formed stable hydrogen bonds
with N692.40 and T2746.36 (Figure S3, Video 2). Other probes
formed less persistent interactions in the allosteric site. The
simulations of the β2 X-ray structure (PDB ID: 2RH1) without
an allosteric modulator showed that the BZA and ISO probes
occupied the HB1 and HYD2 interaction spots for over 65% of
the simulation time. The BTA probe occupied the HB1 and
HYD1 spots for above 50% of the time, whereas the PYR
molecules occupied the HYD2 spot for over 50% of the time.
None of the ACE probe molecules occupied the receptor
cavity persistently. The HB2 spot was not sampled in all the
simulations.

In the P2Y1 receptor simulations, the probe occupancy was
generally lower compared to the receptors with the EC and IC
allosteric sites (Table 2). This is due to the need for a probe to
pass through the lipid layer. However, the P2O and PHX
probes derived from the allosteric ligand fragmentation yielded
a higher occupancy of the HYD spot (79% and 63% for P2O
and PHX, respectively) and the HB (48% and 22% for P2O
and PHX, respectively) compared to ISO, ACE, and PYR
probes. One to three molecules of P2O and PHX molecules
occupied the allosteric site by forming hydrogen bonds to the
backbone of M1233.24 and L1022.55 (Figure S4 and Video 3).
The simulations of the P2Y1 X-ray structure in complex with an
orthosteric antagonist (MRS2500) and in the absence of the
allosteric modulator (PDB ID: 4XNW) demonstrated that the
PHX and P2O yielded better performance than other probes
and occupied the HB and HYD binding spots for 40% and
73%, and 19% and 68% of the time, respectively. We also
performed probe simulations by sampling the LI area around
helices 2, 3, and 4 (1); 3, 4, and 5 (2); 6 and 7 (3); and 1 and
7 (4) at the P2Y1 receptor (PDB ID: 4XNW) (Figure S5). The
selection of these lipid−helix interfaces was based on the
MDpocket cavity prediction41 from the P2Y1 receptor
conventional MD simulations (see the section below) and
the available receptor X-ray complexes bound to an allosteric
modulator at the LI. For example, allosteric ligands sit at the LI
of helices 2, 3, and 4 in the PAR2 and CB1 receptors and at the
LI of helices 3, 4, and 5 in the C5a, β2, and FFA1
receptors.14−16,18,22,23 Both probes displayed either low
occupancy or no occupancy at all in the selected LI areas
(Table S2), thus demonstrating the specificity of P2O and
PHX in binding at the LI of helices 1−3.
Overall, the three receptor examples demonstrate that

specific probe molecules perform better in both receptor
conformations. The probe occupancy is generally lower for the
receptor conformation derived from the X-ray structure
obtained in the absence of the allosteric modulator, although
most of the allosteric interactions could still be mapped. The
performance of standard probes is particularly low for such a
conformation. In addition, the probe occupancy was higher in
the presence of an orthosteric agonist when the binding site of
the M2 PAM was mapped, thus indicating the importance of
adding an agonist in probe simulations in search for PAM
binding sites. Although more probe-MD simulation tests are
required, the results obtained on the P2Y1 receptor show that
the specific probes are capable of detecting a distinct allosteric
site.

Predictive Analysis: Probe Density and Cavity
Detection. We next analyzed the trajectories blind to the
nature of the allosteric interaction spots as it would be the case

Table 3. Prediction of Allosteric Interaction Spot Residues from Probe Mapping, Cavity Detection, and Probe−Residue
Interaction Energy

