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ABSTRACT
The development of small molecule allosteric modulators acting at
G protein–coupled receptors (GPCRs) is becoming increasingly at-
tractive. Such compounds have advantages over traditional drugs
acting at orthosteric sites on these receptors, in particular target
specificity. However, the number and locations of druggable allo-
steric sites within most clinically relevant GPCRs are unknown. In
the present study, we describe the development and application of
a mixed-solvent molecular dynamics (MixMD)-based method for
the identification of allosteric sites on GPCRs. Themethod employs
small organic probes with druglike qualities to identify druggable
hotspots in multiple replicate short-timescale simulations. As proof
of principle, we first applied the method retrospectively to a test set
of five GPCRs (cannabinoid receptor type 1, C-C chemokine recep-
tor type 2, M2 muscarinic receptor, P2Y purinoceptor 1, and prote-
ase-activated receptor 2) with known allosteric sites in diverse
locations. This resulted in the identification of the known allosteric
sites on these receptors. We then applied the method to the

m-opioid receptor. Several allosteric modulators for this receptor
are known, although the binding sites for these modulators are not
known. The MixMD-based method revealed several potential allo-
steric sites on the mu-opioid receptor. Implementation of the
MixMD-based method should aid future efforts in the structure-
based drug design of drugs targeting allosteric sites onGPCRs.

SIGNIFICANCE STATEMENT
Allosteric modulation of G protein–coupled receptors (GPCRs) has
the potential to provide more selective drugs. However, there are
limited structures of GPCRs bound to allosteric modulators, and
obtaining such structures is problematic. Current computational
methods utilize static structures and therefore may not identify hid-
den or cryptic sites. Here we describe the use of small organic
probes andmolecular dynamics to identify druggable allosteric hot-
spots on GPCRs. The results reinforce the importance of protein
dynamics in allosteric site identification.

Introduction
G protein–coupled receptors (GPCRs) are a superfamily of

integral membrane proteins responsible for mediating a mul-
titude of physiologic processes. Not surprisingly, they are in-
volved in a wide array of diseases (R€ompler et al., 2007;
O’Hayre et al., 2013). Consequently, GPCRs are among the
most clinically relevant proteins in drug discovery, serving as
the target for over 20% of drugs on the market (Chan and
Zhang, 2020). The majority of drugs acting at GPCRs bind to
and exert their action at the orthosteric site, the location
in which endogenous ligands bind. However, modulating

allosteric sites—binding pockets located away from the or-
thosteric site—has increasingly become a viable strategy for
achieving more effective therapeutics and offers several ad-
vantages over traditional drugs. First, allosteric modulators
typically can achieve greater selectivity than orthosteric
ligands, as exemplified by the numerous subtype-specific allo-
steric modulators discovered within the metabotropic gluta-
mate receptor subfamily (Gregory et al., 2013); this is likely
due to allosteric sites being less evolutionarily conserved
than orthosteric sites (Wenthur et al., 2014). Second, patient
overdosing would potentially be reduced or eliminated
through treatment with an allosteric drug, as allosteric mod-
ulators have no effects or very few by themselves, depend on
endogenous (or exogenous) ligands for their function, and the
effects reach a maximal limit (Burford et al., 2015b). Lastly,
allosteric modulators can provide tissue specific targeting,
whereas orthosteric ligands are more promiscuous in their
binding (Kenakin, 2017). Overall, development of allosteric
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drugs offers clear benefits to identify clinically useful
therapeutics.
High-throughput screening methods have proven effective

in discovering novel allosteric modulators, but this method is
hampered by its “brute-force” nature and being expensive,
time consuming, and laborious. In response, the advent of
computer-aided drug design in recent years has allowed for
the prioritization of small molecules through virtual screen-
ing, utilizing strategies such as molecular docking followed
by subsequent experimental validation. This inevitably al-
lows for the decrease in time and cost for the discovery or de-
velopment of novel drugs (Maia et al., 2020). Docking-based
virtual screening is a very common method used in drug dis-
covery but requires the structure of the target molecule to
have been solved. Several GPCR structures have been solved
in complex with allosteric modulators. These modulators
have been observed to bind in a variety of locations from the
outer vestibule in the extracellular region to the protein-lipid
interface (Lu and Zhang, 2019). However, the location of allo-
steric sites on numerous medically relevant GPCRs remains
unknown.
Computational methods have increasingly been employed

to study allostery of proteins, including the characterization
of allosteric pathways and pockets (Wagner et al., 2016).
Among the vast arsenal of algorithms in this field, computa-
tional solvent mapping is among the most promising for the
identification of allosteric sites. Yet, most of these methods
are limited to using a static crystal structure of a protein for
analysis, which neglects protein flexibility. For example, a
previous study of the M2 muscarinic receptor (M2R) found a
cryptic site through molecular dynamics simulations that
was not present in the original crystal structure (Hollings-
worth et al., 2019). To remedy this situation, we have been
developing and making improvements to the mixed-solvent mo-
lecular dynamics (MixMD) method, a molecular dynamics–based
strategy that employs small organic probes with druglike quali-
ties to identify druggable hotspots in multiple replicate short-
timescale simulations (Ghanakota and Carlson, 2016). Neverthe-
less, all targets analyzed by MixMD thus far have been soluble
proteins. In contrast, GPCRs are transmembrane proteins that
require a lipid bilayer in simulations. To the best of our knowl-
edge, there have only been two studies [hERG1 potassium chan-
nel (Mousaei et al., 2020) and K-Ras (Prakash et al., 2015)]
using techniques similar to MixMD that have been applied to
membrane proteins.
In the present study, we report the development and appli-

cation of MixMD to membrane-bound GPCRs. Using MixMD
on a test set of five GPCRs (cannabinoid receptor type 1, C-C
chemokine receptor type 2, M2 muscarinic receptor, P2Y pu-
rinoceptor 1, and protease-activated receptor 2) with known
allosteric sites in diverse locations resulted in identification
of confirmed allosteric sites on all of the GPCRs. Additionally,
a case study with the m-opioid receptor (MOR) revealed po-
tential allosteric sites that could be used in structure-based
drug design efforts.

