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Protein–protein binding is key in cellular signaling processes. Mo-
lecular dynamics (MD) simulations of protein–protein binding,
however, are challenging due to limited timescales. In particular,
binding of the medically important G-protein-coupled receptors
(GPCRs) with intracellular signaling proteins has not been simu-
lated with MD to date. Here, we report a successful simulation
of the binding of a G-protein mimetic nanobody to the M2 musca-
rinic GPCR using the robust Gaussian accelerated MD (GaMD)
method. Through long-timescale GaMD simulations over 4,500 ns,
the nanobody was observed to bind the receptor intracellular G-
protein-coupling site, with a minimum rmsd of 2.48 Å in the nano-
body core domain comparedwith the X-ray structure. Binding of the
nanobody allosterically closed the orthosteric ligand-binding pocket,
being consistent with the recent experimental finding. In the ab-
sence of nanobody binding, the receptor orthosteric pocket sampled
open and fully open conformations. The GaMD simulations revealed
two low-energy intermediate states during nanobody binding to
the M2 receptor. The flexible receptor intracellular loops contribute
remarkable electrostatic, polar, and hydrophobic residue interac-
tions in recognition and binding of the nanobody. These simulations
provided important insights into the mechanism of GPCR–nanobody
binding and demonstrated the applicability of GaMD in modeling
dynamic protein–protein interactions.
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G-protein-coupled receptors (GPCRs) represent the largest
superfamily of membrane proteins that mediate cellular re-

sponses to hormones, neurotransmitters, and the senses of sight,
olfaction, and taste. They have served as targets of about one-third
of currently marketed drugs for treating a wide spectrum of diseases
(1, 2). Muscarinic acetylcholine receptors are members of the class
A GPCRs, comprising five subtypes, i.e., M1–M5 (3). The odd-
numbered subtypes prefer to couple with the Gq/11 proteins, while
the even-numbered subtypes predominantly couple with the Gi/o

proteins. Particularly, the M2 receptor is widely distributed in
mammalian tissues and is the only subtype found in the human
heart. It plays a key role in modulating cardiac function. Activation
of the M2 receptor mediated by the Gi/o-protein coupling typically
results in a decrease in the heart rate and a reduction in heart
contraction forces.
X-ray crystal structures have been determined for the M2 re-

ceptor in an inactive state bound by the antagonist 3-quinuclidinyl-
benzilate (QNB) (4), as well as an active state bound by the agonist
iperoxo (IXO) and G-protein mimetic nanobody Nb9-8 in the
absence and presence of a positive allosteric modulator (PAM)
LY2119620 (5). Relative to the inactive conformation, the active
M2 receptor is characterized by opening of the orthosteric ligand-
binding pocket and rearrangements of the transmembrane (TM)
helices 5, 6, and 7. Binding of PAM LY2119620 in the receptor
extracellular vestibule induces a marked conformational change in
the Trp4227.35 side chain (5). The residue superscripts denote
Ballesteros–Weinstein numbering of GPCRs (6).

In addition, X-ray structures have been obtained for several
other GPCRs in the active state, including opsin coupled with the
C-terminal peptide of the Gα subunit (7), the β2-adrenergic re-
ceptor (β2AR) and μ-opioid receptor (μ-OR) with G-protein mi-
metic nanobodies (8–10), the adenosine A2A receptor (A2AAR)
with an engineered mini-Gs protein (11), and the β2AR with the
Gs protein (12). Very recently, the cryo-EM structure was also
reported for the calcitonin receptor (CTR; a class-B GPCR) coupled
with the Gs protein (13). These high-resolution structures provided
extremely valuable insights into the active state of GPCRs and the
receptor–G-protein interactions in the bound conformation. How-
ever, the dynamic mechanism and pathways of intracellular protein
binding to the GPCRs remain poorly understood (14).
Molecular dynamics (MD) is a widely used computational tech-