number of residues

receptor
receptor structure used
for MD simulations

from
probe
density

from cavity
detection

from the intersection between probe
density and cavity detection

from probe-residue
interaction energy
< −1 kcal/mol

identified allosteric
interaction spot residues

M2 4MQT 55 35 35 23 8
4MQS 52 46 40 24 8

β2 5X7D 83 45 45 23 9
2RH1 72 34 33 26 9

P2Y1 4XNV 27 18 18 11 3
4XNW 24 10 10 10 3
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Figure 4. Computational and experimental prediction of the allosteric site for the UCB compound in the D2 receptor. (A) The UCB compound
and probe molecules used in allosteric site mapping. (B) The structure of the D2 receptor in cartoon representation with the results of MD
simulation analysis. From left to right: the aggregated view of probe density from the probe simulations, IND and BAL are in cyan and purple,
respectively; detectable cavities predicted by MDpocket from the MD trajectories are shown in transparent surface representation; a druggable
cavity predicted by Fpocket; the overlap of probe density and a druggable cavity. (C) The probe−residue interaction energy for the residues
selected from probe density and druggable cavity detection. The interaction energy < −1 kcal/mol is shown for the probe that forms the strongest
interaction with a residue. (D) Docking pose of the UCB compound at the putative allosteric site. The UCB compound and dopamine are shown
in green and orange sticks, respectively. Only residues selected from probe−residue interaction energy calculation are shown. The druggable cavity
is shown in transparent surface representation. Labels of residues selected for mutagenesis are in blue, and labels of residues in contact with the
orthosteric agonist are in red. (E) cAMP accumulation assays in the absence and presence of the UCB compound at the D2 receptor WT and
mutants. Concentration−response curves of the endogenous agonist, dopamine, measuring Forskolin-induced (7.5 μM) cAMP accumulation at the
D2 WT receptor (1) and the mutants V91A (2), L94A (3), L94W (4), W413A (5), and E95A (6) in the absence and presence of UCB compound
1 (10 μM). The absence of the PAM is indicated with a solid line, while the presence of 10 μM of the PAM is indicated by a dotted line. Each data
point represents the mean ± SEM of triplicate wells of three independent experiments. Analysis of the pharmacological parameters for these curves
can be found in Supplementary Table S3.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00802
ACS Cent. Sci. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acscentsci.1c00802?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00802?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00802?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00802/suppl_file/oc1c00802_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00802?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for novel ligands or previously unexplored GPCRs to assess if
allosteric sites can be predicted ab initio. Therefore, a probe
density analysis for the MD simulation trajectories was carried
out using the VolMap tool.42 In Figure 3A, the aggregated view
of probe distribution (isovalue 0.5) calculated from the three
replicates for each probe obtained for the two X-ray structures
considered for each receptor is depicted. From this analysis, we
accessed the coordinates of the points with isovalues higher
than a threshold (>0.5) and determined the list of residues that
interacted with the probe molecules. As shown in Table 3, the
initial number of residues around a putative allosteric site was
high.
To further narrow down the residue selection, we next

linked the probe density analysis with cavity detection. The
MDpocket tool41 was used to track putative ligand binding
cavities and predict their druggability in conventional MD
simulations of the receptor empty forms. On the basis of the
assumption that not all locations where a probe molecule
resides in the probe-MD simulations may represent ligand
binding cavities, we intersected the residues obtained from the
probe density analysis with the residues obtained from cavity
detection to find allosteric site residues. Figure 3B,C shows all
detectable and druggable cavities in the receptors from the
three simulation replicates of the two receptor X-ray structures.
MDpocket identified multiple putative ligand binding sites in
different regions of the three receptors. The allosteric sites of
the M2, β2 and P2Y1 receptors were all detected as ligand
binding cavities by MDpocket. Among them, the allosteric site
at the EC side in the M2 receptor has also been identified as a
druggable cavity in all simulation replicates of the M2 empty
receptor obtained from the X-ray complex bound to an
allosteric modulator and in one replicate of the M2 empty
receptor obtained from the X-ray complex not containing an
allosteric modulator, according to the Fpocket druggability
criteria.43−45 A small region of the allosteric site at the IC side
has been only identified as druggable in one simulation of the
empty β2 receptor obtained from the X-ray complex bound to
an allosteric modulator. None of the conventional MD
simulations of the P2Y1 receptor empty forms predicted the
allosteric site at the LI side as a druggable cavity. The
druggable cavity at the EC side of the M2 receptor and
detectable cavities at the IC site of the β2 receptor and at the
LI side of the P2Y1 receptor overlapping with probe density
(Figure 3D) were used to determine residues lining these
cavities (Table 3).
We next calculated the interaction energy between the