Materials and Methods
Structure Preparation. For the test set, five GPCR structures

solved in complex with an allosteric modulator (i.e., ‘holo’) were se-
lected based on the diversity of where the allosteric modulator bound
and served as the basis of comparison. Corresponding structures

without a bound allosteric modulator (i.e., ‘apo’) were used as the
starting point for simulations. An additional two ‘apo’ structures for
the m-opioid receptor were used as case studies. A summary of all
previously reported structures used in the present study is provided
in Supplemental Table 1 and Protein Data Bank (PDB) information
provided in Supplemental Table 2. Chain A was used whenever two
GPCRs were present in the unit cell. Modifications had to be made to
certain GPCRs. Intracellular loop 3 (ICL3) was either modeled with
the ‘Loop Modeler’ module from Molecular Operating Environment
(MOE, 2020.09 release) or joined together after removal of the fusion
protein where applicable. Moreover, ICL3 from the M2 muscarinic
receptor was omitted as done previously (Hollingsworth et al., 2019),
and the remaining loop terminal residues were joined together; this
loop, consisting of over 100 residues, has been shown earlier with cir-
cular dichroism to be intrinsically disordered (Ichiyama et al., 2006).
The N-terminal region of MOR, which makes a nonphysiologic con-
tact with the agonist BU72 (PDB: 5C1M) (Huang et al., 2015), was
omitted from the structure. All structures were manually stripped of
waters, ions, small molecules, and fusion proteins and were then
subjected to the ‘Structure Preparation’ module from MOE. N- and C
termini were capped with acetate and N-methyl amide, respectively.
Additionally, hydrogens were added, and the protonation state for all
residues was set at pH 7.0.

System Setup. All GPCR structures were embedded into a lipid
bilayer using the Membrane Builder module from CHARMM-GUI
(Lee et al., 2016). Membrane orientation of the GPCRs was derived
from the Orientations of Proteins in Membranes (OPM) database
(Lomize et al., 2012). The lipid bilayer consisted of approximately
200 phosphatidylcholine (POPC) molecules and 20 cholesterol mole-
cules per system. Waters were added to each face of the bilayer to a
thickness of �40 Å. Lipid entries in the resulting PDB file (step5_as-
sembly.pdb) were converted to an AMBER18-readable format with
charmmlipid2amber.py from AmberTools18. In our standard MixMD
protocol (Ghanakota and Carlson, 2016), a protein is surrounded
with small organic probes (pyrimidine, acetonitrile, or isopropyl alco-
hol). However, this procedure is not compatible with membrane pro-
teins, as the probes would clash with lipids in the membrane. One
could remove the lipids in question, but that would likely prevent the
formation of proper protein-lipid interactions. Therefore, a custom
Perl script was written to only allow probes in the aqueous phase for
the start of the simulation. In brief, the GPCR was surrounded with
probes at a low concentration using the tleap program in AMBER18
(Case et al., 2018), where waters that clashed with the probes were
removed. Probes within the lipid bilayer were removed, and the over-
all probe concentration was checked with a custom script. In an iter-
ative fashion, the probe concentration was increased until 5% v/v
was attained (Ghanakota and Carlson, 2016). Subsequently, a final
round of tleap was employed to generate the final simulation input
files. All relevant disulfide bonds were set, and the system was neu-
tralized with either Na1 or Cl� ions. The GPCR and lipids were pa-
rameterized with the ff14SB (Maier et al., 2015) and lipid17 (Case
et al., 2021) force fields, respectively. Additionally, TIP3P waters
were used (Jorgensen et al., 1983), whereas parameters for each of
the probes were from our previous work (Lexa et al., 2014).

Mixed-Solvent Molecular Dynamics Simulations. Molecular
dynamic simulations were run using the GPU implementation of
PMEMD from AMBER18 (Case et al., 2018). A first round of minimi-
zation was performed on the systems with a 10-kcal/mol·Å2 harmonic
restraint on the protein and lipids, which consisted of 2500 steps
of steepest descent followed by 2500 steps of conjugate gradient.
The second round of minimization reduced the harmonic restraint to
10 kcal/mol·Å2, whereas the final round removed the restraint
completely. Subsequently, the systems were gradually heated in the
NVT ensemble from 0 K to 100 K for 12.5 picoseconds (ps), then from
100 K to 310.15 K in the NPT ensemble for 125 ps at 1 bar.
A 10-kcal/mol·Å2 harmonic restraint was applied to the GPCR and
lipids. Upon reaching the target temperature, the systems were
equilibrated in the NPT ensemble at 310.15 K and 1 bar. Beginning
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with a 5-kcal/mol·Å2 harmonic restraint on the protein, the restraint
was reduced by 1 kcal/mol·Å2 every 2 ns for a total of 10 ns, then by
0.1 kcal/mol·Å2 every 2 ns for a total of 20 ns of equilibration. Produc-
tion simulations had no constraints and were run in the NPT ensem-
ble at 310.15 K and 1 bar for 100 ns except for the cannabinoid
receptor type 1 (CB1R), which was run for 150 ns; an additional 50
ns was required for CB1R for the probes to fully map its known al-
losteric site. All bond lengths concerning hydrogen were con-
strained with the SHAKE algorithm. A 1-femtosecond (fs)
timestep was used for all simulations. Nonbonded interactions
were set to cut off at 9.0 Å, whereas Particle Mesh Ewald summa-
tion was used for long-range electrostatics. The Langevin thermo-
stat and Monte Carlo barostat were used where applicable. Semi-
isotropic pressure coupling and constant surface tension were em-
ployed. Periodic boundary conditions were applied to all heating,
equilibration, and production runs. Ten independent production
runs were carried out for each probe, culminating in 22.5 ls of
simulation time for all systems.

