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ABSTRACT: G-protein-coupled receptors (GPCRs) make up the largest superfamily of human membrane proteins and represent
primary targets of ∼1/3 of currently marketed drugs. Allosteric modulators have emerged as more selective drug candidates
compared with orthosteric agonists and antagonists. However, many X-ray and cryo-EM structures of GPCRs resolved so far exhibit
negligible differences upon the binding of positive and negative allosteric modulators (PAMs and NAMs). The mechanism of
dynamic allosteric modulation in GPCRs remains unclear. In this work, we have systematically mapped dynamic changes in free
energy landscapes of GPCRs upon binding of allosteric modulators using the Gaussian accelerated molecular dynamics (GaMD),
deep learning (DL), and free energy prOfiling Workflow (GLOW). GaMD simulations were performed for a total of 66 μs on 44
GPCR systems in the presence and absence of the modulator. DL and free energy calculations revealed significantly reduced
dynamic fluctuations and conformational space of GPCRs upon modulator binding. While the modulator-free GPCRs often sampled
multiple low-energy conformational states, the NAMs and PAMs confined the inactive and active agonist-G-protein-bound GPCRs,
respectively, to mostly only one specific conformation for signaling. Such cooperative effects were significantly reduced for binding of
the selective modulators to “non-cognate” receptor subtypes. Therefore, GPCR allostery exhibits a dynamic “conformational
selection” mechanism. In the absence of available modulator-bound structures as for most current GPCRs, it is critical to use a
structural ensemble of representative GPCR conformations rather than a single structure for compound docking (“ensemble
docking”), which will potentially improve structure-based design of novel allosteric drugs of GPCRs.
KEYWORDS: G-protein-coupled receptors (GPCRs), allostery, Gaussian accelerated Molecular Dynamics (GaMD), deep learning,
conformational selection, drug design

■ INTRODUCTION
G-protein-coupled receptors (GPCRs) are the largest super-
family of human membrane proteins with >800 members.
GPCRs play key roles in cellular signaling and mediate various
physiological activities, including vision, olfaction, taste, neuro-
transmission, endocrine, and immune responses.1 They
represent primary targets of ∼1/3 of currently marketed
drugs.2 GPCRs can be classified into six different classes,
including class A (Rhodopsin-like), B (secretin receptors), C
(metabotropic glutamate receptors (mGluRs)), D (fungal
mating pheromone receptors), E (cyclic AMP receptors), and
class F (frizzled/TAS2 receptors).3,4 GPCRs share a character-
istic structural fold of seven transmembrane (TM) helices
(TM1-TM7) connected by three extracellular loops (ECL1-
ECL3) and three intracellular loops (ICL1-ICL3). For decades,
the primary endogenous agonist-binding (“orthosteric”) site has
been targeted for drug design of GPCR agonists, antagonists,
and inverse agonists.5 However, the orthosteric site is usually

highly conserved in different subtypes of GPCRs. An orthosteric
drug often binds and activates/deactivates multiple GPCRs
simultaneously with poor selectivity, thereby causing toxic side
effects.6

Alternatively, allosteric modulators have been discovered to
bind topographically distant (“allosteric”) sites of GPCRs with
advantages.7−12 They are able to modulate the binding affinity
and signaling of orthosteric ligands, including positive and
negative allosteric modulators (PAMs and NAMs).13 The
allosteric effect has been shown to depend on the orthosteric
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probe,14 with a “ceiling level” determined by the magnitude and
direction of cooperativity between the orthosteric and allosteric
ligands. Because the allosteric site is usually more divergent in
residue sequences and conformations, allosteric modulators
offer higher receptor selectivity in comparison to the orthosteric
ligands. They serve as important chemical probes and promising
selective therapeutics of GPCRs.
Important insights have been obtained using X-ray crystallog-

raphy and cryo-electron microscopy (cryo-EM) about structural
changes induced by allosteric modulator binding in certain
GPCRs.7,9,10,15 For class A GPCRs, binding of the LY2119620
PAM in the M2 muscarinic receptor (M2R) led to side chain
rotation of residue W7.35 and slight contraction of the receptor
extracellular pocket, which was preformed in the active agonist-
bound structure.16,17 GPCR residues are numbered according to
the Ballesteros-Weinstein scheme18 for class A and Wootten
scheme19 for class B GPCRs. Binding of the muscarinic toxin
MT7 NAM to the antagonist bound M1 muscarinic receptor
(M1R) resulted in conformational changes in the ECL2, TM1,

TM2, TM6 and TM7 extracellular domains, as well as the TM2
and TM6 intracellular domains.20 In the free fatty acid receptor
GPR40 (FFAR1), AgoPAM binding in a lipid-facing pocket
formed by TM3-TM4-ICL2 induced conformational changes in
the ICL2, TM4 and TM5 of the active receptor.21 The ICL2
adopted a short helical conformation and the TM5 was shifted
along its helical axis toward the extracellular side relative to the
TM4.21 A similar allosteric site was identified for binding of the
NDT9513727 and Avacopan NAMs between TM3-TM4-TM5
on the lipid-exposed surface of the C5a1 receptor (C5AR1).

22

For class B GPCRs, the LSN3160440 PAM was found to bind
between the extracellular domains of TM1 and TM2 of the
GLP-1 receptor (GLP1R).23 In the glucagon receptor (GLR),
NAM binding outside of the 7TM bundle between TM6-TM7
restricted the outward movement of the TM6 intracellular
domain required for activation and G-protein coupling of the
receptor.24 The ECL2 stretched to the central axis of the TM
helical bundle, allowing for interactions from TM3 to TM6 and
TM7 in the inactive class B GPCRs.24 Despite remarkable

Figure 1. Workflow of DL dynamic allostery of GPCRs. Starting from 10 NAMs, seven PAMs, 18 different experimental structures, and eight
computational models of class A and BGPCR-NAM/PAM complexes (a), 2× 10 structural +6model simulation systems of inactive antagonist-bound
GPCRs in the presence/absence of NAM and 2× 8 structural +2model simulation systems of active agonist-boundGPCRs in the presence/absence of
PAM were built (b). Three independent 500 ns GaMD simulations were performed on each system (c). Residue contact maps were calculated for
150,000 × 44 GaMD simulation frames (d) and analyzed by Deep Learning, yielding saliency (attention) maps of residue contact gradients (e).
Changes in root-mean-square fluctuations (ΔRMSFs) upon NAM/PAM binding in GPCRs were calculated from the GaMD simulations (f). If the
absolute average ΔRMSF calculated from three simulations of a residue was smaller than the standard deviation of ΔRMSF, the flexibility change for
that residue was considered not significant and related residue pairs were neglected for further analysis. The characteristic residue contacts selected
were those with ≥0.7 gradients and significant flexibility changes upon modulator binding (g). They served as reaction coordinates for free energy
profiling of dynamic allostery of GPCRs (h).
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advances, the X-ray and cryo-EM structures represent static
snapshots of GPCRs. Many GPCR structures exhibit small/
negligible differences in the absence and presence of allosteric
modulators, notably for the A1AR,

25 M2R,
16 M4R,

26,27 β2-
adrenoceptor (β2AR),28−30 C5AR1,31 CB1 cannabinoid recep-
tor (CB1),

32 chemokine receptor CCR2,33 dopamine receptor 1
(D1R),

34 GPBA receptor (GPBAR),35 and GLP1R.23,36,37 A
dynamic review has been suggested for allosteric modulation of
GPCRs.38 However, the dynamic mechanism of GPCR allostery
remains unclear.
Molecular dynamics (MD) is a powerful computational

technique for simulating biomolecular dynamics on an atomistic
level.39 For GPCRs, MD has been applied to simulate binding of
both orthosteric and allosteric ligands.40−45 Binding of known
NAMs to the M2R was observed in conventional MD (cMD)
simulations using the specialized supercomputer Anton.46 The
modulators formed cation-π interactions with aromatic residues
in the receptor extracellular vestibule, which was confirmed by
mutation experiments and later by X-ray structure of M2R
recognized by a PAM.16 Microsecond-time scale cMD
simulations revealed mechanistic insights into allosteric
modulation by Na+ in dopamine and opioid receptors.47,48

Accelerated MD (aMD) simulations also captured Na+ binding
to the highly conserved D2.50 allosteric site, which stabilized a
muscarinic GPCR in the inactive state.49 Recently, spontaneous
binding of prototypical PAMs to the putative ECL2 allosteric
site of the A1AR was captured in Gaussian accelerated molecular
dynamics (GaMD) simulations.50 Moreover, metadynamics
simulations captured binding of the BMS-986187 PAM to the δ-
opioid receptor.51 Metadynamics and GaMD enhanced
sampling simulations revealed positive binding cooperativity
between allosteric and orthosteric ligands of the CCR2.52