nique that probes biomolecular structural dynamics at an atomistic
level (15). In particular, MD simulations have been applied on
GPCRs and greatly helped in understanding the mechanisms of
GPCR activation (16–18) and ligand-binding processes (19, 20), as
reviewed earlier (21–24). Despite these remarkable advances, the
conventional MD (cMD) simulations of GPCRs have been limited
to typically tens of microseconds (22). This has greatly hindered
the usage of cMD in studying biomolecular dynamics over longer
timescales. The cMD simulation of the intracellular G-protein or
mimetic nanobody binding to the GPCRs has not been accom-
plished so far.
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Enhanced MD methods have proven useful in simulations of
large biomolecules such as GPCRs (22, 24, 25). In particular,
Gaussian accelerated MD (GaMD) is an enhanced sampling
technique that works by applying a harmonic boost potential to
smooth the potential energy surface, reduce the system energy
barriers, and accelerate biomolecular structural dynamics by or-
ders of magnitude (26–28). Moreover, because the boost potential
follows Gaussian distribution, the original free-energy profiles of
biomolecules can be recovered through cumulant expansion to the
second order for characterizing biomolecular dynamics, such as
ligand binding and graded activation of GPCRs (27, 29). GaMD
does not require predefined collective variables (CVs), which is
advantageous for studying protein folding (26, 27) and ligand
binding (26–28).
In this study, we performed long-timescale GaMD simulations to

investigate binding of the G-protein mimetic nanobody Nb9-8 and
agonist IXO to theM2 receptor. Using X-ray structure of the agonist–
M2 receptor–nanobody complex [Protein Data Bank (PDB) ID code
4MQS], we displaced the agonist IXO and nanobody Nb9-8 to
be >20 Å away from the M2 receptor in the solvent. During GaMD
simulations, although the agonist reached only the receptor extra-
cellular vestibule, the nanobody was observed to bind the receptor
intracellular G-protein-coupling site. GaMD simulations revealed
important intermediate states during nanobody binding to the M2
receptor, despite the fact that the calculated free energies were not
converged. Furthermore, allosteric coupling was identified between
the nanobody binding and conformational changes in the orthos-
teric ligand-binding pocket.

Results
Five independent GaMD simulations lasting ∼4,500 ns were per-
formed on the M2 receptor in the presence of the agonist IXO and
nanobody Nb9-8. The average (∼16 kcal/mol) and SD (∼5 kcal/mol)
of the boost potential were found to be closely similar among the
GaMD simulations (Table 1). Although the agonist reached only the
receptor extracellular vestibule in the GaMD simulations with
minimum rmsd of 8–15 Å relative to the 4MQS X-ray conformation,
the nanobody bound to the receptor G-protein-coupling site in one
of the GaMD simulations (“Sim1” in Table 1), for which the mini-
mum rmsd of the nanobody core domain was 2.48 Å compared with
the X-ray conformation. During the other four GaMD simulations,
the nanobody minimum rmsd ranged from 8.38 to 17.39 Å, sug-
gesting that it did not bind to the G-protein-coupling site (Table 1).

GaMD Simulation Revealed Nanobody Binding to the M2 Receptor.
During the 4,500-ns Sim1 GaMD trajectory, starting from free dif-
fusion in the solvent, the agonist IXO visited the extracellular ves-
tibule of the M2 receptor and the nanobody Nb9-8 bound to the
receptor intracellular G-protein-coupling site (Fig. 1A and Movie
S1). The agonist bound to the receptor extracellular vestibule during
∼1,700–1,830 ns with <20 Å rmsd relative to the 4MQS X-ray
conformation and visited the same site briefly several more times
in the simulation (Fig. 1B). The nanobody approached the M2 re-
ceptor and formed initial contacts with the intracellular loop (ICL) 2.
The TM6 cytoplasmic end became disordered in the C-terminal
region of ICL3 and facilitated binding of the nanobody. The nano-
body rmsd decreased to <20 Å after ∼560 ns. Then, the nanobody
rearranged its conformation and fit into the receptor intracellular
pocket. The nanobody interacted dynamically with the receptor
flexible ICLs and the TM7–helix 8 (H8) hinge. The nanobody rmsd
dropped <5 Å during ∼3,880−4,000 ns. Without the agonist at the
orthosteric site, the nanobody deviated from the target G-protein-
coupling site during ∼4,000–4,500 ns while maintaining interactions
with the receptor intracellular domains (Movie S1).
Along with nanobody binding, conformational change occurred