Probe Occupancy Profile Calculations. From AmberTools18,
CPPTRAJ was employed to calculate the probe occupancies in Z-
scores (below) of different components of the systems. Using the final
10 ns from each independent simulation, the frames were centered
on the lipid bilayer while all components were imaged and centered.
Slabs 0.25 Å thick were taken along the Z axis, which could be con-
ceptualized as analyzing downward from top to bottom from Fig. 1B.
The GPCR, lipids, water, and probes were all examined separately.

Probe Occupancy Calculations. CPPTRAJ in AmberTools18
was used to center, image, and align the trajectories for each probe.
The locations of the probe atoms from the last 10 ns of each indepen-
dent simulation were combined and binned onto a grid with 0.5 Å-
spacing. To compare across conditions, Z-scores were then calculated
using the following equation to normalize the occupancies:

zi 5
xi � l
r

(1)

where xi is the occupancy at grid point i, l is the mean occupancy of all
grid points, and r is the standard deviation of occupancy at all grid points.
The normalized occupancy maps for each probe can then be visualized
like electron densities with the PyMOL Molecular Graphics System (ver-
sion 2.4.1; Schr€odinger, LLC).

Assessment of Predicted Sites. MixMD ProbeView analysis
(Graham et al., 2018) was used to identify and rank the predicted
sites from the occupancy data for each probe in PyMOL. The parame-
ters for DBSCAN clustering were set at occupancy cutoff 5 0.1,
e 5 3, and minimum number of points 5 50. The ‘apo’ and ‘holo’
structures were aligned with the starting structure to see whether
the orthosteric or allosteric sites were mapped by our method.

Molecular Docking of BMS986122 to MOR. The active-state
crystal structure of MOR (PDB: 5C1M) was prepared with the
‘Structure Preparation’ module from MOE. Meanwhile, BMS986122
was imported into a MOE database and prepared with the ‘Wash’
module from MOE, generating a minimized 3D conformation with its
dominant form at pH 7.4. The allosteric site was specified using resi-
dues within 4.5 Å of the allosteric modulators from the ‘holo’ structures
of CB1R (PDB: 6KQI) and protease-activated receptor 2 (PAR2) (PDB:
5NDZ) after aligning them onto MOR. Docking was performed using
Triangle Matcher placement with the London dG scoring function
while Induced Fit refinement with the GBVI/WSA dG scoring function
and tethered residues was used; default settings were retained where
relevant. Finally, the top-scoring pose was kept for analysis.

Results
MixMD Performance on a Test Set of Receptors. To

determine the accuracy of the MixMD simulations, we used a
test set of five GPCRs, namely cannabinoid receptor type 1
(CB1R), C-C chemokine receptor type 2 (CCR2), M2

muscarinic receptor (M2R), P2Y purinoceptor 1 (P2RY1), and
protease-activated receptor 2 (PAR2) with structurally con-
firmed allosteric binding sites in a variety of locations. We
employed the allosteric modulator–free versions of the recep-
tors or ‘apo’ structures (Supplemental Table 1) to reduce any
bias arising from the allosteric bound or ‘holo’ conformations
and to emulate a situation in which the allosteric site is not
known. Slight differences were observed in the allosteric sites
between the ‘apo’ and ‘holo’ states for each GPCR (Supplemental
Fig. 1), which lends credence to this strategy.
In traditional MixMD simulations (Ghanakota and Carlson,

2016), a protein is surrounded with a layer of one of three or-
ganic probes (pyrimidine, acetonitrile, or isopropyl alcohol)
prior to simulation. To date, this method has been applied
only to soluble proteins, whereas GPCRs are transmembrane
proteins that require a lipid bilayer, which would clash with
the probes. To remedy this, we modified the original approach
to remove any organic probes overlapping with the lipid bi-
layer (Fig. 1A). In addition, to allow time for the organic
probes to traverse the lipid bilayer or move along the GPCR
transmembrane domains facing the lipids, we employed longer
simulation timescales (100–150 ns) than the conventional
MixMD method (20–50 ns). An example system setup for
CCR2 probed with pyrimidine is shown in Fig. 1B. Production
simulations for all GPCRs and probe combinations were stable
as determined by root-mean-square deviation (RMSD) to the
‘apo’ structure (Supplemental Fig. 2A). The trajectories involv-
ing the CB1R were slightly noisier than the others, but this
could be explained because we had to model the entire third
intracellular loop (ICL3) de novo; nonetheless, during the sim-
ulation the structure did not deviate greater than 5 RMSD
from the starting structure (Supplemental Fig. 2A). Electron
density profiles of the different components of the systems re-
veal that the GPCR, lipids, and water remain in the proper lo-
cations over the course of the simulations; conversely, and as
expected with such a complex system, the organic probes were
not completely evenly distributed through the entire system,
though they did not all partition into one phase over another
(Supplemental Fig. 3A).
Potential binding sites were determined and ranked by em-