Despite these exciting advances, MD simulations of allosteric
modulation have been limited to mostly few selected class A
GPCRs.45

Recently, we have developed the GaMD, deep learning (DL),
and free energy profiling workflow (GLOW) to predict
molecular determinants and map free energy landscapes of
biomolecules.53 GaMD is an unconstrained enhanced sampling
technique that works by applying a harmonic boost potential to
smooth the biomolecular potential energy surface.54 Since this
boost potential usually exhibits a near Gaussian distribution,
cumulant expansion to the second order (“Gaussian approx-
imation”) can be applied to achieve proper energy reweight-
ing.55 GaMD allows for simultaneous unconstrained enhanced
sampling and free energy calculations of large biomolecules.54

GaMD has been successfully demonstrated on enhanced
sampling of ligand binding, protein folding, protein conforma-
tional changes, protein−membrane/peptide/protein/nucleic
acid/carbohydrate interactions.56 In GLOW, DL of image-
transformed residue contact maps calculated from GaMD
simulation frames allows us to identify important residue
contacts by classic gradient-based pixel attribution in the
saliency (attention) maps.53,57 Finally, free energy profiles of
these residue contacts are calculated through reweighting of
GaMD simulations to characterize the biomolecular systems of
interest.53

In this work, we applied GLOW to systematically map
dynamic changes in free energy landscapes of GPCRs upon
binding of allosteric modulators (Figure 1). A total of 18
different high-resolution experimental structures of class A and
B GPCRs are collected for modeling and 8 computational
models were generated by changing target receptors of the

modulators to different subtypes. Our comprehensive DL
analysis of extensive GaMD simulations has provided important
mechanistic insights into the dynamic allostery of GPCRs.

■ METHODS

Setup of GPCR Simulation Systems
A total of 18 unique experimental structures and eight computational
models of allosteric modulator-bound class A and B GPCRs were
prepared for simulations (Figure 1a and Table S1). The GPCR
structures bound by NAMs included the MT7-bound M1R (PDB:
6WJC),20 Cmpd-15-bound β2AR (PDB: 5X7D),28 AS408-bound β2AR
(PDB: 6OBA),30 NDT9513727-bound C5AR1 (PDB: 6C1Q),31

Avacopan-bound C5AR1 (PDB: 6C1R),31 ORG27569-bound CB1
receptor (PDB: 6KQI),32 GTPL9431-bound CCR2 (PDB: 5T1A),33

NNC0640-bound GLP1R (PDB: 5VEX),36 PF-06372222-bound
GLP1R (PDB: 6LN2),37 and MK-0893-bound GLR (PDB: 5EE7).24

The GPCR structures bound by only antagonists without NAMs
included the 5D5B58 (β2AR without Cmpd-15), 6PRZ59 (β2AR
without AS408), and 7V3Z60 (CB1 without ORG27569) PDB
structure. Other GPCR structures bound by only antagonists were
obtained by removing the NAMs from the corresponding NAM-bound
GPCR structures. Six computational models of NAM-bound GPCRs
included the MT7-bound M2R and M4R, which were built by aligning
the 6WJC PDB structure of M1R to the 5ZK361 and 5DSG62 PDB
structures of M2R and M4R, respectively, and copying atomic
coordinates of the atropine antagonist and MT7 NAM, as well as the
Cmpd-15-bound α1B-adrenoceptor (α1BAR), α2A-adrenoceptor
(α2AAR), α2C-adrenoceptor (α2CAR), and β1-adrenoceptor (β1AR),
which were built by aligning the 5X7D PDB structure of β2AR to the
7B6W,63 6KUX,64 6KUW,65 and 7BVQ66 PDB structures of α1BAR,
α2AAR, α2CAR, and β1AR, respectively, and copying atomic coordinates
of the carazolol antagonist and Cmpd-15 NAM. The GPCR structures
bound by PAMs included the MIPS521-bound A1AR (PDB: 7LD3),

25

LY2119620-bound M2R (PDB: 6OIK),17 LY2119620-bound M4R
(PDB: 7V68),26 Cmpd-6FA-bound β2AR (PDB: 6N48),29

LY3154207-bound D1R (PDB: 7LJC),34 AgoPAM-bound FFAR1
(PDB: 5TZY),21 INT777-bound GPBAR (PDB: 7CFN),35 and
LSN3160440-bound GLP1R (PDB: 6VCB).23 The GPCR structures
bound by only agonists without PAM included the 7LD425 (A1AR
without MIPS521), 7TRK27 (M4R without LY2119620), 6E6767

(β2AR without Cmpd-6FA), 7JV568 (D1R without LY3154207), and
5TZR21 (FFAR1 without AgoPAM). Other GPCR structures bound by
only agonists were obtained by removing the PAMs from the
corresponding PAM-bound GPCR structures. Two computational
models of PAM-bound GPCRs included LY2119620-bound M1R,
which was built by aligning the 6OIK PDB structure of M2R to the 6OIJ
PDB structure of M1R

17 and copying atomic coordinates of the
LY2119620 PAM, and LY32154207-bound D2 receptor (D2R), which
was built by aligning the 7LJC PDB structure of D1R to the 7JVR PDB
structure of D2R

68 and copying atomic coordinates of the SKF-81297
agonist and LY3154207 PAM.
SWISS-MODEL69 homology modeling was applied to restore

missing residues in the GPCR structures and models, particularly in
the ECL2, ICL2, and ECL3. Charges of the ligands are listed in Table
S1. All water and heteroatom molecules except the ligands and
receptor-bound ions (including the sodium ion in the 6C1R PDB
structure of C5AR1 and zinc ion in the 6LN2 PDB structure of GLP-1
receptor) were removed from the structures. The GPCR complexes
were embedded in POPC membrane lipid bilayers and solvated in 0.15
M NaCl (Figure 1b). The AMBER70 force field parameter sets were
used for our GaMD simulations, specifically ff19SB71 for proteins,
GAFF272 for ligands using the AM1-BCC73 charging method, LIPID17
for lipids, and TIP3P74 for water, except for the A1AR and iperoxo-
bound M4R simulations, which were obtained from previous
studies25,27 where the CHARMM36m75 force field and CGenFF76,77

parameter set was used. The ligand force field parameters were included
in Supporting Data 2. Previous studies comparing CHARMM and
AMBER force field parameter sets showed minor differences in the
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dynamic behaviors of the simulation systems between the two force
fields, and both CHARMM and AMBER force fields could reproduce
experimental data.78−81

Simulation Protocols
All-atom dual-boost GaMD simulations54 were performed on the
GPCR structures and models with and without allosteric modulators
(Figure 1c and Table S1). The simulations of the A1AR with and
without the MIPS521 PAM were obtained from a previous study.25

GaMD simulations of the other systems followed a similar protocol.
Periodic boundary conditions were applied to the simulation systems.
Bonds containing hydrogen atoms were restrained with the SHAKE82

algorithm, and a 2 fs time step was used. The temperature was kept at
310 K using the Langevin thermostat83,84 with a friction coefficient of
1.0 ps−1. The pressure was kept constant at 1.0 bar using the Berendsen
barostat85 with semi-isotropic coupling with enabled surface tension in
the X−Y plane. The Berendsen coupling constant was set to 0.5 ps. The
electrostatic interactions were calculated using the particle mesh Ewald
(PME) summation86 with a cutoff of 9.0 Å for long-range interactions.
The systems were energetically minimized for 5000 steps using the
steepest-descent algorithm and equilibrated with the constant number,
volume, and temperature (NVT) ensemble at 310 K. They were further
equilibrated for 375 ps at 310 K with the constant number, pressure,
and temperature (NPT) ensemble. The cMD simulations were then
performed for 10 ns using the NPT ensemble with constant surface
tension at 1 atm of pressure and 310 K temperature. GaMD
implemented in GPU version of AMBER 2054,87,88 was applied to
simulate the GPCR systems. The simulations involved an initial short
cMD of 4−10 ns to calculate GaMD acceleration parameters and
GaMD equilibration of added boost potential for 16−40 ns. Three
independent 500 ns GaMD production simulations with randomized
initial atomic velocities were performed for each system at the “dual-
boost” level, with one boost potential applied to the dihedral energetic
term and the other to the total potential energetic term. The reference
energy was set to the lower bound E = Vmax, and the upper limit of the

boost potential standard deviation, σ0, was set to 6.0 kcal/mol for both
the dihedral and total potential energetic terms. TheGaMD simulations
are summarized in Table S1.