in both the orthosteric ligand-binding pocket and intracellular do-
mains of the M2 receptor during the Sim1 GaMD trajectory (Fig.
1B). In the X-ray structures, the orthosteric pocket was “open” in the

antagonist-bound receptor and “closed” in the agonist–nanobody-
bound receptor, for which the triangle perimeter of the Tyr1043.33−
Tyr4036.51−Tyr4267.39 “tyrosine lid” was 32.93 and 29.70 Å, re-
spectively. Binding of the nanobody switched the orthosteric
pocket from the open to closed conformation. Moreover, nano-
body binding led to activation of the M2 receptor with an increase
in the intracellular TM3−TM6 distance. When the nanobody
diffused far away in the solution, the Arg1213.50−Thr3866.34 dis-
tance was ∼7 Å, as in the inactive X-ray structure of the M2 re-
ceptor. Upon nanobody binding to the intracellular pocket with
rmsd <20 Å, it increased significantly and reached ∼13.9 Å (e.g.,
at ∼3,910 ns), as in the active receptor X-ray structure (Fig. 1B).
Fig. 1C shows the binding pose of the agonist IXO in the receptor

extracellular vestibule. IXO exhibited 13.84-Å rmsd relative to the
4MQS X-ray conformation. Residues Tyr177ECL2, Tyr802.61,
Tyr842.64, Asn4106.58, and Trp4227.35 formed polar and hydrophobic
interactions with IXO. The extracellular vestibule has been shown
to be an intermediate site for binding of orthosteric ligands (19, 27,
29), as well as the target site of allosteric modulators (5, 20). On the
intracellular side, when the rmsd of the nanobody decreased to 2.48 Å,
the β2, β3, β6, β7, and β8 strands of the nanobody core domain
overlapped with the 4MQS X-ray structure at the receptor G-
protein-coupling site (Fig. 1D). Therefore, the GaMD simulation
successfully captured binding of the nanobody, accompanied by
dynamic conformational changes in the M2 receptor.

Nanobody Binding Pathways and Low-Energy States. To characterize
the nanobody binding pathways, we calculated a 2D potential of
mean force (PMF) profile of the nanobody rmsd relative to the
4MQS X-ray conformation and the receptor Arg1213.50−Thr3866.34
distance using the Sim1 GaMD trajectory (Fig. 2A). Three low-
energy conformational states were identified from the PMF pro-
file, including unbound (U), intermediate 1 (I1), and intermediate 2
(I2). Relative to the zero-energy I1 state, free energies of the U and
I2 states were 1.86 and 2.30 kcal/mol, respectively. The free energy
barrier between the I1 and I2 states was ∼2.6 kcal/mol. The con-
formational transition from the unbound to the intermediate states
exhibited a higher free energy barrier of ∼3.3 kcal/mol. The GaMD
simulation sampled the bound (B) conformation as obtained in
previous simulations of the 4MQS X-ray structure (29), although a
low-energy well of the bound state did not appear in the PMF
presented here. This was likely due to the absence of agonist
binding at the orthosteric site and the boost potential applied to the
system during GaMD simulation, which led to transient binding of
the nanobody at the G-protein-coupling site.
In the U state, the Arg1213.50−Thr3866.34 distance was 8.95 Å in the

receptor (Fig. 2B). When the system visited the I1 state, the nanobody
rotated around the membrane normal by ∼95° with 18.63-Å rmsd
relative to the bound X-ray conformation, and the receptor Arg1213.50−
Thr3866.34 distance increased to 10.14 Å (Fig. 2C). In the I2 state,
the nanobody rmsd decreased further to 6.04 Å, and the receptor
Arg1213.50−Thr3866.34 distance increased to 12.80 Å. The nanobody