ploying ProbeView analysis (see methods) (Graham et al.,
2018) of the most highly occupied grid points from probe oc-
cupancies for each receptor in the ‘apo’ state. Ranked results
are shown in Table 1, and hotspots and ProbeView analyses
are displayed in Supplemental Fig. 4A. Overall, the number
of potential sites found on each receptor, including the or-
thosteric site, ranged from 6 to 14. The orthosteric sites were
ranked within the top three sites for CB1R, CCR2, and M2R
and lower for PAR2; the orthosteric site of P2RY1 was not
identified. The ‘orthosteric’ ligands for PAR2 and P2RY1 are
actually allosteric modulators that bind to a site adjacent to
the orthosteric site (Zhang et al., 2015; Cheng et al., 2017).
The P2RY1 orthosteric antagonist MRS2500 is an adenosine
nucleotide analog that binds to the receptor via a charged in-
teraction between its phosphate groups and basic residues on
the receptor (Zhang et al., 2015). Given that our set of probes
are neutral, we did not expect charged regions to be mapped.
Furthermore, pyrimidine and acetonitrile hotspots are lo-
cated close to the adenine ring of MRS2500 (Supplemental
Fig. 4A). Therefore, had we employed negatively charged
probes, it is possible that their hotspots would join up with the
hotspots identified by the neutral probes to form an identifiable
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site. Though all ‘apo’ receptors had an orthosteric ligand bound
or allosteric modulator bound in an adjacent pocket, several
‘holo’ structures also had orthosteric ligands bound and were

identified by ProbeView analysis (Supplemental Fig. 4A). On
the other hand, allosteric sites were identified among the pre-
dicted sites for all five GPCRs in the ‘apo’ state within the test

Fig. 1. System setup as exemplified by the C-C chemokine receptor type 2 (CCR2). (A) Setup begins with a receptor (green) embedded in a lipid bilayer
(tan). The receptor is then solvated separately from the lipid bilayer with one of the small molecule probes (purple). The receptor is then reintegrated into
the lipid bilayer, and probes that reside in the membrane are removed. The resulting system has probes packed near the extracellular- and intracellular-
facing regions of the receptor. (B) The resulting system is shown in a 3D-rendering; water molecules have been removed for clarity.
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set, but their ranking varied widely. Next, we detail predicted
allosteric sites for each of the receptors in the test set and com-
pare these with solved structures.
Cannabinoid Receptor Type 1. In the ‘holo’ structure

(PDB: 6KQI), CB1R is bound to CP55940 an orthosteric agonist
and ORG27569, a negative allosteric modulator (NAM) (Shao
et al., 2019). ORG27569 sits in an open pocket formed between
transmembrane (TM)2, TM3, and TM4 (Fig. 2A). This site was
ranked 9 out of 11 potential predicted sites using ProbeView
analysis (Table 1). In fact, the chloro-indole group of ORG27569
is near the predicted site while also corresponding with the py-
rimidine and isopropyl occupancy (Fig. 2B). In general, aro-
matic and hydrophobic residues primarily form the pocket that
accommodates ORG27569 (Supplemental Fig. 5A). Mutation of
His-154 and Phe-237 was found in a previous study to signifi-
cantly decrease probe binding sensitivity of ORG27569 (Stor-
naiuolo et al., 2015). Both His-154 and Phe-237 are in contact
with the chloro-indole group of ORG27569, in addition to likely
helping stabilize pyrimidine and isopropyl alcohol binding
(Supplemental Fig. 5A), suggesting a role in negative allosteric
modulation.

C-C Chemokine Receptor Type 2. The ‘holo’ structure
of CCR2 (PDB: 5T1A) consists of the receptor bound with the
orthosteric agonist BMS-681 and the NAM CCR2-RA-[R]
(Zheng et al., 2016). CCR2-RA-[R] occupies a site within the
cytosolic portion of the receptor (Fig. 3A) that overlaps with
the G protein binding site and ostensibly sterically hinders G
protein binding. This site is only partially formed in the ‘apo’
structure (Supplemental Fig. 1B). However, with MixMD sim-
ulations, we were able to open up the pocket more fully, result-
ing in the presence of all three probes within the site (Fig. 3B).
Additionally, this site ranked 4 out of 6 (Table 1). In particu-
lar, the 2-fluoro-4-chlorophenyl moiety of CCR2-RA-[R] over-
laid with the pyrimidine and acetonitrile occupied spots as
well as with the predicted site (Fig. 3B). Alignment of the
‘holo’ structure with an average structure of the last 10 ns re-
veals that CCR2-RA-[R] fits into the opened up pocket
(Fig. 3B), suggesting that its shape may be orthosteric-ligand
dependent. Nonetheless, it was previously established through
mutagenesis that Val-244, Lys-311, Phe-312, and Tyr-305 are
critical for CCR2-RA-[R] binding (Zweemer et al., 2014). Of
these, Phe-312 and Tyr-305 appear to be directly responsible for

TABLE 1
Ranking of predicted allosteric sites using ProbeView analysis of MixMD simulations

Name Abbreviation Number of Sites Found

ProbeView Site Ranking

Orthosteric Allosteric

CB1 Receptor CB1R 11 2,3 9
C-C Chemokine Receptor Type 2 CCR2 6 1 4
M2 Muscarinic Receptor M2R 13 1 13
P2Y1 Receptor P2Y1 14 Not Found 5
Protease-Activated Receptor 2 PAR2 14 8 2

Fig. 2. Allosteric site prediction
for cannabinoid receptor type 1
(CB1R). (A) The ‘holo’ structure
(PDB: 6KQI) was aligned onto the
averaged structure (white) from
the pyrimidine MixMD simula-
tions. The crystal structure of the
receptor was removed for clarity
while only keeping ORG27569 (ma-
genta). (B) Pyrimidine (purple) and
isopropyl alcohol (blue) hotspots
were observed within the allosteric
site at 50 r. The site analysis from
ProbeView is shown in green.