Deep Learning and Free Energy Profiling of GaMD
Simulations with the GLOW Workflow

GLOW53 was applied to systematically analyze GPCR allostery (Figure
1d,e). Residue contact maps of 6,600,000 GaMD simulation frames
obtained from a total of 66 μs GaMD simulations, which were inclusive
of three replicas of each GPCR simulation system, were calculated and
transformed into images for DL (Figure 1d). A contact definition of
≤4.5 Å between any heavy atoms in the two protein residues was used.
For DL, 80% of the residue contactmap images were randomly assigned
to the training set, while the remaining 20% was put in the validation set
for each GPCR. The residue contact map images of each GPCR system
were separated into four different classes for DL analysis based on the
absence and presence of NAMs and PAMs, including NAM-free
(“Antagonist”), NAM-bound (“AntagonistNAM”), PAM-free (“Ago-
nist”), and PAM-bound (“AgonistPAM”). DL models of two-
dimensional (2D) convolutional neural networks (CNNs)53 were
built to classify the frame images with and without the allosteric
modulator bound for each GPCR subfamily for 15 epochs (Figures S7
and S8). The best-fit 2D-CNN architecture consisted of four
convolutional layers of 3 × 3 kernel sizes, with 32, 32, 64, and 64
filters, respectively, followed by three dense layers, the first two of which
included 512 and 128 filters with a dropout rate of 0.5 each.53 The final
dense layer was the classification layer.53 “ReLu” activation was used for
all layers in the 2D-CNN, except the final dense layer, where “softmax”
activation was used.53 Amaximum pooling layer of 2× 2 kernel size was
added after each convolutional layer.53 Saliency (attention) maps of
residue contact gradients were calculated through backpropagation by
vanilla gradient-based pixel attribution57 using the residue contact map
of the most populated structural cluster of each GPCR system (Figure
1e). The hierarchical agglomerative clustering algorithm was used to

Figure 2.Characteristic residue contacts in the negative allosteric modulation of class A and BGPCRs calculated fromGaMD simulations of theMT7-
bound M1R (PDB: 6WJC) (a), Cmpd-15-bound β2AR (PDB: 5X7D) (b), AS408-bound β2AR (PDB: 6OBA) (c), NDT9513727-bound C5AR1
(PDB: 6C1Q) (d), Avacopan-bound C5AR1 (PDB: 6C1R) (e), ORG27569-bound CB1 (PDB: 6KQI) (f), GTPL9431-bound CCR2 (PDB: 5T1A)
(g), NNC0640-bound GLP1R (PDB: 5VEX) (h), PF-06372222-bound GLP1R (PDB: 6LN2) (i), and MK-0893-bound GLR (PDB: 5EE7) (j). The
seven TMhelices are labeled I−VII, H8 for helix 8, ECL1-ECL3 for extracellular loops 1−3, and ICL1-ICL3 for intracellular loops 1−3. A color scale of
−1.0 (blue) to 0 (white) to 1.0 (red) is used to show the ΔRMSF upon NAM binding, and NAMs are colored orange.
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cluster snapshots of receptor conformations with all GaMD production
simulations combined for each simulation system.53

Furthermore, root-mean-square fluctuations (RMSFs) of the
receptors and orthosteric ligands within the GPCR complexes were
calculated by averaging the RMSFs calculated from individual GaMD
simulations of each GPCR system. Changes in the RMSFs (ΔRMSF)
upon binding of allosteric modulators were calculated by subtracting
the RMSFs of GPCRs without modulators from those with modulators
bound (Figure 1f). If the absolute average of ΔRMSF calculated from
three simulations of a residue was smaller than the corresponding
standard deviation, the flexibility change for that residue was considered
not significant, and related residue pairs were neglected for further
analysis. Important residue contacts were selected with the highest
contact gradients (≥0.7) in the attention maps from DL and significant
changes in the GPCR residue flexibility upon modulator binding
(Figure 1g,h). They were finally used as reaction coordinates (RCs) to
calculate free energy profiles by reweighting the GaMD simulations
using the PyReweighting toolkit,53−55 with bin sizes of 0.5−1.0 Å and
cutoff of 100−500 frames in one bin. The hierarchical agglomerative
clustering algorithm was also used to cluster snapshots of GPCR
conformations with all GaMD production simulations combined for
each system and obtain representative conformations of the low-energy
conformational states that did not overlap with the PDB structures.

■ RESULTS

GaMD Simulations on Effects of Allosteric Modulator
Binding to GPCRs
All-atom GaMD simulations were obtained for systems of the
A1AR, M1R, M2R, M4R, α1BAR, α2AAR, α2CAR, β1AR, β2AR,
C5AR1, CB1, CCR2, D1R, D2R, FFAR1, GPBAR, GLP1R, and
GLR. GaMD simulations performed in this study recorded
overall similar averages (∼13−16 kcal/mol) and standard
deviations (∼4−5 kcal/mol) of boost potentials across the
different GPCR systems, except for the A1AR simulations that

were obtained from a previous study25 using a different force
field parameter set75 (Table S1). We first examined the
structural dynamics of the GPCR orthosteric and allosteric
ligands. Time courses of the orthosteric and allosteric ligand
RMSDs relative to the simulation starting structures were
plotted in Figures S1−S3. In most of the GPCR systems, the
orthosteric ligands showed similar RMSDs in the absence and
presence of allosteric modulators during the GaMD simulations
(Figures S1−S3). This was consistent with previous findings
that modulator binding mostly does not cause large changes in
the X-ray and cryo-EM structures of the GPCRs.23,25−37

However, a number of orthosteric ligands, including adenosine
in A1AR and PE5 in GLR, exhibited significantly smaller
structural deviations in the presence of the MIPS521 PAM and
MK-0893 NAM, respectively (Figures S2a and S3d).
In general, binding of allosteric modulators reduced

fluctuations of the orthosteric ligands and GPCRs as shown in
Figures 2, 3, S4 and S5. NAM binding primarily stabilized the
allosteric binding pockets, with additional reduced flexibility
observed in the extracellular or intracellular domains of the
inactive receptors to prevent GPCR activation ( Figures 2 and
S4). In particular, binding of MT7 significantly reduced
fluctuations of the extracellular mouth between ECL2 and
ECL3 in M1R (Figure 2a), which was consistent with the
structural data20 (Table S2). Furthermore, NAM binding to the
extracellular pocket directly above the orthosteric pocket
prevented the dissociation of the atropine antagonist, which
explained their experimental cooperativity value (logα) of 0.75
± 0.0420 (Table S3). Binding of Cmpd-15 in β2AR and
GTPL9431 in CCR2 reduced fluctuations of the allosteric
pocket formed by TM6, TM7, ICL1, and H8 Figure 2b,g). The
finding for the Cmpd-15-bound β2AR was in good agreement

Figure 3. Characteristic residue contacts in the positive allosteric modulation of class A and B GPCRs calculated from GaMD simulations of the
MIPS521-bound A1AR (PDB: 7LD3) (a), LY2119620-boundM2R (PDB: 6OIK) (b), LY2119620-boundM4R (PDB: 7V68) (c), Cmpd-6FA-bound
β2AR (PDB: 6N48) (d), LY3154207-bound D1R (PDB: 7LJC) (e), AgoPAM-bound FFAR1 (PDB: 5TZY) (f), INT777-bound GPBAR (PDB:
7CFN) (g), and LSN3160440-bound GLP1R (h). The seven TM helices are labeled I−VII, H8 for helix 8, ECL1-ECL3 for extracellular loops 1−3,
and ICL1-ICL3 for intracellular loops 1−3. A color scale of−1.0 (blue) to 0 (white) to 1.0 (red) is used to show theΔRMSF upon PAM binding, and
PAMs are colored green.
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with previous experimental data that the Cmpd-15 NAM
stabilized ICL1, H8, as well as TM6 and TM7 intracellular end28