Table 1. Summary of GaMD simulations performed on the M2

receptor in the presence of the agonist IXO and G-protein
mimetic nanobody Nb9-8

ID Length, ns

ΔV, kcal/mol RMSDmin, Å

Avg σ Nb9-8 IXO

Sim1 4,500 16.35 5.18 2.48 13.84
Sim2 4,500 16.45 5.20 10.02 15.12
Sim3 4,364 16.30 5.26 8.38 11.37
Sim4 4,500 16.12 5.16 17.19 14.57
Sim5 4,500 16.42 5.19 15.71 8.03

The average (Avg) and SD (σ) are calculated for the GaMD boost potential
ΔV. Minimum rmsd (RMSDmin) was calculated for the Nb9-8 and IXO.
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was aligned in a similar orientation as in the bound X-ray confor-
mation (Fig. 2D).

Receptor ICLs Play a Key Role in Recognition and Binding of the
Nanobody. With low-energy states identified from the GaMD sim-
ulation, we examined residue interactions during nanobody binding
to the M2 receptor (Fig. 3). Remarkably, the flexible receptor ICLs
were able to dynamically rearrange their conformations to form
favorable interactions with residues on the nanobody surface. They
played a key role in the recognition and binding of the nanobody.
In the I1, the TM6 cytoplasmic end became disordered as in the

C-terminal region of the ICL3. Residues Arg3816.29 and Lys3836.31

formed salt-bridge interactions with Asp34 and Asp30 in the nano-
body, respectively (Fig. 3A). Side chains of Arg3876.35 and Lys3846.32

interacted with Phe29 in the nanobody. Receptor residues Arg52ICL1

and Asn511.60 formed salt-bridge and H-bond interactions with
Glu47 and Gln46 in the nanobody, respectively. Residue Lys134ICL2

formed polar and hydrophobic interactions with Leu104 and Ser107
in the nanobody (Fig. 3B). In the I2, receptor residues Arg3816.29

and Lys3836.31 in the disordered TM6 cytoplasmic end maintained
electrostatic interactions with the nanobody. Side chains of Val3856.33

and Thr3866.34 formed hydrophobic interactions with Phe105 in the
nanobody (Fig. 3C). The highly conserved Arg1213.50 in the receptor
DRY motif formed a salt bridge with Asp108 in the nanobody.

Residues Arg52ICL1 and Asn511.60 formed polar interactions with
the nanobody N-terminal residues Gln3 and Gln1. His53ICL1 also
contacted with Tyr110 in the nanobody. In the receptor ICL2, res-
idues Lys127, Lys134, and Arg135 extended their side chains to form
electrostatic interactions with the nanobody (Fig. 3D).
Finally, residue interactions at the interface of the receptor and

nanobody were analyzed by using the 4MQS X-ray structure for
comparison. Importantly, Arg1213.50 exhibited a cation-π interaction
with Phe105 in the nanobody, which also formed hydrophobic inter-
actions with side chains of the receptor residues Ile2095.61, Val3856.33,
and Thr3886.36. Receptor residues Arg3816.29 and Lys3846.32 formed
salt bridges with Asp58 and Asp34 in the nanobody, respectively.
Asn4448.47 and Thr4468.49 in the TM7–H8 hinge formed H-bonds
with Ser107 and Asp108 in the nanobody, respectively (Fig. 3E).
In the receptor ICL1, His53 and Thr56 contacted with Tyr110,
Asp103, and Ser107 in the nanobody. In the ICL2, Pro128, Val133,
and Leu129 formed hydrophobic interactions with Ile62, Cys53, and
Phe40 in the nanobody (Fig. 3F). These electrostatic, polar, and
hydrophobic residue interactions are important for the M2
receptor–nanobody binding.