residues selected from the overlap of the probe density and
cavity detection results, and the probe molecules to identify the
residues forming interactions with the probe below 1 kcal/mol
(Table 4). Less than 10 residues were identified (Table 4), and
among them there were residues of the allosteric interaction
spots, which were scored at the top of the list for both receptor
conformations of the M2 and P2Y1 receptors (Table 4). In the
case of the β2 adrenergic receptor, the allosteric interaction
spot residues were more scattered, particularly from the
simulations obtained based on the X-ray structure of the
receptor without the allosteric ligand. This is because of the
partially closed IC cavity in this structure. The specific probes
had a major contribution to the interaction energy.
Overall, the binding interactions of probe molecules are

matched with the interactions of the allosteric ligands in the X-
ray structures. Not all allosteric cavities meet an established
druggability rule; this is especially true with cavities at the LI;

therefore, all detectable cavities should be potentially
considered in a predictive analysis. Our computational
protocol was then validated in a prospective study, where the
key receptor residues predicted by probe MD mapping were
assessed by mutagenesis.

Experimental Validation of Probe Confined Dynamic
Mapping. To test our methodology in an experimental
setting, we applied our pipeline to the D2 receptor. As a proof
of concept, we explored how the protocol performed in
predicting where the previously published UCB PAM might
bind (Figure 4A).46 Two probe molecules indole (IND) and
benzyl alcohol (BAL) were generated from the UCB
compound.46 Probe confined dynamic mapping on the D2
crystal structure47 in a dopamine-bound form was carried out
to explore putative binding sites at the EC and IC sides and the
LI. From probe density analysis, druggable cavities detection
and probe−residue interaction energies, as described above, we
have predicted a putative allosteric site for the UCB compound
at the EC side of the D2 receptor consisting of helices 2 and 7,
ECL1 and ECL2 (Figure 4B−C). From our approach, the final
list of residues involving V912.61, L942.64, E952.65, W100ECL1,
I184ECL2, and W4137.40 was selected for site-directed muta-
genesis by taking into consideration a docking pose of the
UCB compound in the predicted allosteric site (Figure 4D).
To test if these residues were involved in the function of the

UCB compound, we first confirmed the compound modulated
cAMP production in line with an allosteric modulator of a Gi-
coupled receptor (Figure 4E.1). We then tested each mutant in
transfected HEK293 cells to ensure that the mutation of each
residue did not significantly impact the ability of the receptor
to reduce Forskolin-stimulated production of cAMP after
agonist addition (Figure 4E, Table S4) or the expression
(Figure S7). We found either a tryptophan or alanine at
position L942.64 was well tolerated (pEC50 = 9.7 and 8.7,
respectively). At positions 2.61 and 2.65, we were able to
mutate these residues to an alanine while conserving activity
with minimal changes in pEC50 (Figure 4 and Table S3).
Altering W100ECL1, however, led to a significant decrease in
activity, in line with published results47 (pEC50 = 8.1) (Figure
S6) and showed altered expression (Figure S7). A similar
change in activity was seen with the I184AECL2 mutation
(pEC50 = 8.3) (Figure S6). Thus, these two constructs were
not explored further. For the W4137.40 position, we tested
mutation to alanine which preserved receptor function (pEC50
= 8.8).
Next, we tested the effect of these mutations on their ability

to influence the effects of the UCB compound. In line with the
predicted computational analysis, mutations of V912.61A and
L942.64A did appear to reduce the effects of the PAM on
dopamine stimulation as measured by forskolin-stimulated
cAMP accumulation (Figure 4E.2 and E.3). However, the dose
responses were nearly flat in the presence of the UCB
compound, with a measured ΔEmax of ∼57% and ∼34%,
respectively, which is not easy to interpret. Enlarging this
pocket by either mutation may provide too much flexibility for
the compound. This varied with the L942.64W mutant, where
the PAM effect appeared to be completely lost (Figure 4E.4).
The W4137.40A mutation increased the PAM effect by
improving dopamine affinity (ΔpEC50 = 3) with no impact
on Emax (Figure 4E.5). The E95A2.65 mutation too showed a
similar but milder effect (ΔpEC50 = 3) with a measured ΔEmax
of ∼35%, suggesting the potential importance of these amino
acids in maintaining the orientation of the PAM (Figure 4E.6).
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To quantify effects of the UCB compound, we performed
cross-titration curves and calculated a Kb value (Figure S8A−
C). These showed dramatic changes from WT vs L942.64W and
W4137.40A mutants (Figure S8D). Indeed, for the L942.64W, no
Kb could be obtained as all signs of allosterism were lost,
consistent with the data obtained above. Together, these data
support the predicted binding site of the UCB compound and
serve to validate our prediction pipeline.