(Table S2). Notably, AS408, NDT9513727, and Avacopan
bound to a similar TM3-TM4-TM5 region on the lipid-facing
surfaces of the β2AR and C5AR1. They reduced fluctuations in
the intracellular domains of TM3, TM4, and TM5 (Figure 2c−
e), as well as ICL2 in β2AR (Figure 2c). This was consistent with
a previous finding that the AS408 NAM stabilized TM5 in an
inactive conformation30 (Table S2), which in turn stabilized but
did not block the alprenolol antagonist, explaining the relatively
low binding cooperativity of−0.7± 0.530 (Table S3).Moreover,
the NDT9513727 and Avacopan NAMs were shown to stabilize
TM5 through the hydrophobic stacking between TM4 and
TM531,89 (Table S2). Binding of NNC0640 to GLP1R andMK-
0893 to GLR stabilized the lipid-facing pocket on the
intracellular domains of TM7 and TM6, respectively ( Figures
2h,j and S4h,j), to restrict themovement of the TMs required for
GPCR activation24,36 (Table S2). Notably, binding of the MK-
0893 NAM to GLR also stabilized the PE5 antagonist
significantly and even prevented the dissociation of PE5 from
GLR, which was observed in Sim2 of the PE5-bound GLR
without the NAM (Figure S3d). In particular, the PE5
antagonist moved from the orthosteric pocket to the large gap
between TM1 and TM2 extracellular ends, then interacted with
ECL2, and dissociated to the bulk solvent in Sim2 (Figure S6).
This dissociation pathway was similar to previous findings of
class A GPCRs.44,90 While PF-06372222 also bound to a similar
region in GLP1R, no significant flexibility change was observed
in the receptor, likely because the modulator-free receptor was
already stable ( Figures 2i and S4i). Lastly, binding of
ORG27569 to CB1 reduced fluctuations of the TM2, TM4,
TM6, TM7 intracellular domains and ICL2 (Figure 2f), being
consistent with the experimental finding that the ORG27569
NAM disfavored TM6 movement by stabilizing TM2 and
TM432 (Table S2).
Binding of PAMs to GPCRs generally reduced fluctuations of

the extracellular domains, orthosteric agonist-binding pocket,
and intracellular G-protein coupling domains to enhance GPCR
activation and signaling (Figures 3 and S5). Specifically, binding
ofMIPS521 to the A1AR significantly reduced fluctuations of the
adenosine agonist, the orthosteric pocket constituted by
extracellular domains of TM2, ECL1, ECL2, TM3, TM5,
TM6, ECL3, and TM7, and the intracellular domains of TM5,
TM7, and ICL2 (Figures 3a and S5a), which was consistent with
the previous observation that the PAM stabilized the adenosine-
A1AR-G-protein complex through effects on TM6 and TM7

25

(Table S2). LY2119620 binding to the M2R reduced flexibility
of TM2, TM7, ECL1-ECL3, and H8 (Figures 3b and S5b),
being consistent with the experimental finding of TM7
conformational change and slight contraction of the receptor
extracellular pocket upon PAM binding in this receptor16,17

(Table S2). LY2119620 binding to the extracellular pocket
helped prevent the dissociation of the iperoxo agonist from the
M2R, explaining their experimental binding cooperativity of 1.40
± 0.0916,17 (Table S3). In the M4R, LY2119620 binding
significantly reduced flexibility of the G-protein coupling
domains of ICL1, TM3, TM5, TM6, and H8, while stabilizing
ECL3 to a lesser extent (Figures 3c and S5c). These findings
were consistent with the structural data that LY2119620 binding
to the M4R caused slight contraction of the ECL3 and
conformational changes at the G-protein binding interfaces26

(Table S2). In the β2AR, Cmpd-6FA binding reduced
fluctuations of orthosteric residues in the ECL1 and TM7

extracellular end as well as the intracellular domains of ICL1,
TM3, and ICL2 (Figures 3d and S5d), being consistent with the
structural data that minor conformational differences were
observed at the ICL2 upon PAM binding29 (Table S2). Binding
of LY3154207 to the D1R reduced fluctuations of the TM1
extracellular domain and ECL3, as well as the TM6 intracellular
domain and ICL2 (Figures 3e and S5e), being consistent with
the structural data that LY3154207 binding might stabilize the
ICL2 helix for receptor activation and G-protein coupling34

(Table S2). Similar to the 6N48 PDB structure of β2AR, the
5TZY PDB structure of AgoPAM-bound FFAR1 did not have a
G-protein bound. Binding of AgoPAM reduced flexibility of the
ECL1, ECL2, ECL3 and TM1, TM2, TM3, and TM5
extracellular ends as well as the ICL2, and TM3 and TM4
intracellular ends, which constituted the G-protein binding
pocket (Figures 3f and S5f). The stabilization of ICL2 observed
in the AgoPAM-bound FFAR1 was in good agreement with the
structural data of the PAM-bound 5TZY and PAM-free 5TZR
PDB structures.21 In particular, the ICL2 adopted a short helical
conformation in the PAM-bound 5TZY PDB and was
completely missing in the PAM-free 5TZR PDB structure of
FFAR121 (Table S2). Twomolecules of INT777 with−1 charge
served as the orthosteric and allosteric ligands of GPBAR, which
potentially caused electrostatic repulsion and destabilized
orthosteric INT777 and most of the orthosteric residues
(Figures 3g and S5g). In fact, electrostatic repulsion between
orthosteric and allosteric ligands could weaken the binding of
one in the presence of the other.46 Even so, binding of INT777
to the allosteric site reduced fluctuations of ECL2 and the TM4
extracellular end, as well as the TM5 and TM6 intracellular ends
(Figures 3g and S5g), being consistent with the experimental
finding that the TM6 intracellular end is more contracted in the
activated GPBAR35 (Table S2). Finally, the LSN3160440 PAM
binding significantly reduced fluctuations of the large orthosteric
pocket of GLP1R formed by TM2, ECL1, ECL2, TM4, and
ECL3, and the G-protein coupling domains in TM5 and TM6
(Figures 3h and S5h).
Overall, NAM binding stabilized the allosteric and antagonist-

binding sites, with additional reduced flexibility observed in the
extracellular and intracellular domains of the inactive receptors
to prevent GPCR activation. Therefore, NAMs can be designed
to bound locations on inactive GPCRs that inhibit GPCR
activation by blocking TM5 and especially TM6 movement or
slowing antagonist dissociation. Meanwhile, PAM binding
stabilized the receptor extracellular domains, orthosteric
agonist-binding pocket, and G-protein coupling regions of the
active receptors to enhance GPCR activation and signaling. As a
result, PAMs can be designed to bind locations on active GPCRs
that enhance GPCR activation and signaling by stabilizing
agonist binding, opening the ECL2-ECL3 pocket to recruit
another agonist to the orthosteric pocket, or stabilizing G-
protein binding.
Deep Learning Important Residue Contacts Underlying
Allosteric Modulation of GPCRs

Classification of GPCRs bound by “Antagonist”, “Antagonist-
NAM”, “Agonist”, “AgonistPAM” was carried out with high
accuracies on both the training and validation sets for all GPCRs
(Figures S7 and S8). The saliency (attention) residue contact
maps of gradients are plotted in Figure S9 for NAM-bound
GPCRs and Figure S10 for PAM-bound GPCRs. The important
residue contacts for allosteric modulation of GPCRs identified
from DL (Table S2) and structural flexibility analysis were
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Figure 4. 2D free energy profiles of characteristic residue contacts in the allosteric modulation of class A and B GPCRs bound by NAMs. (a) Cα-atom
distances between V4.68-T172ECL2 and P5.36-T6.39 in the M1R without and with the MT7 NAM. The inactive antagonist-bound GPCR without and
with NAM are denoted “Antagonist” and “AntagonistNAM”, respectively. (b) Cα-atom distances between T6.36-I7.52 and K6.29-P8.48 in the β2AR
without and with the Cmpd-15 NAM. (c) Cα-atom distances between T4.56-V5.45 and L34.56ICL2-I4.45 in the β2AR without and with the AS408
NAM. (d)Cα-atom distances between T3.45-A4.45 and L5.51-F6.45 in the C5AR1 without and with the NDT9513727 NAM. (e) Cα-atom distances
between L4.56-L5.45 and P4.59-V5.38 in the C5AR1 without and with the Avacopan NAM. (f) Cα-atom distance between R34.55ICL2-T4.38 and
backbone RMSD of T7.47-L7.55 relative to the 6KQI PDB structure in the CB1 receptor without and with the ORG27569 NAM. The agonist bound
GPCR without and with NAM are denoted “Agonist” and “AgonistNAM”, respectively. (g) Cα-atom distances between I5.61-K6.28 and V6.36-V7.56
in the CCR2 without and with the GTPL9431 NAM. (h) Cα-atom distance between L12.49ICL1-V8.50 and backbone RMSD of E4.38-W4.40 relative
to the 5VEX PDB structure in the GLP1R without and with the NNC0640 NAM. The apo GPCR without and with NAM are denoted “Apo” and
“NAM”, respectively. (i) Backbone RMSD of Q210ECL1-H212ECL1 relative to the 6LN2 PDB structure and Cα-atom distance between L6.49-Q7.49 in
the GLP1R without and with the PF-06372222 NAM. (j) Cα-atom distances between F5.51-I6.46 and D6.61-R7.35 in the GLR without and with the
MK-0893 NAM. The PDB structures are mapped to the free energy surfaces as red dots. The RMSDs of PDB structures were calculated by averaging
from the corresponding 10 ns short cMD simulations.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00503
JACS Au 2023, 3, 3165−3180