278 Chan et al.

http://mol.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.122.000612/-/DC1
http://mol.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.122.000612/-/DC1
http://mol.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.122.000612/-/DC1


interacting with and stabilizing the probes overlapping with the
2-fluoro-4-chlorophenyl moiety of CCR2-RA-[R] (Supplemental
Fig. 5B).
M2 Muscarinic Receptor. The ‘holo’ structure of M2R

(PDB: 4MQT) is the only active state structure that was used

in the test set. It is bound to both an agonist, iperoxo, and a
positive allosteric modulator (PAM), LY2119620 (Kruse et al.,
2013). Despite MixMD simulations starting from the inactive
state and the ‘apo’ structure, we were able to identify the allo-
steric site, albeit with a low ranking (Table 1). LY2119620

Fig. 3. Allosteric site prediction for C-C chemokine receptor type 2 (CCR2). (A) The ‘holo’ structure (PDB: 5T1A) was aligned onto the averaged
structure (white) from the pyrimidine MixMD simulations. The crystal structure of the receptor was removed for clarity while only keeping
CCR2-RA-[R] (magenta). (B) Pyrimidine (purple), acetonitrile (orange), and isopropyl alcohol (blue) hotspots were observed within the allosteric
site at 50 r. The site analysis from ProbeView is shown in green.

Fig. 4. Allosteric site prediction for
M2 muscarinic receptor (M2R).
(A) The ‘holo’ structure (PDB: 4MQT)
was aligned onto the averaged struc-
ture (white) from the pyrimidine
MixMD simulations. The crystal struc-
ture of the receptor was removed for
clarity while only keeping LY2119620
(magenta). (B) Pyrimidine (purple)
and isopropyl alcohol (blue) hotspots
were observed within the allosteric
site at 50 r. The site analysis from
ProbeView is shown in green.
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binds in the extracellular vestibule above the orthosteric site,
formed primarily by extracellular loops 2 and 3 (ECL2 and
ECL3) (Fig. 4A). The predicted site overlapped with the cyclo-
propyl moiety of LY2119620 and isopropyl alcohol occupancy
(Fig. 4B); this region remains in a similar conformation be-
tween the ‘apo’ and ‘holo’ states (Supplemental Fig. 1C). Im-
portant interactions with LY2119620 include a triple aromatic
stacking interaction between Trp-422, the aromatic rings of
LY2119620, and Tyr-177 and a charged interaction with
Glu-172 (Supplemental Fig. 5C). In the former case, a pyrimi-
dine hotspot was observed near Trp-422 (Supplemental
Fig. 5C). Through the course of the simulations, ECL2 and
ECL3 were unable to completely close to form the narrow
pocket that holds LY2119620 (Supplemental Fig. 6). This
could account for why stronger probe occupancy was not ob-
served because Tyr-177 would be too far away to form an aro-
matic stacking interaction. As noted above, the charged
interaction was not mapped because we did not employ
charged probes in the study.
P2Y Purinoceptor 1. A NAM, BPTU (N-[2-[2-(1,1-Dime-

thylethyl)phenoxy]-3-pyridinyl]-N'-[4-(trifluoromethoxy)phe-
nyl]urea), is bound to the ‘holo’ structure of P2Y1 (PDB:
4XNV) (Zhang et al., 2015). This site ranked 5 out of the 14
predicted sites (Table 1). BPTU lies in an open pocket formed
between TM1, TM2, and TM3 (Fig. 5A). The pocket is largely
similar between the ‘apo’ and ‘holo’ states (Supplemental Fig.
1D). The predicted site overlapped with the pyridyl and urea
moieties of BPTU, in which the former corresponded with py-
rimidine and isopropyl alcohol probe occupancies; an isopro-
pyl alcohol hotspot was also observed near the site where the
t-butylphenyl moiety resides, although it was not part of the
predicted site (Fig. 5B). A multitude of hydrophobic and aro-
matic residues contributes to the pocket characteristics, of
which Ala-106 and Phe-119 participate in a hydrophobic in-
teraction with the pyridyl group of BPTU (Supplemental Fig.
5D). Mutagenesis of Ala-106 and Thr-103 was previously
shown to abrogate the binding of BPTU to P2RY1 (Zhang

et al., 2015). Taken together, these data suggest that Ala-106,
and perhaps Phe-119, are involved in forming the hotspot occu-
pancy during MixMD simulations, which led to the correct
prediction of the allosteric site.
Protease-Activated Receptor 2. AZ3451 is a NAM that

was cocrystallized with the ‘holo’ structure of PAR2 (PDB:
5NDZ) (Cheng et al., 2017). From our ProbeView analysis,
the allosteric site was ranked 2 out of 14 total predicted sites.
The pocket is very clearly defined and formed between TM2,
TM3, and TM4 (Fig. 6A). It is only partially open in the ‘apo’
state but fully open in the ‘holo’ state (Supplemental Fig. 1E).
The 1,3-benzodioxole ring of AZ3451 was completely mapped,
whereas acetonitrile and pyrimidine occupancies overlaid
with the 1,3-dioxole moiety; overall, all three probes were in-
volved in defining the predicted site (Fig. 6B). Numerous hy-
drophobic and aromatic residues form the allosteric pocket
(Supplemental Fig. 5E), where Ala-157 (Gly-157 in wild type)
and Tyr-210 were determined to be critical for AZ3451 bind-
ing through mutagenesis (Cheng et al., 2017). These two resi-
dues are positioned such that they form the predicted site,
suggesting that they were involved in probe binding during
the MixMD simulations.
Comparison of MixMD with FTMap Using the Test