■ DISCUSSION
We have developed a probe confined dynamic mapping
protocol for fast and efficient detection of allosteric sites in
GPCRs. The application of the cylinder-shaped harmonic wall
potential and the specific probes derived from GPCR allosteric
ligand structures helped address the limitations of currently
available cosolvent mapping protocols such as limited probe
sampling, membrane distortion, probe nonspecific binding, and
protein denaturation.
The cylinder-shaped harmonic wall potential allows the

probes to explore thoroughly either the EC or IC sides of the
receptor while preventing them from partitioning into the lipid
bilayer or distant water layers. In the case of the allosteric site
mapping at the LI, the probes are only allowed to move from a
water layer to the lipid bilayer at the interface of the selected
helices. To explore the entire protein−lipid interface in a blind
allosteric site search, we propose to run probe simulations
sampling separately two to three helices.
The default simulation length for the production run was set

at 40 ns, although the protocol was able to identify an allosteric
site in simulation times as short as 20 ns. On the basis of the
inspection of recent X-ray and cryo-EM structures of GPCR LI
allosteric sites located deeper in the membrane, we envision
that the simulation time for the search of such sites could be
extended to enhance the sampling at the interface. In blind
studies, we suggest mapping allosteric sites at the EC, IC, and
LI separately. Incorporation of all the scenarios in a single
protocol will require too many restraints that would result in a
reduced simulation speed.
Here, we extended the dynamic mapping approach with

cosolvents to fragments derived from GPCR allosteric ligand
structures to improve sampling of specific binding in allosteric
sites. From the probe occupancy and probe-residue interaction
energy analysis, the specific probes performed substantially
better in mapping key allosteric interaction spots compared to
the standard organic solvents. In the case of the allosteric sites
at the LI, the standard probes yielded poor results. In the
probe-MD simulations of the P2Y1 receptor, where we allowed
probes to sample the LI for various helices, we show that
specific probes were also selective in mapping a specific cavity
at the LI. In a prospective search of allosteric sites for a
receptor with unknown allosteric ligands, we suggest using a
set of fragments derived from “privileged” or common
substructures of allosteric modulators of a related receptor
subtype or receptor subfamilies as probes. Our choice of 10%
probe concentration in the starting box of the water−probe
mixture was enough to sample the allosteric sites. In the case of
PAMs, the probe mapping simulations should be performed in
the presence of an orthosteric agonist.
We also investigated the performance of receptor X-ray

structures without an allosteric ligand. Although the probe
occupancy was generally low, the specific probes were able to
sample the allosteric interaction spots in the M2 and P2Y1
receptors. The probes were not able to sample one of the

interaction spots in the β2 receptor because the binding cavity
was partially occluded. However, in the proposed predictive
setting of MD trajectory analysis, involving a combination of
probe density analysis, binding cavity detection, and probe−
residue interaction energy calculations, these receptor con-
formations allowed identification of the key residues.
We have applied the developed protocol to identify the