3171

https://pubs.acs.org/doi/10.1021/jacsau.3c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00503?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00503?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


included in Figures 2 and 3. Notably, most of these reaction
coordinates involve residues located in the allosteric modulator-
binding sites and structural domains that have been identified to
be important for allosteric modulation of GPCRs in previous
experimental structural studies (Table S2).
The important residue contacts in NAM-bound GPCRs were

mostly located near allosteric binding sites (Figure 2). In the
MT7-bound M1R, residue contacts V4.68-T172ECL2 and P5.36-
T6.59 involved the TM4, TM5, and TM6 extracellular domains
and ECL2 (Figure 2a). In the Cmpd-15-bound β2AR, residue
contacts K6.29-P8.48 and T6.36-I7.52 involved the TM6 and
TM7 intracellular domains and H8 (Figure 2b). Previous
structural data showed that residue T6.36 played a crucial role in
the negative allosteric modulation of Cmpd-15 in the β2AR28
(Table S2). In the AS408-bound β2AR, residue contact T4.56-
V5.45 connected the middle of TM4 and TM5, while residue
contact L34.56ICL2-I4.45 connected the TM4 intracellular
domain and ICL2 (Figure 2c). Residue V5.45 was shown to
control the negative allosteric modulation of AS408 in the
β2AR30 (Table S2). In the NDT9513727-bound C5AR1,
residue contact T3.45-A4.45 connected the TM3 and TM4
intracellular ends, while residue contact L5.51-F6.45 connected

the middle of TM5 and TM6 (Figure 2d). In the Avacopan-
bound C5AR1, residue contacts L4.56-L5.45 and P4.59-V5.38
connected the TM4 and TM5 extracellular ends (Figure 2e). In
the ORG27569-bound CB1, residue contact R34.55ICL2-T4.38
connected the TM4 intracellular domain and ICL2, while
residues T7.47-L7.55 involved the TM7 intracellular end
(Figure 2f). In the GTPL9431-bound CCR2, residue contacts
I5.61-K6.28 and V6.36-V7.56 connected the TM5, TM6, and
TM7 intracellular domains (Figure 2g). In the NNC0640-
bound GLP1R, residue contact L12.49ICL1-V8.50 connected
ICL1 and H8, and residues E4.38-W4.40 involved the TM4
intracellular domain (Figure 2h). In the PF-06372222-bound
GLP1R, residues Q210ECL1-H212ECL1 involved the ECL1, while
residue contact L6.49-Q7.49 connected the middle of TM6 and
TM7 (Figure 2i). Lastly, in the MK-0893-bound GLR, residue
contact F5.51-I6.46 connected the middle of TM5 and TM6,
while residue contact D6.61-R7.35 connected the extracellular
domains of TM6 and TM7 (Figure 2j).
In PAM-bound GPCRs, important residue contacts were

mostly located in the extracellular domains, orthosteric agonist-
binding pocket, and intracellular G protein-binding regions
(Figure 3). In the MIPS521-bound A1AR, residue contact

Figure 5. 2D free energy profiles of characteristic residue contacts in the allosteric modulation of class A and B GPCRs bound by PAMs. (a) Cα-atom
distances between G2.68-K168ECL2 andW6.48-L7.41 in the A1AR without and with theMIPS521 PAM. The active agonist bound GPCR without and
with PAM are denoted “Agonist” and “AgonistPAM”, respectively. (b) Cα-atom distances betweenM6.54-G7.38 and C7.56-T8.49 in theM2R without
and with the LY2119620 PAM. (c) Cα-atom distances between N1.60-T8.53 and S5.62-T6.34 in theM4R without and with the LY2119620 PAM. (d)
Cα-atom distances between T2.39-K4.39 and K2.68-E7.33 in the β2AR without and with the Cmpd-6FA PAM. (e) Backbone RMSDs of V1.31-I1.43
and P34.50ICL2-K34.56ICL2 relative to the 7LJC PDB structure in the D1R without and with the LY3154207 PAM. (f) Cα-atom distances between
P5.32-N252ECL3 and P34.50ICL2-F34.56ICL2 in the FFAR1 without and with the AgoPAM PAM. (g) Backbone RMSD of L4.59-G4.63 and Cα-atom
distance between W149ECL2-N154ECL2 in the GPBAR without and with the INT777 PAM. (h) Cα-atom distances between A208ECL1-L217ECL1 and
Q221ECL1-E294ECL2 in the GLP1R without and with the LSN3160440 PAM. The PDB structures are mapped to the free energy surfaces as red dots.
The RMSDs of PDB structures were calculated by averaging from the corresponding 10 ns short cMD simulations.
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G2.68-K168ECL2 involved the TM2 extracellular end and ECL2,
while residue contact W6.48-L7.41 connected the middle of
TM6 and TM7, interacting with the adenosine agonist (Figure
3a). In the LY2119620-bound M2R, residue contact M6.54-
G7.38 were found interacting with the iperoxo agonist near the
TM6 and TM7 extracellular ends, while residue contact C7.56-
T8.49 connected the TM7 intracellular domain and H8 (Figure
3b). In the LY2119620-bound M4R, residue contacts N1.60-
T8.53 and S5.62-T6.34 involved the TM1, TM5, and TM6
intracellular ends and H8 (Figure 3c). In the Cmpd-6FA-bound
β2AR, residue contact T2.39-K4.39 connected the TM2 and
TM4 intracellular ends, while residue contact K2.68-E7.33
connected the TM2 and TM7 extracellular domains (Figure
3d). In the LY3154207-bound D1R, residues V1.31-I1.43 and
P34.50ICL2-K34.56ICL2 involved the TM1 extracellular end and
ICL2, respectively (Figure 3e). In the AgoPAM-bound FFAR1,
residue contact P5.32-N252ECL3 connected the TM5 extrac-
ellular domain and ECL3, while residue contact P34.50ICL2-
F34.56ICL2 formed the short helix of ICL2 (Figure 3f). In the
INT777-bound GPBAR, residues L4.59-G4.63 and residue
contact W149ECL2-N154ECL2 involved the TM4 extracellular
domain and ECL2, respectively (Figure 3g). In the
LSN3160440-bound GLP1R, residue contacts A208ECL1-
L217ECL1 and Q221ECL1-E294ECL2 connected ECL1 and ECL2
(Figure 3h).
Free Energy Profiling of Important Residue Contacts in
GPCR Allostery

2D free energy profiles were calculated from GaMD simulations
for the important residue contacts identified from DL and
structural flexibility analyses of GPCRs (Figures 4 and 5).
Overall, binding of NAMs and PAMs reduced the conforma-
tional space of the inactive antagonist-bound and active agonist-
bound GPCRs, respectively. Moreover, in case the modulator-
free GPCRs were able to sample multiple low-energy conforma-
tional states, binding of the NAMs and PAMs confined the
GPCR residue contacts to fewer low-energy states (only 1 for
most GPCRs) (Figures 4 and 5).
Binding of the MT7 NAM to M1R confined the TM4

extracellular domain and ECL2 from two conformational states
(“S1” and “S2”) to only the “S1” state, in which the extracellular
mouth adopted the more closed conformation (Figure 4a),
being consistent with the previous structural data20 (Table S2).
Cmpd-15 binding to the β2AR reduced the conformational
space from three states (“S1″-“S3”) to only the “S1” state, in
which the intracellular pocket formed by TM6, TM7, and H8
adopted the more open conformation to accommodate the
NAM and restrict TM6 movement required for GPCR
activation28 (Figures 4b and 2b). Similarly, AS408 binding to
the β2AR confined the TM4 intracellular end and ICL2 from two
conformational states (“S1” and “S2”) to only state “S1″, in
which the intracellular pocket formed by the TM4 intracellular
end and ICL2 adopted a more open conformation for stable
NAM binding and inactive conformation30 (Figures 4c and 2c).
Binding of NDT9513727 to the C5AR1 reduced the number of
low-energy conformational states from two to one (the “S1”
state), where the allosteric pocket located between TM3 and
TM4 intracellular ends as well as the middle of TM5 and TM6
adopted a more open conformation to accommodate the NAM
and restrict the TM movement required for GPCR activation59