Allosteric Coupling Between Nanobody Binding and Conformational
Change in the Ligand-Binding Pocket. Next, we calculated an-
other 2D PMF profile of the nanobody rmsd vs. the receptor

Fig. 1. Binding of agonist IXO and G-protein mimetic nanobody Nb9-8 to the M2 receptor was observed in one 4,500-ns GaMD simulation. (A) Trajectories of
nitrogen in the trimethylamine group of IXO (beads) and the β8 strand of Nb9-8 (ribbons) colored by simulation time in a blue (0 ns)–white (2,250 ns)–red
(4,500 ns) scale. The β8 strand of Nb9-8 moves into the X-ray conformation near the simulation end. X-ray conformations of the M2 receptor and Nb9-8 (PDB ID
code 4MQS) are shown in orange and purple ribbons, respectively, and yellow spheres for IXO. Residues Tyr1043.33, Tyr4036.51, Tyr4267.39, Arg1213.50, and
Thr3866.34 are represented by sticks. (B) The rmsds of the IXO and Nb9-8 relative to the X-ray structure, Tyr1043.33−Tyr4036.51−Tyr4267.39 triangle perimeter and
Arg1213.50−Thr3866.34 distance calculated from the simulation. Dashed lines indicate X-ray structural values of the M2 receptor (3UON, green; 4MQS, red). (C)
Binding pose of IXO (spheres) in the receptor extracellular vestibule with 13.84-Å rmsd relative to the X-ray conformation (yellow spheres). Residues found within
5 Å of IXO are highlighted in sticks. (D) Binding pose of Nb9-8 (cyan) in the receptor intracellular pocket with 2.48-Å rmsd relative to the X-ray conformation
(purple). The β2, β3, β6, β7, and β8 strands that represent the nanobody core domain were selected for calculating rmsd of Nb9-8 and heavy atoms for IXO.
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Tyr1043.33−Tyr4036.51−Tyr4267.39 triangle perimeter using the
Sim1 GaMD trajectory (Fig. 4A). Analysis showed that when the
nanobody bound to the receptor intracellular pocket, the tyrosine
lid covering the orthosteric ligand-biding pocket predominantly
adopted the closed conformation. The GaMD simulation-derived
closed conformation of the M2 receptor was similar to the clos-
ed 4MQS X-ray structure (Fig. 4B). Both conformations exhibited
significant inward movement of the side chains of Tyr1043.33, Tyr4036.51,
and Tyr4267.39 compared with the open 3UON X-ray structure.
In the “Sim5” 4,500-ns GaMD trajectory, the agonist visited the

receptor extracellular vestibule with a minimum rmsd of 8.03 Å,
and the nanobody did not bind to the receptor G-protein-coupling
site with rmsd >20 Å relative to the 4MQS X-ray conformation
(Fig. 5 A and B). In the absence of nanobody binding, the receptor
remained inactive as characterized by the ∼8- to 10-Å distance
between Arg1213.50 and Thr3866.34. The orthosteric pocket adopted
the open to “fully open” conformations, for which the triangle pe-
rimeter of the tyrosine lid was ∼33 and ∼35−40 Å, respectively (Fig.
5B). These two conformations were confirmed as low-energy states in
the 2D PMF profile of the receptor Tyr1043.33−Tyr4036.51−Tyr4267.39
triangle perimeter and nanobody rmsd, as shown in Fig. 5C. The
simulation-derived open conformation was similar to the 3UON
antagonist-bound X-ray structure. The newly discovered fully open
conformation showed significant outward movement of the three
tyrosine side chains relative to the open conformation and even
more compared with the closed 4MQS X-ray structure (Fig. 5D).
In addition to Sim1 and Sim5, detailed analysis was further per-

