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Abstract
M3 muscarinic acetylcholine receptors (M3R) are G-protein-coupled receptors expressed in the ciliary muscle. Pilocarpine, an M3R agonist, reduces intraocular
pressure (IOP) by causing contraction of the ciliary muscle, which leads to widening of the spaces in the trabecular meshwork and facilitates aqueous humor
�ow out of the eye. Despite their IOP-reducing potentials, there are only four M3R agonists that have been FDA-approved, and the chemical features that
differentiate agonists from antagonists are poorly understood. In this study, we created a homology model of human M3R (hM3R) to analyze the binding
modes that differentiate M3R agonists from antagonists, using such in-silico assays as high-throughput virtual screening and molecular dynamics. Our in-
silico results suggest that a nitrogen ring with a positive charge is crucial for forming cation-π exchange with hM3R, regardless of agonism or antagonism.
However, we discovered π-π stacking exchange that is exclusively found among M3R antagonists. Structural analysis suggests that this π-π stacking
exchange leads to structural changes in one of the α-helices and causes instability in the cytoplasmic domain, where G protein interactions occur. Together,
these �nding may prove useful in developing drugs that not only target but also selectively agonize hM3R to reduce IOP in glaucoma patients.

Introduction
Primary open angle glaucoma (POAG) is a leading cause of blindness worldwide1. POAG is characterized by progressive optic nerve damage from retinal
ganglion cell death, which is typically associated with elevated intraocular pressure (IOP). Steady-state IOP is generated by the balance of aqueous humor
(AH) production by the ciliary body (CB) and its drainage through the trabecular meshwork and to a lesser degree the uveoscleral or nonconventional pathway.
An imbalance between the in�ow and out�ow of AH leads to change in IOP, which could lead to persistent pressure in the eye and compromise optic nerve
health2–4. Hence, decreasing IOP is often considered as the �rst-line treatment for POAG.

Muscarinic acetylcholine receptors are G-protein-coupled receptors (GPCR) with �ve different subtypes, all of which are expressed in the anterior chamber of
the eye5,6. In particular, M3 muscarinic acetylcholine receptors (M3R) accounts for nearly 60% of all muscarinic receptors that are expressed in the ciliary
muscle6. It has been experimentally validated that M3R activation causes contraction of the ciliary muscle, which leads to widening of the spaces in the
trabecular meshwork and facilitates aqueous humor �ow out of the eye7–9. M3R activation can be achieved by small molecules that resemble its endogenous
ligand, acetylcholine. For example, pilocarpine is an FDA-approved drug that has been used to reduce IOP by agonizing M3R9. On the other hand, M3R
antagonists, such as atropine, have little effect on IOP and are contraindicated in glaucoma patients prescribed with pilocarpine10–13. There is experimental
evidence suggesting that muscarinic agonists and antagonists share the same binding pocket14,15, yet the binding modes that differentiate each other are
poorly understood.

In drug discovery and lead optimization, the computational method is a highly effective technique and has been widely applied16–20. Speci�cally, molecular
dynamics (MD) simulation considers the �exibility of protein structures based on Newtonian principles and is often used to analyze the protein-ligand
interaction or the binding free energy collected during MD simulation21–24. These results can then be utilized for compound optimization. Molecular
mechanics and generalized born surface area (MM/GBSA) method is also used to predict the binding free energy of a compound binding to
macromolecules25–27. MM/GBSA based on MD simulation results can be used to study stability of a protein-ligand complex and analyze the variation in the
sensitivity of a ligand caused by mutations in amino acid residues of a protein28. When the structure of the protein is unknown, which is the case in our study,
it needs to �rst be predicted. Homology modeling is considered the most accurate among the computational structure prediction methods in this situation29.
In homology modeling, a template of the target protein, which is the peptide sequence of another protein with high sequence identity, must �rst be found. A
protein sequence with over 30% identity to a known structure can often be predicted with an accuracy equivalent to a low-resolution X-ray structure30. The two
sequences are then aligned, and a homology model is constructed. Post-modi�cation of the model is often needed for more reliable results.