Set of GPCRs. FTMap is an algorithm that predicts drug-
gable hot spots on biologic macromolecules by docking small
organic probes to a multitude of positions, prioritizing regions
that represent a cluster of several probe types (Ngan et al.,
2012). FTMap is not analogous to MixMD but can be used for
binding site prediction. To provide a means of comparing the
predicted efficiency of our approach, we submitted the ‘apo’
structures from the test set to the FTMap server (Kozakov
et al., 2015). Results for the five test GPCRs are shown in
Supplemental Fig. 7. Whereas our MixMD method was able
to identify hotspots corresponding with all allosteric sites
(Figs. 2B, 3B, 4B, 5B, and 6B), FTMap was only able to
correctly predict hotspots for CB1R, M2R, and PAR2
(Supplemental Fig. 5), although the two methods agreed in

Fig. 5. Allosteric site prediction for
P2Y purinoceptor 1 (P2RY1). (A) The
‘holo’ structure (PDB: 4XNV) was
aligned onto the averaged structure
(white) from the pyrimidine MixMD
simulations. The crystal structure of
the receptor was removed for clarity
while only keeping BPTU (magenta).
(B) Pyrimidine (purple) and isopropyl
alcohol (blue) hotspots were observed
within the allosteric site at 50 r. The
site analysis from ProbeView is shown
in green.
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the location for these. FTMap did not identify hotspots on
CCR2 or P2RY1. In the former, it is likely that this is be-
cause the allosteric site is only partially formed in the ‘apo’
structure (Supplemental Fig. 1B); in the latter, it is possible
that not enough probe types were clustered, preventing the
site from entering the pool of candidate hotspots despite the
‘apo’ and ‘holo’ states being virtually identical in this region
(Supplemental Fig. 1D).
Case Study To Identify Allosteric Sites on MOR.

Active- (PDB: 5C1M) and inactive-state (PDB: 4DKL) struc-
tures of MOR, crystallized bound to the orthosteric agonist
BU72 (Huang et al., 2015) or the irreversible orthosteric antag-
onist b-funaltrexamine (Manglik et al., 2012), were examined
using MixMD. As there are currently no known structures of
MOR in complex with an allosteric modulator, these structures
are in the ‘apo’ state. Protein RMSDs during production simula-
tions and corresponding electron density profiles are shown
in Supplemental Figs. 2B and 3B, respectively. Sixteen po-
tential sites were identified using the active structure of
MOR and 20 sites using the inactive structure.
For the active structure of MOR, the phenyl ring of BU72

was mapped by all three probes, whereas its phenol ring
overlaid with isopropyl alcohol occupancy (rank: 9/16; Fig. 7).
Similarly, a site (rank: 1/16) corresponding to the position
where nanobody 39 (Nb39) interacts with the receptor was
mapped by all probes (Fig. 7); Nb39 is a camelid antibody
fragment used to stabilize active-state MOR (Huang et al.,
2015). With the inactive structure of MOR, b-funaltrexamine
was in the vicinity of several probe occupancies (Fig. 7).
Thus, using MixMD, we were able to successfully map out
portions of ligands within the orthosteric pocket of MOR as
well as the Nb39 binding site, validating the MixMD ap-
proach to identify binding sites on MOR.
Study of the active-state structure of MOR identified addi-

tional potentially allosteric sites. Three of these sites formed
a near contiguous pocket between TM2, TM3, and TM4

(Fig. 7). For two of the sites, all probes mapped strongly. One
of these sites (rank: 3/16) was similarly located as the known
allosteric site on PAR2 and had a similar shape as evidenced
by how the 1,3-benzodioxole ring of AZ3451 overlays this site
(Fig. 7A). The other major predicted site (rank: 5/16) was
analogous to the ORG27569 site on CB1R, as can be seen by
overlay of ORG27569 to the site on MOR (Fig. 7B). The third
site (rank: 8/16) was smaller and had strong pyrimidine occu-
pancy; it could be connected to one or both of the other sites.
Two additional predicted sites lay near the G protein binding
site (Fig. 7, view 2). The first of these sites (rank: 4/16) was
mapped by all probes and was not accessible in the starting
structure, suggesting it is a cryptic site (Vajda et al., 2018)
(Fig. 7C, left). Additional sites were predicted along TM6,
TM7, and TM1, but unlike the other sites, these did not have
precedent ‘holo’ structures and thus were of lower confidence
(Supplemental Fig. 8, left).
Potential allosteric sites were also identified using the in-

active state structure of MOR. Similar to the active-state
MOR structure, a putative site identified by all three probes
(rank: 10/20) was observed to overlap with the chloro-indole
group of ORG27569 from the CB1R structure (Fig. 8A). A sec-
ond site (rank: 6/20) mapped by pyrimidine and acetonitrile
occupied a region analogous to where CCR2-RA-[R] binds on
CCR2, as shown by the overlay of CCR2-RA-[R] onto this site
on MOR (Fig. 8C). A further site (rank: 7/20) mapped by all
probes was predicted to be formed between TM3, TM4, and
TM5 closer to the cytosolic region (Fig. 8B). This site is in a
similar position to the binding site for a PAM on the b2-
adrenergic receptor (PDB: 6N48) (Liu et al., 2019). Al-
though this site is closed in the BU72-bound, active-state
structure (PDB: 5C1M), it is open in both DAMGO-bound,
active-state structures (PDB: 6DDE, 6DDF), neither of
which were employed in the present study (Supplemental
Fig. 9A). The residues that comprise this site are shown in
Supplemental Fig. 9B. Like the active-state structure,

Fig. 6. Allosteric site prediction for
protease-activated receptor 2 (PAR2).
(A) The ‘holo’ structure (PDB: 5NDZ)
was aligned onto the averaged structure
(white) from the pyrimidine MixMD
simulations. The crystal structure of the
receptor was removed for clarity while
only keeping AZ3451 (magenta). (B) Py-
rimidine (purple), acetonitrile (orange),
and isopropyl alcohol (blue) hotsp-
ots were observed within the allosteric
site at 50 r. The site analysis from Pro-
beView is shown in green.
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additional predicted sites were also identified along TM5,
TM6, TM7, and TM1, which did not possess precedent
‘holo’ structures in the test set of GPCRs (Supplemental
Fig. 8, right).