formed on the other three GaMD trajectories (Figs. S1–S3). Par-
ticularly in the “Sim2” trajectory, the nanobody diffused into the
receptor intracellular pocket with rmsd decreased to ∼15 Å, but was
not able to bind further to the target G-protein-coupling site as in

the 4MQS X-ray conformation (Fig. S1). PMF calculations showed
that the M2 receptor sampled the inactive state with ∼5- to 8-Å
distance between Arg1213.50 and Thr3866.34 (Fig. S1C) and the
closed to open conformations in the orthosteric pocket with ∼30- to
35-Å triangle perimeter of the tyrosine lid (Fig. S1D). Similar results
were obtained in the “Sim3”GaMD trajectory (Fig. S2). During the
“Sim4” GaMD trajectory, the nanobody did not diffuse into the
intracellular pocket of the M2 receptor with >20-Å rmsd compared
with the 4MQS X-ray structure (Fig. S3). The M2 receptor adopted
mostly the inactive state (Fig. S3 B and C) and open to fully open
conformations in the orthosteric pocket (Fig. S3D).
Taking the five GaMD simulations together, we observed allo-

steric coupling between intracellular nanobody binding and confor-
mational change in the ligand-binding pocket of the M2 receptor. In
the absence of nanobody binding in the intracellular pocket, the re-
ceptor ligand-binding pocket adopted mostly the open to fully open
conformations as observed in the Sim4 and Sim5 GaMD trajectories.
In contrast, binding of the nanobody led to conformational tran-
sition of the ligand-binding pocket to the closed state as shown in
the Sim1 trajectory.

Discussion
In this study, we have performed, to our knowledge, the longest
GaMD enhanced simulations to date (4,500 ns), which have suc-
cessfully captured binding of the G-protein mimetic nanobody toFig. 2. (A) The 2D PMF calculated with the Arg1213.50−Thr3866.34 distance

and rmsd of the Nb9-8 relative to the 4MQS X-ray conformation. Three low-
energy conformational states are labeled as the Unbound (U), Intermediate
1 (I1), and Intermediate 2 (I2). The bound (B) state obtained from previous
GaMD simulation of the 4MQS X-ray structure (29) is labeled a star. (B–D)
Structural conformations of the M2 receptor and Nb9-8 in the U (B), I1 (C),
and I2 (D) states, for which energy minima of the (Arg1213.50−Thr3866.34

distance, Nb9-8 rmsd) 2D PMF were found at (8.95 Å, 49.44 Å), (10.14 Å,
18.63 Å), and (12.80 Å, 6.04 Å), respectively. The reference X-ray confor-
mations of the M2 receptor and nanobody are shown as orange and purple
ribbons, respectively. The evolving nanobody is represented by cyan ribbons.

Fig. 3. Residue interactions between the M2 receptor and the G-protein mi-
metic nanobody Nb9-8 in the low-energy conformational states. (A and B) The
I1 conformation looking at the TM5–TM6–TM7 (A) and TM1–TM2–TM4 (B)
helices. (C and D) The I2 conformation looking at the TM5–TM6–TM7 (C) and
TM1–TM2–TM4 (D) helices. (E and F) The B conformation looking at the TM5–
TM6–TM7 (E) and TM1–TM2–TM4 (F) helices. The M2 receptor is shown in
orange ribbons, and residues found within 2.5 Å of the nanobody are repre-
sented by sticks. The nanobody is represented by surface and colored by the
atomic charges in a blue (+0.5e)–white (0)–red (−0.5e) scale. Key residues in the
nanobody that interact with the M2 receptor are labeled in purple.
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the M2 muscarinic GPCR. Because only one binding event has been
observed through the simulations, it is important to note that the
presented free energy profiles are not converged. Each of the
GaMD simulations likely sampled only a subset of the large con-
formational space. Future developments in sampling methodology
and computing power will be needed to achieve converged simula-
tions of such complex systems. Nevertheless, the GaMD simulations
have allowed us to identify the binding pathways and important in-
termediate states of the nanobody. This work has extended the ap-
plication of GaMD to protein–protein interactions (PPIs). PPIs are
important in cellular signaling. However, they have presented a
challenge for cMD simulations, due to increased system complexity
and slowly evolving dynamics. Furthermore, it is difficult to define a
priori CVs to simulate PPIs, which often involve large-scale trans-
lations and rotations of the binding partners, as well as complicated
conformational changes inside each protein. In this regard, GaMD
that does not require predefined CVs is well suited for unconstrained
enhanced simulations of PPIs.
In the GaMD simulation, the G-protein mimetic nanobody dif-