(Figures 4d and 2d). Avacopan-binding to the C5AR1 confined
the TM4 and TM5 extracellular domains from two conforma-
tional states to only state “S1″, where the TM4 and TM5

extracellular ends adopted the more closed conformation to
stabilize NAM binding and inactive conformation59 (Figures 4e
and 2e). The hydrophobic stacking found between TM4 and
TM5 extracellular ends was again in good agreement with
previous findings.31,89 Binding ofMK-0893 to the GLR confined
the conformational space from three states (“S1″-S3”) to only
state “S1″, in which the middle of TM5 and TM6 as well as TM6
and TM7 extracellular ends adopted the more closed
conformations to restrict the required TM6 movement for
receptor activation36 (Figure 4j). In the cases of ORG27569-
bound CB1, GTPL9431-bound CCR2, NNC0640-bound
GLP1R, and PF-06372222-bound GLP1R, the modulator-free
GPCRs already sampled only one low-energy conformational
state (Figure 4f−i).
In PAM-bound GPCRs, binding of MIPS521 to the A1AR

confined the TM2 extracellular domain and ECL2 as well as the
middle of TM6 and TM7 from three conformational states
(“S1″-“S3”) to only the “S1” state, in which the extracellular
mouth and orthosteric agonist-binding pocket adopted themore
closed conformation to stabilize agonist binding and GPCR
signaling (Figures 5a and 3a). This finding was highly consistent
with previous experimental and computational studies of the
A1AR allosteric modulation,

25,53,91,92 where the PAM stabilized
the adenosine-A1AR-G-protein complex through effects on
TM6 and TM725 (Table S2). Moreover, the extracellular mouth
was shown to play a crucial role in the dissociation of orthosteric
ligands from class A GPCRs.44,90 Closure of this extracellular
mouth would prevent the dissociation of adenosine and further
stabilize agonist binding and GPCR signaling. The modulator-
free GPCR in the case of LY2119620-bound M2R sampled only
one low-energy conformational state (Figure 5b). LY2119620-
binding to the M4R reduced the conformational space of the
TM1 intracellular end and H8 from three states (“S1″-“S3”) to
only state “S1″, in which the G-protein-binding region adopted
themore closed conformation to stabilize G-protein binding and
the receptor active conformation26 (Figure 5c). Binding of
Cmpd-6FA to the β2AR confined the TM2 and TM7
extracellular ends as well as TM2 and TM4 intracellular ends
from three states (“S1″-S3”) to the “S1” state, in which the G
protein-binding domain adopted an open conformation for G-
protein coupling (Figure 5d and Table S2). Binding of the
LY3154207 PAM to the D1R confined the TM1 extracellular
end and ICL2 from two conformational states (“S1” and “S2”) to
only state “S1″, stabilizing G-protein binding and receptor active
conformation34 (Figures 5e and 3e). AgoPAM-binding to the
FFAR1 reduced the conformational space of the TM5
extracellular end, ECL3, and ICL2 from two states (“S1” and
“S2”) to state “S1″, where the extracellular mouth between TM5
and ECL3 as well as the ICL2 adopted a closed and short helix
conformation, respectively (Figures 5f and 3f). Here, the finding
that the ICL2 preferred a short helix conformation in the
AgoPAM-bound FFAR1 resembled the structural data of 5TZY
and 5TZR PDB structures well21 (Table S2). Binding of
INT777 to the allosteric site of GPBAR reduced the number of
low-energy conformational states from three (“S1” to “S3”) to
two (“S1” and “S2”) (Figure 5g). Lastly, LSN3160440-binding
to the GLP1R confined ECL1 and ECL2 from two conforma-
tional states (“S1” and “S2”) to only the “S1” state, in which the
extracellular mouth between ECL1 and ECL2 adopted the
closed conformation to stabilize the peptide agonist and
receptor active conformation for signaling (Figures 5h and 3h).
Since most reaction coordinates involved residues located at

or near the allosteric binding pockets of the NAM- and PAM-
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bound GPCRs (Figures 2 and 3), the free energy profiles in
Figures 4 and 5 also illustrated the conformational changes of
the allosteric modulator binding sites. Because conformations of
the allosteric modulator-bound pockets were already sampled in
the modulator-free GPCRs, binding of allosteric modulators to
GPCRs involved a “conformational selection” mechanism. We
selected new reaction coordinates based on experimental
observations, especially for the M2R and M4R that did not
have reaction coordinates identified for residues in the
modulator-binding sites yet (Figure 3) and calculated their
free energy profiles in Figure S11. The reaction coordinates
included the χ2 dihedral angle of residue W7.35 and the Cα-
atom distance between residues Y177ECL2-W7.35 in the M2R
(Figure S11a,b) and the Cα-atom distance between residues
N6.58-W7.35 in the M4R (Figure S11c,d). Two different low-
energy conformational states were observed in the free energy

profiles of the GPCRs without and with PAM bound for both
M2R and M4R. However, while the GPCRs without PAM
favored the “S2” states (Figure S11a,c), the “S1” states were
preferred in the GPCRs with PAM bound, given the lower free
energy observed for the “S1” states in these systems (Figure
S11b,d). We also calculated the time courses of ICL2 secondary
structures in the FFAR1 without and with AgoPAM (Figure
S12). While the ICL2 could not be resolved in the FFAR1
structure without AgoPAM bound,21 our simulations showed
that the ICL2 α-helix was formed even in the FFAR1 without
AgoPAM (Figures S12a and 5f). AgoPAM binding to FFAR1
made the ICL2 α-helix more stable (Figures S12b and 5f), which
was consistent with the experimental structures of FFAR1.21

These findings further supported our conclusion that binding of
modulator to GPCRs involved a “conformational selection”
mechanism.

Figure 6. Increased system fluctuations were observed for binding of NAMs (MT7 and Cmpd-15) and PAMs (LY2119620 and LY3154207) to “non-
cognate” GPCRs in GaMD simulations. Changes in root-mean-square fluctuations (ΔRMSFs) of the receptor, orthosteric and allosteric ligands in the
M2R (a) andM4R (b) compared to theM1R bound by theMT7NAM(PDB: 6WJC), the α1BAR (c), α2AAR (d), α2CAR (e), and β1AR (f) compared to
the β2AR bound by the Cmpd-15 NAM (PDB: 5X7D), theM1R (g) andM4R (PDB: 7V68) (h) compared to theM2R bound by the LY2119620 PAM
(PDB: 6OIK), and the D2R (i) compared to the D1R bound by the LY3154207 PAM (PDB: 7LJC). A color scale of −1.0 (blue) to 0 (white) to 1.0
(red) is used to show the ΔRMSF.
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To examine the simulation convergence, 2D free energy
profiles of characteristic residue contacts were calculated from
the individual GaMD simulations of each GPCR system
(Figures 4 and 5). The standard deviations of the 2D free
energy surfaces of NAM- and PAM-bound GPCRs were then
calculated and plotted in Figures S13 and S14, respectively.
Overall, for the NAM-bound GPCRs, most of the low-energy
conformational states showed near zero standard deviations of
2D free energy across the GaMD simulations, demonstrating
that GaMD simulations converged in the low-energy regions
(Figure S13). Exceptions included the “S2” states of the M1R
without MT7 (Figure S13a), β2AR without Cmpd-15 (Figure
S13b), β2AR without AS408 (Figure S13c), C5AR1 without
NDT9513727 (Figure S13d), C5AR1 without Avacopan
(Figure S13e), and the “S2” and “S3” state of the GLR without
MK-0893 (Figure S13j). However, the standard deviations of
these low-energy states were also relatively low, at ∼3−5 kcal/
mol. For the PAM-bound GPCRs, more low-energy states
exhibited ∼3−5-kcal/mol standard deviations of free energy,
given relatively larger sizes of the simulation systems (Figure
S14). Nevertheless, the GaMD simulations still showed almost
zero energy standard deviations in one or more low-energy
conformational states of the PAM-bound GPCR systems. These
states included the “S1” states of the A1AR with MIPS521
(Figure S14a), M2R with LY2119620 (Figure S14b), “S1” and
“S2” state of theM4Rwith and without LY2119620, respectively,
(Figure S14c), “S1” and “S3” state of the β2AR with and without
Cmpd-6FA, respectively, (Figure S14d), “S1” and “S2” states of
the D1R with and without LY3154207 (Figure S14e), “S1” states
of the FFAR1 with and without AgoPAM (Figure S14f), “S1”
and “S2” state of the GPBAR with the INT777 PAM (Figure
S14g), and “S1” states of the GLP1R with and without
LSN3160440 (Figure S14h). Moreover, the time courses of
characteristic residue contacts in the allosteric modulation of
class A and B GPCRs were plotted in Figures S15−S18, which
showed similar dynamic behavior in each independent GaMD
simulation of most GPCR systems without and with allosteric
modulators. Finally, we calculated representative 2D free energy
profiles of characteristic residue contacts of one class A GPCR
without and with NAM bound (the M1R without and with
MT7), one class A GPCR without and with PAM bound (the
M4R without and with LY2119620), and one class B GPCR (the
GLP1R without and with LSN3160440) using only the last 250
ns of their GaMD simulations and compared the results with the
2D free energy profiles calculated from the whole 500 ns of
GaMD simulations (Figure S19). Since the 2D free energy
profiles calculated from the last 250 ns and full 500 ns of GaMD
simulations were highly similar in terms of the conformational
spaces and low-energy conformational states sampled for all six
systems (Figure S19), it was reasonable for us to use the whole
500 ns of GaMD production simulations for analysis. Our
systems were properly equilibrated as extensive GaMD
equilibration simulations were performed on each of them
prior to the production simulations.
Representative conformations of the low-energy conforma-