In this study, we developed a homology model of human M3R (hM3R) based on the crystal structure of rat M3R in complex with tiotropium (a known M3R
antagonist). We then docked tiotropium in our homology model and compared its binding mode with tiotropium in rat M3R crystal structure to test the �delity
of our homology model. Subsequently, we performed high-throughput virtual screening (HTVS) of 21 compounds, composed of 6 M3R agonists and 15 M3R
antagonists, to analyze differences in their binding modes. Finally, we performed MD simulations with the top scoring agonist and antagonist to analyze
variations in the mode of interaction with hM3R. Our in-silico results suggest that a tertiary amine with a positive charge is crucial for formation of cation-π
exchange with hM3R regardless of agonism or antagonism. However, the M3R antagonists formed π-π stacking exchange with hM3R, which is absent in M3R
agonists because they lack aromatic structures. Structural comparison of hM3R suggests that this π-π stacking exchange leads to structural changes in one
of the α-helices and causes instability in the cytoplasmic domain of hM3R, where G protein interactions occur.

Results
Homology modeling of hM3R

Using crystal structure of rat M3R (PDB: 4DAJ), a homology model of hM3R was constructed, whose sequence identity was 62 %. The predicted structure of
hM3R contains three different domains: extracellular (EC), transmembrane (TM), and cytoplasmic (CT) domains (Fig. 1A). Like most GPCRs, G protein
interaction with hM3R is predicted to take place in the CT domain upon agonism31-33. Upon superimposition of rat M3R crystal structure to hM3R homology
model, we observed conservation of TM and EC domains (Fig. 1B). Our homology model was further re�ned using Protein Preparation and Loop Re�nement
features in Maestro (Schrödinger Inc., USA). Binding site analysis of our homology model was done using Sitemap feature in Maestro (Fig. 1C), and the top-
ranking binding site can be found in the EC domain (Fig. 1D). This is consistent with the crystal structure of rat M3R, where tiotropium is in complex within the
EC domain. Upon superimposition, tiotropium from the crystal structure �ts tightly inside the top-ranking binding site of hM3R identi�ed by Sitemap (Fig. 2A).
Upon molecular docking of tiotropium to hM3R homology model using Glide (Schrödinger Inc., USA), the predicted binding mode is nearly identical to the
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binding mode of tiotropium obtained from the crystal structure of rat M3R (Fig. 2B). Upon comparison of the binding forces of tiotropium in the rat crystal
structure to our hM3R homology model, it was determined that they were nearly identical, including the presence of π-π stacking exchange between
tiotropium’s aromatic ring and tryptophan residues (Fig. 2C and 2D). Together, the results indicate that molecular docking with our hM3R homology model can
predict ligand binding with high �delity.

High-throughput virtual screening (HTVS) of M3R muscarinic agonists and antagonists

The 3D chemical structures of M3R agonists and antagonists were obtained from Drug Banks database, and their structures were further re�ned using
LigPrep in Maestro. The binding modes of top three scoring M3R agonists revealed that cation-π exchange can be found between a positively charged
nitrogen ring and residues with aromatic sidechains, like TYR149, TRP504, and TYR507 (Fig. 3A). Another notable force is hydrogen bonding between an
oxygen group and ASN508. The binding modes of top three scoring M3R antagonists also contained cation-π exchange between a positively charged nitrogen
ring and residues with TYR149, TRP504, and TYR507 (Fig. 3B). ASN 508 can also be seen interacting with oxygen molecules. However, compared to M3R
agonists, the antagonists all shared presence of π -π stacking exchange between their aromatic rings and TRP504. In fact, this interaction is absent in all of
the hM3R agonists available in the database likely because they lack aromatic side groups in their chemical structures. Table 1 displays the results of HTVS
that lists the docking scores and checks presence of π- π stacking exchange, which is found in 12 out of 15 M3R antagonists that we docked. It’s also
interesting to note that M3R antagonists achieved higher docking scores than the agonists likely because of the added stability via π-π stacking exchange.