fused spontaneously from the bulk solvent to the intracellular target
site of the M2 receptor. Although a low-energy well did not appear
in the calculated PMF for the bound state, the GaMD simulation
sampled this conformation as in previous simulations of the 4MQS
X-ray structure (29). Unstable binding of the nanobody could result
from the absence of agonist binding at the orthosteric site. In ad-
dition, the GaMD boost potential that was applied to both the di-
hedral and total potential energetic terms could contribute to
transient binding of the nanobody. It is subject to future studies
using different GaMD parameters for various acceleration levels
(28) to investigate the PPIs. Nevertheless, in the simulation-derived
bound conformation, the nanobody core domain showed a mini-
mum rmsd of 2.48 Å compared with the 4MQS X-ray structure (5).
Furthermore, the GaMD simulations revealed two important low-

energy intermediate states, I1 and I2, during nanobody binding to
the M2 receptor. Close examination of residue interactions at the
interface revealed that the flexible ICLs played a key role in the
recognition and binding of the G-protein mimetic nanobody.
Notably, residues Val3856.33, Thr3866.34, Ile3896.37, and Leu3906.38

in ICL3 of the M2 receptor were suggested to be important for G-
protein coupling in previous mutagenesis experiments (30, 31).
The ICLs in the β2AR and A2AAR were also shown to form ex-
tensive interactions with the Gs and mini-Gs proteins in the X-ray
structures (11, 12). Conformational flexibility of the ICL2 and
ICL3 were critical for G-protein coupling of several GPCRs (14).
Our GaMD simulations were in line with these findings and have
provided a detailed view of the dynamic process at an atomistic level.

In the receptor orthosteric ligand-binding pocket, a fully open
conformation of the tyrosine lid was discovered from the GaMD
simulations, in addition to the closed and open conformations as
determined in previous X-ray structures of the QNB-bound (4) and
IXO-nanobody-bound (5) M2 receptor. The fully open orthosteric
pocket may be able to accommodate larger ligands, especially the
antagonists with nearly two times the molecular weight of QNB
(32). This can be potentially validated through future experimental
structural studies of the M2 receptor with the larger ligands.
Allosteric coupling between the nanobody binding and confor-

mational change in the orthosteric ligand-binding pocket of the
M2 receptor took place in the GaMD simulations. In the absence
of nanobody binding, the orthosteric pocket sampled open to fully
open conformations. In contrast, the orthosteric pocket became
closed upon nanobody binding to the receptor G-protein-coupling
site. This is consistent with the recent experimental finding that
nanobody binding allosterically closed the ligand-binding pocket
of the β2AR (33).
In summary, long-timescale GaMD simulations have captured

nanobody binding to the M2 receptor. While engineered G proteins
such as the mini-Gs (11) have a similar size as the nanobody, the
entire heterotrimeric G proteins are significantly larger than the
nanobody. It may be more challenging to simulate binding of the G
proteins to the GPCRs. On the other hand, the GaMDmethod can
be further improved for more powerful enhanced sampling. Par-
ticularly, the GaMD simulations herein applied boost potential to
the system dihedrals and total potential energy. Since nonbonded