binding site of the UCB PAM at the D2 receptor. Currently,
the experimental structure of the D2 receptor bound to an
allosteric ligand is not available. Recently, the cryo-EM
structure of the D1 receptor has been published bound to
LY3154207, a PAM at the LI of helices 3−5.48 The known D2
NAM, SB269652,49 and compounds based on thieno[2,3-
d]pyrimidine scaffold50,51 are believed to bind to the EC
side.50,52 In our study, we explored the possible allosteric site
of the UCB compound at the EC and IC sides and the LI. We
found that the probe density was particularly high at the EC
side around helices 2 and 7, ECL1 and ECL2. Given that this
binding cavity is also predicted as druggable, we chose this
cavity as a preferable one for residue selection. Six residues
were selected for site-directed mutagenesis, and four residues
were confirmed to have an impact on the UCB compound of
dopamine-induced activation of the receptor, thus validating
our computational protocol. Mutating the residues in the EC
loops beneath the dopamine binding site in direct contact with
PAM’s F-indole functional group affects receptor function, as
expected. In particular, I184 is believed to play a role in ligands
Kon and Koff as well as β-arrestin signaling in the D2 receptor
and other aminergic GPCRs.53,54 In the X-ray D2 receptor
bound to risperidone, an inverse agonist forms a hydrophobic
patch involving W100, I194, and L942.64 that changes the
ECL1/2 orientation with respect to the one previously
observed in D2-like receptors.47 Mutation of these residues
reduces the residence time of risperidone. Hence, the effects
observed in our experiments are in line with acquired
knowledge on the D2 receptor. Mutating the residues
surrounding the PAM Ph-CH2OH does not affect receptor
function but impacts the PAM activity. This evidence supports
the role suggested for the W4137.40 and E952.65 side-chains in
keeping the PAM in an orientation that allows it to occlude the
orthosteric pocket and/or interfere with the agonist binding.
The mapping of the UCB compound in the D2 receptor has

turned out to be straightforward as the allosteric site of the
compound was found at the EC side, which was predicted as a
detectable and druggable cavity. The probe simulations were
complementary with MDpocket and Fpocket results and, in
addition, guided the selection of a ligand docking pose by
identifying the residues establishing specific interactions with
the probes. In many cases, as we see here for the P2Y1 and β2
receptors, especially for the receptor X-ray structure obtained
without an allosteric modulator, the detectable cavities might
not be druggable. This could be often observed for the LI sites.
In this case, all detectable cavities identified by MDpocket-like
programs should be considered. Probe-based MD simulations
would be of particular use here to prioritize a putative allosteric
cavity and evaluate its accessibility, polarity, and dynamics
among other detectable cavities in an efficient manner. The
P2Y1 receptor simulations where specific probes were capable
to recognize a particular cavity could be an example to
demonstrate how various cavities could be evaluated by probe
simulations.
FTMap and FTSite tools were used to map allosteric sites in

GPCR X-ray structures55 and MD-derived receptor conforma-
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tions of the M2 and A2A adenosine receptors.56,57 These tools
were successful in mapping EC and IC allosteric sites but failed
to map LI sites. The site identification by a ligand competitive
saturation (SILCS) MD-based approach has been also recently
applied to map EC allosteric sites of the M2 and GPR40
receptors.28 Here, we have developed a methodology for
mapping allosteric sites at the receptor EC and IC sides and,
particularly, in the most challenging case involving allosteric
sites at the interface between and the receptor and membrane.
The cylinder-shaped harmonic wall potential applied to probe
molecules in MD simulations allows efficient mapping of
allosteric sites at various locations. Our methodology is able to
identify allosteric sites in a short simulation time, and the
results of the simulations could be inspected in less than a day,
which makes it suitable for industry settings. Implementation
of a fragment-based drug design approach demonstrated that
confined dynamic probe mapping can successfully be
performed on membrane proteins. The specific probes based
on allosteric modulators have shown a potential in detecting a
distinct allosteric site, suggesting that the method could be
sensitive to identify false positives from allosteric modulator
screens. Our methodology is a computationally feasible
solution to initiate rational search of allosteric sites and design
of allosteric ligands for GPCRs and other membrane-bound
drug targets.