Discussion
We have developed a novel application of the MixMD simu-

lation method to identify potential binding sites on GPCRs.
By employing a test set of five GPCRs that have known struc-
tures with bound orthosteric or allosteric modulators in a va-
riety of locations, we were able to validate our method
through both “hotspot” and, consequently, binding site pre-
diction. We also identified sites on the test set of GPCRs that
are not yet experimentally proven to be allosteric sites. For

example, with the P2Y receptor, high-ranking sites included
a region at the cytosolic end of TM domains 1, 2, and 7, a cleft
formed between TM5 and TM6 and a pocket between TM6
and TM7. Conversely, the established alternative FTMap
method (Ngan et al., 2012) was not able to identify the hot-
spots for two of the structures from our test set.
Only neutral probes were used in the present study be-

cause most of the compounds associated with the test set
GPCRs were neutral. However, charged functional moieties
on several ligands were not mapped well. For example, with
MRS2500 (P2Y1, orthosteric site) and LY2119620 (M2R, allo-
steric site) salt bridges are crucial for their respective interac-
tions. Thus, using charged probes would have potentially
augmented the coverage of our method. We have previously
used charged probes with soluble proteins (Graham et al.,
2018), and it would be of interest to expand upon their use to
membrane-bound proteins.
Although we were successful in identifying known alloste-

ric sites for all test set cases, higher probe occupancies would
have been desirable for ranking purposes. A previous study
using MixMD with ProbeView analysis correctly identified al-
losteric sites with the most favorably ranked sites, in soluble
proteins (Graham et al., 2018). However, the situation is
more complex with membrane-bound GPCRs. Indeed, despite
having the same global topology, GPCR structures solved in
complex with allosteric modulators show sites in diverse loca-
tions (Wakefield et al., 2019). Furthermore, the notion that
multiple allosteric sites exist within a single GPCR is becom-
ing a distinct possibility (Congreve et al., 2017), which would
convolute site identification if evaluated by ranking only.
One example that supports this is the b2-adrenergic receptor.
The structure of this receptor has been solved in complex
with either a PAM (PDB: 6N48, active state) (Liu et al.,
2019) or NAM (PDB: 5X7D, inactive state) (Liu et al., 2017)
that bind to separate sites, although these may be specific to
the activation state of the receptor.
One solution to the ranking problem is to use normal mode

analysis. Previous studies have used protein normal modes
to assess whether low-frequency modes are altered between
the ‘apo’ and ‘holo’ states (Panjkovich and Daura, 2012; Chan
et al., 2021). Another recent algorithm “Ohm” maps allosteric
networks within a static protein structure and can predict an
allosteric site given the orthosteric or active site (Wang et al.,
2020). Additional analyses of the predicted hotspots in identi-
fying allosteric sites in GPCRs will be explored in the future
to further refine our conclusions from ProbeView analysis.
A series of studies published by the McCammon group utiliz-

ing FTMap (Ngan et al., 2012) on static protein structures
to identify druggable hotspots and to analyze distinct conforma-
tions of GPCRs used long-timescale molecular dynamics
simulations to predict allosteric sites. Overall, their method
identified seven distinct allosteric sites on M2R across a series
of active, intermediate, and inactive state receptor conforma-
tions (Miao et al., 2014). Using the inactive state of the recep-
tor, the group identified two sites: one that corresponded with
the extracellular vestibule and a lipid-exposed pocket formed by
TM5 and TM6 (Miao et al., 2014). The former case matched
with our MixMD predictions, signifying both methods were
able to identify the known allosteric site to which LY2119620
binds. However, the latter was not identified by our method. In
contrast, we identified additional sites on M2R not found in the
previous study in the vicinity of the G protein binding site

Fig. 7. Allosteric site prediction for active-state m-opioid receptor
(MOR). The binding sites for both (A) BU72 and (B) nanobody 39
(Nb39) were both successfully predicted and ranked at 9/16 and 1/16,
respectively. Ligands are displayed in magenta in stick representation.
Isoleucine 56 from Nb39 overlaid directly with pyrimidine and isopro-
pyl alcohol probe occupancy. (C) The ‘holo’ structures for (a) PAR2 and
(b) CB1R were aligned to the averaged MOR structure (white) from the
pyrimidine MixMD simulations. The original crystal structures were
removed for clarity, whereas their respective allosteric modulators
(cyan) were kept. Hotspots corresponding to pyrimidine, acetonitrile,
and isopropyl alcohol are purple, orange, and blue, respectively, and
they are displayed at 50 r. Site analyses from ProbeView are shown as
green, whereas they are gray in the subfigures.
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(Supplemental Fig. 10A). This site appears to be analogous to
that in the CCR2R in terms of shape and could accommodate a
molecule like CCR2-RA-[R] (Supplemental Fig. 10B). Further-
more, the site is partially closed in the initial ‘apo’ structure but
opens up during MixMD simulations (Supplemental Fig. 10B),
suggesting that it is a potential cryptic site. We note
that FTMap has the same issue of poorly ranking sites
(Supplemental Fig. 7) that was seen in our ProbeView analysis.
However, we believe the present comparison shows that MixMD
provides certain advantages over FTMap. First, MixMD utilizes
small organic probes during the simulation that interact with
the receptor in key hotspots to potentially open up cryptic sites
(Smith and Carlson, 2021). Second, multiple independent simu-
lations for each probe are run, which might better sample the
free energy landscape and confer greater confidence as opposed
to analysis of a single long trajectory. Nonetheless, the previous
method does allow for larger global conformational changes due
to its longer simulation lengths, suggesting that both methods
are complementary.
For a test case study, we chose to analyze MOR. This