tional states of GPCRs uncovered during the allosteric
modulation were shown in Figures S20−S23 and included in
Supporting Data 1. In the “S2” state of the M1R, the TM4
extracellular domain became distorted, illustrating a more
flexible extracellular domain in the absence of the MT7 NAM
(Figure S20a). The “S2” and “S3” states of A1AR were observed
in the absence of the MIPS521 PAM (Figure 5a). In these two
states, the β-sheet between ECL1 and ECL2 was completely

distorted, pointing to amore flexible extracellular mouth and less
stable binding of the adenosine agonist in the absence of the
PAM (Figure S21a,b). The “S2” and “S3” states of the FFAR1
saw a complete distortion of the α-helix secondary structures in
the TM5 extracellular domain, ECL3, and ICL2 in the absence
of AgoPAM (Figure S22a,b). Notably, in the “S2” and “S3”
states of the GLR without the MK-0893 NAM, the PE5
antagonist moved downward toward a pocket formed between
TM5 and TM6 due to outward movement of TM6 (Figure
S23a,b).
Selectivity of GPCR Allosteric Modulators

Additional GaMD simulations were performed on artificially
generated computational models to examine the binding
selectivity of the MT7 and Cmpd-15 NAMs to the muscarinic
and adrenergic receptors, respectively, as well as the LY2119620
and LY3154207 PAMs to the muscarinic and dopamine
receptors, respectively. Flexibility changes were calculated by
subtracting RMSFs of the cognate from the “non-cognate”
GPCRs of the modulators (Figure 6). Furthermore, 2D free
energy profiles of the heavy-atom RMSDs of orthosteric and
allosteric ligands relative to their respective starting structures
were calculated and are shown in Figure S24. Overall, modulator
binding in the “non-cognate” GPCRs resulted in higher complex
fluctuations and mostly larger conformational space (i.e.,
reduced cooperative effects) compared to the cognate GPCRs,
demonstrating the binding preference and selectivity of
allosteric modulators toward their cognate subtypes.
Significantly higher fluctuations were observed for binding of

allosteric modulators to “non-cognate” GPCRs, especially in the
allosteric pockets and various receptor domains, compared to
their binding to the cognate GPCRs (Figure 6). Compared to
the MT7-bound M1R, the NAM showed moderately increased
to much higher fluctuations in the model M2R and M4R,
respectively. Furthermore, NAM binding increased fluctuations
in ECL2 of the M2R (Figure 6a) and the TM4 extracellular end,
ECL1, and ECL2 in the M4R (Figure 6b). Compared to the
Cmpd-15-bound β2AR, the NAM showed much higher
fluctuations in the “non-cognate” subtypes of the α1BAR,
α2AAR, and α2CAR, and significantly increased fluctuations of
these three GPCR-antagonist complexes (Figure 6c−e). The
flexibility increase was smaller in the Cmpd-15-bound β1AR,
likely due to the receptor similarity in its sequence and structure
to the β2AR. Even so, binding of Cmpd-15 to the β1AR
significantly increased fluctuations in the TM2 extracellular end,
ECL1, ECL2, TM4, ICL2, and H8 (Figure 6f). The binding
preference of the LY2119620 PAM reduced from theM2R to the
M4R and then M1R.

93 Here, binding of LY2119620 to the M1R
significantly increased fluctuations in the TM2, TM3 and TM4
extracellular ends, ECL1, ECL2, and ECL3 compared to the
LY2119620-bound M2R (Figure 6g). In the LY2119620-bound
M4R, PAM binding only slightly increased fluctuations in the
TM2 and TM3 extracellular ends, ECL1, and ECL2 compared
to the M2R (Figure 6h). Our simulation results were thus
consistent with the previous experimental finding.93 Finally,
binding of the LY3154207 PAM to the D2R increased
fluctuations mostly in the TM1 and TM2 extracellular ends,
TM4 intracellular end, ICL2, TM5, TM6, TM7, and the SKF-
81297 agonist compared to the cognate D1R (Figure 6i).
Binding of allosteric modulators to “non-cognate” GPCRs

mostly increased conformational space of the orthosteric and
allosteric ligands with higher RMSDs. Moreover, most of the
modulator-bound “non-cognate” GPCRs sampled more low-
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energy conformational states compared to the cognate GPCRs
(Figure S24). In particular, the MT7-bound M4R sampled four
low-energy conformational states (“S1″-“S4”) of the atropine
antagonist andMT7NAMcompared to only two conformations
(“S1” and “S2”) of the MT7-boundM1R (Figure S24a,c). While
the MT7-bound M2R sampled the same number of conforma-
tional states as the M1R, the “S3” state of the MT7-bound M2R
showed higher RMSD of the atropine antagonist at ∼3.8 Å
compared to the∼1.0 Å atropine RMSD in the “S2” state ofM1R
(Figure S24a,b). The Cmpd-15-bound α1BAR and α2CAR
sampled three low-energy conformational states (“S2″-“S4”
and “S1″,“S3″-“S4″, respectively) compared to only one state
(“S1”) of the Cmpd-15-bound β2AR (Figure S24d,e,g). While
the Cmpd-15-bound α2AAR sampled the same number of low-
energy conformational states as the cognate β2AR, the “S3” state
of the α2AAR showed higher RMSDs of both the carazolol
antagonist and Cmpd-15NAM at∼2.3 and∼6.0 Å, respectively,
compared to the ∼1.0 Å and ∼2.0 Å carazolol and Cmpd-15
RMSDs of state “S1” of the β2AR (Figure S24d,f). The
LY2119620-bound M1R sampled only one low-energy con-
formational state (“S2”) compared to two states in the M2R
(“S1” and “S2”) and M4R (“S3” and “S4”) (Figure S24i−k).
Nevertheless, in the “S2” state, the LY2119620 PAM adopted
the ∼6.0 Å relatively higher RMSD conformation. Finally, the
LY3154207-bound D2R sampled two low-energy conforma-
tional states (“S2” and “S3”), both of which exhibited
significantly higher agonist and PAM RMSDs, compared to
the one “S1” state of LY3154207-bound D1R (Figure S24l,m).
The standard deviations of 2D free energy surfaces obtained

from individual GaMD simulations of the cognate and “non-
cognate” GPCRs bound by allosteric modulators were plotted in
Figure S25. Generally, the GaMD simulations of the cognate and
“non-cognate” GPCRs converged well (i.e., almost zero
standard deviations of free energy) in one or more low-energy
states. In particular, these states included the “S1” and “S2”
states of the MT7-bound M1R (Figure S25a), “S1” state of the
MT7-bound M2R (Figure S25b), “S2” and “S4” state of the
MT7-bound M4R (Figure S25c), “S1” state of the Cmpd-15-
bound β2AR (Figure S25d), “S2” state of the Cmpd-15-bound
α1BAR (Figure S25e), “S3” states of the Cmpd-15-bound α2AAR
and α2CAR (Figure S25f,g), “S1” state of the Cmpd-15-bound
β1AR (Figure S25h), “S1” state of the LY2119620-bound M2R
(Figure S25i), “S3” state of the LY2119620-bound M4R (Figure
S25j), “S2” state of the LY2119620-bound M1R (Figure S25k),
“S1” state of the LY3154207-boundD1R (Figure S25l), and “S2”
state of the LY3154207-bound D2R (Figure S25m). Moreover,
the time courses of the RMSDs of orthosteric and allosteric
ligands relative to the respective starting structures and models
of cognate and “non-cognate” GPCRs were plotted in Figures
S1−S3 and S26. The ligand RMSDs were mostly converged
across their respective 500 ns GaMD production simulations.
Representative conformations of the low-energy states of the

cognate and “non-cognate” GPCRs bound by allosteric
modulators were shown in Figures S27−S30 and included in
the Supporting Data 1. Particularly, in the new “S5” state of the
modelMT7-boundM4R, the NAM clearly tilted compared to its
starting pose, demonstrating the unstable binding of MT7 in the
“non-cognate” M4R (Figure S27d). In the “S2” state of the
LY2119620-boundM2R, a more vertical pose of the LY2119620
PAM was observed in the extracellular mouth of the M2R,
compared to the 6OIK PDB structure (Figure S29a). Finally, the
“S2” and “S3” states of the model LY3154207-bound D2R
showed partial dissociation of the PAM from the “non-cognate”

receptor. The LY3154207 PAM moved downward on the
intracellular side from the “S2” to “S3” state, compared to its
original pose located in an intracellular pocket formed by TM3,
TM4, and ICL2 (Figure S30).