■ MATERIALS AND METHODS
System Preparation. The X-ray structures of the M2

(4MQT and 4MQS), β2 (5X7D and 2RH1), P2Y1 (4XNV
and 4XNW), and D2 (6CM4) receptors were used to revert to
the wild type receptors and subsequent MD simulations. The
wild types were built based on the sequences with UniProt ID:
P08172, P07550, P47900, and P14416 with a partial
reconstruction of ICL3 using the Prime module of Schrödinger
software.58

Probe Confined Dynamic Mapping Protocols. The
automatic procedure of probe confined dynamic mapping are
provided as jupyter notebooks (MIDAS_EC.ipynb, MID-
AS_IC.ipynb, and MIDAS_LI.ipynb) available in the Support-
ing Information and at GitHub (https://github.com/irinat12/
Probe-Confined-Dynamic-Mapping-Protocols-GPCRs_
membrane_proteins). The required input files are (i) pdb of a
receptor (preoriented with OPM59), membrane, and one copy
of cosolvent/fragment structures and (ii) an input file
containing the following information: a receptor, an orthosteric
ligand (if applicable), cosolvent and membrane file names (1);
an orthosteric ligand (if applicable), cosolvent, and lipid
residue names (2); cosolvent/fragment molecular weight and
desired water/probe m/m % (in the closed box) (3); and
height of the water buffer region between the protein and the
water/probe mixture box (4).
System Setup. A box of water/probe (cosolvents or

fragments) mixture of user-defined m/m % concentration is
generated with Packmol60 and placed at a user-defined
distance (zof f) from the protein atom with the maximum/
minimum z coordinate on the EC/IC side. The user can
specify the box z dimension (zheight), whereas the box x and y
sizes are automatically calculated based on minimum/
maximum protein dimensions on the EC/IC sides (based on
protein atoms with z > 0 and z < 0, respectively). After the box
is placed, the protein is embedded in the membrane, and the
system is solvated with water molecules and neutralized with
0.15 NaCl. Final system files are created for subsequent MD

simulations. All the above-mentioned steps are carried out
using HTMD 1.13.6.61 NAMD program62 input, constraints,
and collective variable files are automatically generated.

Equilibration. The cosolvent molecules are confined in a
closed cylinder, which is set up by distanceXY and distanceZ
collective variables available in the NAMD program and using
the hypotenuse of the rectangle defined by the Packmol box x
and y sizes as radius. A small constraint on the protein center
of mass is applied during the third equilibration phase to avoid
protein drifting and maintain cylinder absolute coordinate
reference.

Production. During the production phase, the cylinder
boundary (distanceZ collective variable) facing the protein is
removed, and the cylinder radius decreased to the half of the
Packmol x or y box size, whichever is smaller, to allow the
probes to diffuse toward and interact with the protein. During
the production, the distanceZ collective variable facing the
system boundary is maintained, thus defining a semiclosed
cylinder, and its boundary lowered by ∼10 Å. To enable probe
adaptation to the new cylinder size, the system is subjected to
240 steps of minimization, before 40 ns of NPAT (constant
normal pressure and lateral surface area of membranes and
constant temperature) production is ran (at least in triplicate).
Protein Cα atoms with z coordinates ±5 Å from the cell origin
are restrained to avoid protein drifting.
To sample allosteric sites at the membrane/protein interface

two additional distanceZ collective variables (one on the x and
one on the y axis) were added to confine the probes in the
specific area of the cylinder defined by the user based on target
receptor transmembrane helices to sample. To enable probe
adaptation to the new area size, at least 1800 minimization
steps were required before running the actual production (40
ns, NPAT condition, at least five replicas). The collective
variables that define a cylinder were selected with lower and
upper boundaries (10 and 35 Å). The 10 Å was set to prevent
the probes from sampling MRS2500 orthosteric site, which is
readily accessible from the EC side. The van der Waal radii of
POPC CLT2 and CTL3 atom types were decreased by 10%,
while the parameters of all the other POPC atom types
remained unaltered.