GPCR is the target for all clinically used opioid analgesics
(Jutkiewicz and Traynor, 2023). Despite their effectiveness
as pain medications, consumption of opioid drugs commonly
results in deleterious side effects such as addiction,

constipation, and respiratory depression. However, opioids
remain the gold standard for pain relief. Therefore, there is a
clear and unmet need for novel analgesics for the manage-
ment of pain. In this regard, PAMs of MOR have become a vi-
able strategy (Burford et al., 2015b). A number of PAMs have
been discovered by means of high-throughput screening, in-
cluding BMS-986122 (Burford et al., 2013; Livingston and Tray-
nor, 2014), which has been shown to afford pain modulation
in vivo (Kandasamy et al., 2021). A prior in silico study pro-
posed a site in the extracellular vestibule for BMS986122
through molecular dynamics simulations (Bartuzi et al., 2016),
although no experimental validation was performed.
Recently, an NMR study of human MOR identified T162

(T160 in mouse MOR) as crucial for the binding of BMS-
986122 (Kaneko et al., 2022). Our study identified a potential
allosteric site around this residue formed between TM3,
TM4, and TM5 and comprising numerous hydrophobic resi-
dues (Fig. 9; Supplemental Fig. 9B). This site is open in the
b-funaltrexamine-bound inactive structure and DAMGO
([D-Ala2, N-MePhe4, Gly-ol5]-enkephalin)-bound active struc-
ture, whereas it is closed in the BU72-bound active structure
(Supplemental Fig. 9A). Although the allosteric site was pre-
dicted by ProbeView for only the inactive structure (Fig. 8B),
hotspots were observed for both active and inactive structures

Fig. 8. Allosteric site prediction for
inactive-state m-opioid receptor
(MOR). (A) The binding site for
b-funaltrexamine was both success-
fully predicted and ranked at 1/20;
ligands are displayed in magenta
in stick representation. (B) The
‘holo’ structures for (a) CB1, (b)
b2-adrenergic receptor, and (c)
CCR2 were aligned to the aver-
aged MOR structure (white) from
the pyrimidine MixMD simula-
tions. The original crystal struc-
tures were removed for clarity,
whereas their respective allosteric
modulators (cyan) were kept. Hot-
spots corresponding to pyrimidine,
acetonitrile, and isopropyl alcohol
are purple, orange, and blue, re-
spectively, and they are displayed
at 50 r. Site analyses from Probe-
View are shown as green, whereas
they are gray in the subfigures.
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(Fig. 9), suggesting that the allosteric site opens in the active
structure. This is consistent with a model of MOR activation
in which binding of BMS986122 to MOR together with the ag-
onist DAMGO increases the population of active state confor-
mations (Kaneko et al., 2022). Extending the timescale of the
simulations could have provided a more equilibrated popula-
tion of the open conformation of the pocket and thus a ranked
site through ProbeView. We propose to pursue docking and
molecular dynamic simulations to determine if reported allo-
steric modulators of MOR, including the PAMs BMS-986122,
BMS-986121 (Burford et al., 2013), BMS-986187 (Burford
et al., 2015a; Livingston et al., 2018), and MS1 (Bisignano
et al., 2015), as well as putative NAMs such as the cannabi-
noids (Kathmann et al., 2006; Livingston and Traynor, 2018),
interact with putative sites identified on MOR.
It is worth noting that several of the putative allosteric

sites on MOR identified by MixMD are analogous to experi-
mentally proven sites on other GPCRs, suggesting that these
may be common regions for initiating and/or transmitting al-
losteric effects. These include positions where NAMs bind to
PAR2 or CB1R and a site near the G protein binding region
where the negative modulator CCR2-RA-[R] binds to CCR2;
as discussed above, we also found this site in M2R. This
may suggest that identifying ligands for these sites on MOR
could generate NAM molecules. In contrast, a site identified
on MOR is in the same location as a known PAM for the
b-adrenergic receptor. However, until we identify and exam-
ine molecules for binding to these newly predicted sites on
MOR, we are unable to determine whether they would act as
negative, positive, or neutral allosteric modulators.
During preparation of this manuscript, the development of a

cosolvent molecular dynamics–based approach to identify possi-
ble nonorthosteric binding sites on GPCRs employing frag-
ments derived from known allosteric modulators as probes was
published (Ciancetta et al., 2021). Two of the test cases em-
ployed in that study (P2RY1 and M2R) overlapped with ours,
and both correctly mapped the allosteric sites. However, key

differences exist between the methods. Our process places the
organic probes near the extracellular- and cytosolic-facing re-
gions of the GPCR and allows for free diffusion. The approach
of Ciancetta and colleagues (2021) uses a cylindrical “barrier”
for the organic probes to allow for confined diffusion in a limited
area. Although this was reported to work well in both retrospec-
tive and prospective validations, in our study we were able to
successfully map allosteric sites in the absence of a barrier.
Moreover, the technique of Ciancetta and colleagues (2021) gen-
erated fragments derived from known allosteric modulators,
whereas we used standard small organic probes, thus providing
a wider applicability to GPCRs with no known allosteric modu-
lators. Nonetheless, both methods appear complementary, and
it would be interesting to see both incorporated into drug dis-
covery pipelines to aid in the identification of allosteric sites on
GPCRs.
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