■ DISCUSSION
Allosteric modulators have emerged as more selective drug
candidates than orthosteric agonist and antagonist ligands.
However, many X-ray and cryo-EM structures of GPCRs
resolved so far exhibit negligible differences upon the binding of
allosteric modulators. Consequently, the mechanism of dynamic
allosteric modulation in GPCRs remains unclear, despite their
critical importance. It is important to note that as membrane
proteins, GPCRs are well known to be extremely flexible.
Conventional MD simulations often suffer from insufficient
conformational sampling of the GPCRs. Moreover, it is very
difficult to define relevant collective variables to characterize
protein allosteric modulation by its nature for popular enhanced
sampling methods. To address these challenges, we applied
GaMD for unconstrained enhanced sampling of GPCRs without
predefinition of the collective variables. In addition, previous
studies of GPCR allostery have been mostly limited to one or a
few receptor systems. In this work, we have carried out extensive
enhanced sampling MD simulations (66 μs GaMD) on 44
GPCR systems, which include all available X-ray and cryo-EM
experimental structures of allosteric modulator-bound GPCRs
and eight additional computational models to examine
modulator selectivity. We have integrated GaMD and DL in
GLOW to map dynamic changes in free energy landscapes of
GPCRs upon the binding of allosteric modulators. By
intersecting DL-predicted residue contacts with the highest
gradient and residues with the largest flexibility changes, we
selected characteristic residue contacts for free energy profiling
to decipher the effects of allosteric modulator binding on
GPCRs.
The PAM and NAM binding primarily reduced the dynamic

fluctuations of the GPCR complexes. NAMs stabilized the
allosteric and antagonist-binding sites to prevent GPCR
activation. PAMs stabilized the receptor extracellular domains,
orthosteric agonist-binding pocket, and G-protein coupling
regions to enhance GPCR activation and signaling. Further-
more, the conformational space of the GPCRs was significantly
reduced upon modulator binding. The NAMs and PAMs
confined the GPCRs to mainly one specific conformation for
signaling. These effects transcended across classes A and B
GPCRs. We also proved that the binding of allosteric
modulators to GPCRs involved a “conformational selection”
mechanism. It is preferable to use high-resolution structures of
modulator-bound GPCRs for drug design, although this will
likely yield ligands similar to those of the bound modulators. In
the absence of available modulator-bound structures as for most
current GPCRs, it is critical to use a structural ensemble of
representative GPCR conformations rather than a single
structure for compound docking (“ensemble docking”),94

which will potentially improve structure-based design of novel
allosteric drugs of GPCRs. NAM and PAM binding were also
found selective toward their cognate receptor subtypes.
Significantly higher fluctuations were observed for modulator
binding to “non-cognate” GPCR subtypes, for which the
orthosteric and allosteric ligands exhibited larger RMSDs.
Overall, the effects of NAM and PAM binding on the receptor

dynamics were consistent across different GPCRs. Two of the
studied structures were class B GPCRs that were bound by only
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negative allosteric modulators (without any orthosteric ligands
bound). They were the GLP1R bound by NNC0640 (PDB:
5VEX)36 and GLP1R bound by PF-06372222 (PDB: 6LN2).37

Although the effect of PF-06372222 binding was not so clear,
the effect of NNC0640 binding to GLP1R was consistent with
the overall trend of NAM binding to other GPCRs. In fact,
exceptions were observed only in two cases: the GPBAR bound
by the INT777 PAM and the GLP1R bound by the PF-
06372222 NAM. In the GPBAR, the fact that two molecules of
the same charged ligand bound to the receptor could potentially
create electrostatic repulsion, leading to increased fluctuations in
the orthosteric ligand and other parts of the receptor46 (Figure
3g). In addition, potential inaccuracies in, especially, the ligand
force field parameters could contribute to the inconsistencies
observed in these two cases. Further ligand parameter
optimization could be helpful to achieve more consistent results
in these GPCR systems. The allosteric effect of GPCRs has been
shown to depend on the orthosteric probe.14 We will carry out
further studies in the future to identify characteristic features of
different PAMs and NAMs for a given orthosteric ligand and to
understand their functional mechanisms. In summary, we have
deciphered the mechanism of dynamic allostery in class A and B
GPCRs through the DL of extensive GaMD simulations. Our
findings are expected to facilitate the rational design of selective
GPCR allosteric drugs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00503.

Example input files for GaMD equilibration and
production simulations of GPCRs, Figures S1−S30, and
Tables S1−S3 (PDF)
PDB files of the representative low-energy conformational
states in Figures S20−S23 and S27−S30 (ZIP)
Ligand parameter files used in the GaMD simulations of
GPCRs (ZIP)

■ AUTHOR INFORMATION
Corresponding Author

Yinglong Miao − Computational Biology Program and
Department of Molecular Biosciences, University of Kansas,
Lawrence, Kansas 66047, United States; Present
Address: Computational Medicine Program and
Department of Pharmacology, University of North
Carolina − Chapel Hill, Chapel Hill, North Carolina, USA
27599; orcid.org/0000-0003-3714-1395;
Email: Yinglong_Miao@med.unc.edu

Authors
Hung N. Do − Computational Biology Program and
Department of Molecular Biosciences, University of Kansas,
Lawrence, Kansas 66047, United States; Present
Address: Theoretical Biology and Biophysics Group,
Theoretical Division, Los Alamos National Laboratory, Los
Alamos, New Mexico 87545, United States; orcid.org/
0000-0002-6497-4096

Jinan Wang − Computational Biology Program and
Department of Molecular Biosciences, University of Kansas,
Lawrence, Kansas 66047, United States; orcid.org/0000-
0003-0162-212X

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.3c00503

Author Contributions

CRediT: Hung Nguyen Do data curation, formal analysis,
investigation, methodology, software, validation, visualization,
writing-original draft, writing-review & editing; Jinan Wang
project administration, supervision; Yinglong Miao conceptu-
alization, project administration, resources, supervision, vali-
dation, writing-original draft, writing-review & editing.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Miao Lab members for valuable discussions. This
work used supercomputing resources with allocation award TG-
MCB180049 through the Advanced Cyberinfrastructure Coor-
dination Ecosystem: Services & Support (ACCESS) program,
which is supported by National Science Foundation grants
#2138259, #2138286, #2138307, #2137603, and #2138296, and
project M2874 through the National Energy Research Scientific
Computing Center (NERSC), which is a U.S. Department of
Energy Office of Science User Facility operated under Contract
No. DE-AC02-05CH11231, and the Research Computing
Cluster and BigJay Cluster funded through NSF Grant MRI-
2117449 at the University of Kansas. This work was supported
by the National Institutes of Health (R01GM132572).

■ REFERENCES
(1) Venkatakrishnan, A. J.; Deupi, X.; Lebon, G.; Tate, C. G.;
Schertler, G. F.; Babu, M. M. Molecular signatures of G-protein-
coupled receptors. Nature 2013, 494 (7436), 185−194.
(2) Hauser, A. S.; Chavali, S.; Masuho, I.; Jahn, L. J.; Martemyanov, K.
A.; Gloriam, D. E.; Babu, M. M. Pharmacogenomics of GPCR Drug
Targets. Cell 2018, 172 (1−2), 41−54.
(3) Stevens, R. C.; Cherezov, V.; Katritch, V.; Abagyan, R.; Kuhn, P.;
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