Fig. 5. One 4,500-ns GaMD simulation of the M2 receptor (Sim5 in Table 1),
during which IXO and Nb9-8 bind to the receptor with the smallest rmsds of
8.03 and 15.71 Å, respectively, relative to the 4MQS X-ray conformation. (A)
Trajectories of nitrogen in the trimethylamine group of IXO (beads) and the
β8 strand of Nb9-8 (ribbons) colored by the simulation time in a blue (0 ns)–
white (2,250 ns)–red (4,500 ns) scale. The structural representations are
similar to Fig. 1A. (B) The rmsds of the IXO and Nb9-8 relative to the 4MQS X-
ray conformations, Tyr1043.33−Tyr4036.51−Tyr4267.39 triangle perimeter, and
Arg1213.50−Thr3866.34 distance calculated from the simulation. Dashed lines
indicate X-ray structural values of the M2 receptor (3UON, green; 4MQS,
red). (C) The 2D PMF calculated with the Tyr1043.33−Tyr4036.51−Tyr4267.39

triangle perimeter and rmsd of the Nb9-8 relative to the 4MQS X-ray con-
formation. Two low-energy conformational states are labeled as open and
fully open. (D) Extracellular view of the GaMD simulation-derived open
(cyan) and fully open (blue) conformational states compared with the closed
(red) and open (green) X-ray conformational states (PDB ID codes 4MQS and
3UON). The M2 receptor is represented by ribbons, and residues Tyr1043.33,
Tyr4036.51, and Tyr4267.39 are highlighted in sticks.

Fig. 4. (A) The 2D PMF calculated by using the Sim1 GaMD trajectory re-
garding the Tyr1043.33−Tyr4036.51−Tyr4267.39 triangle perimeter and rmsd of
Nb9-8 relative to the 4MQS X-ray conformation. The low-energy confor-
mational state is labeled as the closed. (B) Extracellular view of the GaMD
simulation-derived closed conformational state (orange) with the closed
(red) and open (green) X-ray conformations (PDB ID codes 4MQS and 3UON).
The M2 receptor is represented by ribbons, and residues Tyr1043.33,
Tyr4036.51, and Tyr4267.39 are highlighted in sticks.
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interactions are mainly involved in protein–protein binding, adding
boost potential based on the “essential” nonbonded potential en-
ergy may be more effective for the GaMD simulations (28, 34).
The GaMD simulations have provided important insights into

the dynamic mechanism of GPCR–nanobody binding. The work
also paves the way for enhanced simulations of, among many
PPIs, the binding of G proteins or engineered G proteins (e.g.,
mini-G) to the GPCRs. This will be facilitated by continued ad-
vances in the computing power and enhanced simulation meth-
odology. A growing number of GPCR protein complex structures,
including the β2AR-Gs (12), A2AAR-mini Gs (11), and CTR-Gs
(13), can be used to validate the GaMD simulations. In turn,
GaMD simulations will be valuable for us to determine mecha-
nisms of PPIs and understand the structural dynamics and func-
tion of the GPCR protein complexes.

Methods
GaMD simulations were performed on theM2 receptor in the presence of the
G-protein mimetic nanobody Nb9-8 and agonist IXO. Energy minimization,
thermalization, and 100-ns cMD equilibration were first performed by using
NAMD2.10 (35). By using the NAMD output structure, along with the system

topology and CHARMM36 (36) force field files, ParmEd was used to convert
the simulation files into the AMBER format (37). The GaMD module imple-
mented in the graphics processing unit (GPU) version of AMBER14 (26, 37)
was then applied to perform GaMD simulations, which included 10-ns short
cMD simulation used to collect potential statistics for calculating the GaMD
acceleration parameters, 50-ns equilibration after adding the boost poten-
tial, and, finally, multiple independent GaMD production runs with ran-
domized initial atomic velocities. The simulation frames were saved every
0.1 ps for analysis. The five GaMD production simulations lasting ∼4,500 ns
are listed in Table 1. Details of the GaMD method, energetic reweighting,
system setup, simulation protocol, and analysis are provided in SI Text.
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