Molecular Dynamics Simulations. CHARMM36 force
field was used for proteins, lipids, and water.63,64 The
parameters for ligands and probes were derived from the
CHARMM General Force Field (CgenFF), v1.0.0.65 The
receptors were placed in a 90 × 90 Å 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) membrane patch. The
receptor−lipid system was solvated with a 30 Å buffer from
both sides of the lipid bilayer. The systems were neutralized by
0.15 M Na+ and Cl− ions.
All MD simulations were performed using NAMD Git-2017-

12-19, Linux-x86_64-multicore-CUDA.66 The first equilibra-
tion step included 1000 steps of minimization followed by 0.5
ns of NVT simulations with the protein, lipid headgroups, ions,
cosolvent, and water atoms fixed. The second equilibration
step comprised 500 minimization steps followed by 2.0 ns of
NPT simulations, where harmonic restraints on all protein
atoms were applied, and a small force was applied to water
molecules to prevent them from entering the membrane. In the
case of probe simulations, the probes were confined in a closed
cylinder. The third equilibration step involved 10 ns of NPT
ensemble with the receptor free to relax with translation on the
center of mass removed. Probe molecules were kept in a closed
cylinder. The production step included 240 steps of
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minimization and 40 ns of simulations, where the whole system
was free to relax. In the case of probe simulations, harmonic
restraints on the protein Cα atoms with z ± 5 Å from the
origin (0,0,0) were applied, and translation on the protein
center of mass was removed. The probe molecules were
confined in a smaller semiclosed cylinder, with the boundary
facing the receptor opened. The temperature of all simulations
was 310 K.
Cheminformatics Analysis. Maximum common sub-

structure search and ligand fragmentation based on a ring−
chain method or functional groups were performed using the
cheminformatics toolkit (frags2img.py, getcore.py, and enum-
fras2pdf.py of OpenEye (OEChem TK 2.2.0).67

Trajectory Analysis. The probe occupancy at the distance
of 4 Å from the allosteric spots was calculated using an in-
house tcl-script using VMD 1.9.3.42 The probe density was
calculated using the Volmap tool of VMD 1.9.3 with a cell side
of 1 Å, and the density was averaged over all frames of the top
molecule. The Volmap probe density was analyzed at isovalues
of 0.3, 0.5, and 0.8. Probe density at an isovalue of 0.5 was
selected for the selection of residues in the interaction with
probe molecules at a 5 Å distance. MDpocket41 with Fpocket
3.043,44 was used to predict detectable and druggable pockets
in MD trajectories. The residue−probe or residue−ligand
interaction energy was calculated using the “namdenergy.tcl”
script v 1.6 of NAMD.62 The residues at 5 Å distance from a
ligand/probe were selected for the interaction energy analysis.
Modeling pictures were created with Maestro 2019-3,58 and
MD videos were generated with VMD 1.9.3.
Molecular Docking. The induced fit docking program of

Schrodinger software 2019-368,69 was used for docking of the
UCB compound and dopamine. Prior to docking, ligands were
prepared using the “Ligand Prep” module, and the D2 receptor
was preprocessed according to the protein preparation
procedure of the Schrodinger software. All docking calculations
were run in the “Standard Precision” (SP) mode70 with default
values for all parameters. The docking box was set based on the
residues predicted for the putative allosteric site from the
probe-MD simulations. The best-docked structure was chosen
using the Glide Score.71 Dopamine was maintained in the
orthosteric site during the docking of the UCB compound.
Site-Directed Mutagenesis. All cDNA templates and

primer sequences are listed in Table S4. Per mutation, a
reaction mix (25 μL) was prepared containing 1× PhusionTM
HF buffer, 200 μM of dNTP mix, 0.5 μM of forward primer,
0.5 μM of reverse primer, 25 ng of template DNA, and 0.02 U/
μL of PhusionTM high-fidelity DNA polymerase. PCR cycles
were carried out using Veriti thermocycler (Applied Bio-
systems). A three-step protocol was set such that initial
denaturation occurred at 98 °C for 30 s, followed by 35
amplification cycles. Each amplification cycle consisted of
denaturation for 10 min, an annealing gradient of 2−3
temperatures depending on the Tm of the primers for 60 s
followed by an extension at 72 °C (22.5 s/kb). To terminate
the PCR amplification cycles, a final extension step at 72 °C for
10 min was applied. For the mutation W413A, a two-step
protocol was used. Agarose gel electrophoresis (1% w:v) was
then used to analyze PCR products. A total of 5 U of DpnI
restriction enzyme (2% of total volume in PCR tube) was
added and incubated for 37 °C overnight. PCR products were
transformed using Esherichia coli DH5α competent cells,
amplified, and purified. DNA Sanger sequencing (Eurofins)
was then used to confirm if PCR had been successful.