MD simulation for interaction analysis

To analyze additional interactions found in hM3R agonism and antagonism, we conducted MD simulations using docked complexes with the highest scoring
agonist and antagonist, pilocarpine and tiotropium, respectively.  The protein-ligand complexes with the highest population during 100 ns simulation were
extracted for binding free energy calculation and structural comparisons using Trajectory Clustering tool in Maestro (Schrödinger Inc., USA). The video
analysis of MD simulations for hM3R-pilocarpine and hM3R-tiotropium complexes can be found in Supplemental Fig. 1 and 2, respectively. The root mean
square distance (RMSD) analysis of hM3R in complex with pilocarpine was performed, where lower the RMSD indicates tighter binding (Fig. 4A). Pilocarpine
achieved an RMSD of roughly 2.5 Å towards the end of the simulation, which indicates stable binding34. The protein RMSD equilibrated to roughly 7.0 Å,
which implies the protein assumed a stable conformation towards the end of the simulation. On the other hand, tiotropium achieved an RMSD of roughly 3.0
Å towards the end of the simulation (Fig. 4B). This value also indicates stable binding but not as tight as pilocarpine-hM3R complex likely because of the
increased molecular mass of tiotropium. The protein RMSD equilibrated to roughly 10 Å, which indicates the protein assumed a stable conformation towards
the end of the simulation

Interaction fraction analyses of pilocarpine-hM3R and tiotropium-hM3R complexes were also performed. Interaction fraction value of 1.0 means the ligand
made contact with a binding residue during 100% time of the simulation. Values greater than 1.0 indicate more than one binding forces. For example, in the
interaction fraction analysis of pilocarpine-hM3R (Fig. 5A), TYR149 has an interaction fraction value of 1.498 and makes contact with pilocarpine via
hydrogen bonds, hydrophobic forces (cation-π exchange), and water bridges.  The top three contributors to the binding interaction for pilocarpine were
TYR149, ASP148, and SER152 with scores of 1.498, 1.217, and 0.914, respectively. In the interaction fraction analysis of tiotropium-hM3R (Fig. 5B), the top
three contributors to the binding interaction were ASN508, TRP504, and TYR507 with scores of 1.755, 1.437, and 1.083, respectively. It’s interesting to note that
TRP504 has almost 3-times the interaction fraction value with tiotropium (1.477) compared to pilocarpine (0.591). Furthermore, the top three binding residues
with pilocarpine are upstream at positions 148-152, whereas they are downstream at positions 504-508 for tiotropium. Ligand-protein contact analysis of
pilocarpine-hM3R revealed ASP148, TYR149, and SER152 intimately associating with the nitrogen ring of pilocarpine (Fig. 5C). Meanwhile, the ligand-protein
contact analysis of tiotropium-hM3R displayed preservation of π-π stacking exchange via TRP504 during most of the simulation (Fig. 5D), which is consistent
with the results of HTVS.

To analyze amino acid side chain stability, root mean square �uctuations (RMSF) analysis was performed, where higher the RMSF values indicates higher
instability of amino acid side chain. In RMSF analysis of pilocarpine-hM3R complex (Fig. 6A), none of the amino acid side chains exceed RMSF value of 9.0 Å.
On the other hand, in RMSF analysis of tiotropium-hM3R complex (Fig. 6B), there were three residues with RMSF values greater than 10.5 Å: LEU456 (11.03 Å),
SER457 (12.16 Å), and LYS459 (11.89 Å). In fact, these three residues were much more stable in pilocarpine-hM3R complex: LEU456 (7.84 Å), SER457 (5.66 Å),
and LYS459 (6.95 Å). It’s interesting to note that these residues span positions 456-459, which are near the top three binding residues (TRP504, TYR507, and
ASN508) from the interaction fraction analysis of tiotropium-hM3R complex. Table 2 displays the difference in stability among shared binding residues of
pilocarpine-hM3R and tiotropium-hM3R complexes. Overall, the binding residues of tiotropium have lower RMSF and hence higher stability. In fact, TRP504
had the highest difference in RMSF of 0.27 Å. This suggests TRP504 is in a more stable and rigid conformation when interacting with tiotropium likely due to
added stability brought by π-π stacking exchange.