Transient Transfection. Reverse transfection was used to
transiently transfect HEK293 cells using Lipofectamine 3000
(Thermo Fisher), using the method provided by the
manufacturer. Transfections were performed such that each
well contained 150 ng of the D2 WT receptor and 50 ng of the
pGlo-SensorTM-22F cAMP protein sensor with lipofectamine
added in a 1:1.5 w:v ratio, respectively. A total of 50 μL of this
mix was added to a poly-D-lysine (Sigma-Aldrich) coated F
white clear-bottom plate (Greiner Bio-One). To this, 100 μL
of HEK293 cells at a viable cell density of 75 000 cells was then
added. Plates were then incubated in a 5% CO2 atmosphere at
37 °C for 24 h prior to performing intracellular cAMP
accumulation assays.

Intracellular cAMP Accumulation Assays. Twenty-four
hours post-transfection, the cell culture media were removed
slowly, minimizing disruption to attached cells adhered to the
bottom of the wells. Cells were initially washed using HBSS-
based cAMP assay buffer (pH 7.4). Thereafter, cAMP buffer
supplemented with firefly D-luciferin (0.45 mg/mL; NanoLight
Technologies) was added (90 μL for functionality assays or 80
μL for testing the PAM assays). The plate was then left to pre-
equilibrate in the dark at 28 °C for 1 h. During this time, the
CLARIOstar PLUS (BMG Labtech) was set to 28 °C.
Remaining cAMP buffer was used to prepare ascorbic acid
(0.01% w:v) and then further supplemented with forskolin (7.5
μM). This was used to prepare dopamine dilutions. The
allosteric modulator, (1) was custom synthesized by Enamine
and resuspended in DMSO to a stock concentration of 10 mM
and then aliquoted. Prior to assays, dilutions were prepared in
filtered cAMP buffer absent of ascorbic acid or forskolin.
Postequilibration, 10 μL of the allosteric modulator was added
to the wells and left to equilibrate for a further 15 min.
Bioluminescence readings were then conducted to measure
basal luminescence signal (∼6−10 cycles) prior to agonist
addition. Upon agonist addition (10 μL), luminescence
readings were taken for ∼1 h. For functionality assays,
postequilibration, basal luminescence reads were performed,
followed by agonist addition (10 μL) only. Variability in the
luciferase signal was taken into consideration by using the
average of the last three stable basal luminescence reads to
normalize the response of each well. GraphPad Prism 9.0 was
used to plot data.
Cross-titration curves of the UCB compound (30 μM, 10

μM, 3 μM, 1 μM, 0.3 μM, and 0 μM) were performed to
calculate the Kb value at the WT, L94W, and W413A.
Luminescence readings were performed for ∼30 min. A
nonlinear regression analysis fit GraphPad Prism 9.0 was used
to calculate the Kb value by using a nonlinear regression
analysis fit.

Immunofluorescence Assays. HEK293 cells were grown
on coverslips and transiently transfected using polyethyleni-
mine (PEI). Prior to fixation they were rinsed 3× with PBS and
fixed at room temperature for 10 min with 4% v/v
paraformaldehyde. The cells were then permeabilized using
Triton X-100 (0.2%) in PBS buffer 1 min followed by 1× wash
with PBS. Then a quenching of aldehyde step was performed
to reduce background with NH4Cl (50 mM, 15 min). The
coverslips were then washed 1× for 5 min in PBS and blocked
for 1 h at room temperature in 5% w/v BSA. The coverslips
were subsequently washed in PBS 1× and primary (rabbit D2,
dopamine receptor 2 antibody) diluted in 5% w/v BSA added
at 1:200 overnight at 4 °C. The next morning the coverslips
were washed again in PBS 3×, and the secondary (goat anti-
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rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 568) was added at 1:1000 in 5% w/v BSA for 1 h at
room temperature. The cells were washed again 3× in PBS and
then mounted using ProLong Gold antifade reagent with DAPI
and imaged using a Zeiss LSM 880 laser scanning confocal
microscope.
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