Through structural comparisons, we were able to locate TRP504 in helix 6 of hM3R (Fig. 7A and 7B). When we superimposed helix 6 of piloarpine-hM3R and
tiotropium-hM3R (Fig. 7C), we identi�ed a 2.1 Å shift in the α-carbon of TRP504 when interacting with tiotropium for π-π stacking. This led to an angle change
of 18 ° upstream of TRP504, including the cytoplasmic domain, where the unstable residues LEU456, SER457, and LYS459 are directly located at. When we
superimposed the cytoplasmic domain directly upstream of helix 6 (Fig. 7D), we could �nd LEU456, SER457, and LYS459 further away from the protein
backbone in hM3R-tiotropium than in hM3R-pilocarpine, consistent with the high RMSF values we observed. It’s important to note that these three residues
were more stable in hM3R-pilocarpine complex. Perhaps the increased �uctuations of these residues in the cytoplasmic domain are preventing G protein
interactions and hence antagonism of hM3R.

Binding free energy analysis by MM/GBSA
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To compare the stability of protein-ligand complex between pilocarpine and tiotropium, we used the MM/GBSA method to obtain the binding free energy
(ΔGbind). Table 3 lists the ΔGbind of pilocarpine-hM3R and tiotropium-hM3R complexes, whose overall predicted binding free energies were −46.81 kcal/mol
and -96.82 kcal/mol, respectively. This suggests that tiotropium forms a more stable complex with hM3R than pilocarpine does. Furthermore, near two-fold
change in binding free energy indicates that once tiotropium binds to hM3R, its binding mode is stable, and the TM domain that contains the binding pocket
likely remains in a stable, rigid conformation, which is consistent with the video analysis of tiotropium-hM3R complex in Supplemental Fig. 2.

Discussion
In this study, we created a homology model of hM3R based on published structures of rat M3R since there were no crystal structure of hM3R published yet.
There were minor differences in the cytoplasmic domains between hM3R and rat M3R, and this was expected because the cytoplasmic domain consists of
several loop structures that are not as rigid as α-helices or β-sheets. Meanwhile, the TM and EC domains were well-conserved. Since the tiotropium binding
pocket was found in TM and EC domains, we expected the binding site of hM3R to be conserved, which was con�rmed when we ran Sitemap analysis and
successfully superimposed tiotropium from rat M3R crystal structure to our homology model’s top-ranking predicted binding site. Molecular docking of
tiotropium to hM3R revealed that the binding mode of tiotropium was nearly identical to that of rat M3R crystal structure, con�rming the �delity of our
homology model for molecular docking.

When we ran HTVS of muscarinic agonists and antagonists of M3R, we discovered none of the agonists displayed π-π stacking exchange and lacked the
capacity to form one since they do not have any aromatic side groups. On the other hand, of the 15 antagonists we screened, 12 of them shared presence of
π-π stacking exchange with TRP504. Among the three antagonists that did not share any π-π stacking exchange, dicyclomine was the only molecule that did
not have an aromatic side group. Furthermore, among the high-a�nity antagonists (docking score < -10 kcal/mol), oxyphencyclimine was the only molecule,
whose aromatic side group did not form π-π stacking exchange with TRP504. MD simulation of the top-scoring agonist and antagonist revealed that the π-π
stacking exchange causes TRP504 to shift and lead to angle changes in helix 6 that is directly associated with the cytoplasmic domain, where G protein
interactions occur. RMSF analysis revealed increased �uctuations of three residues found in the cytoplasmic domain that may interfere with G protein
interactions.

Together, our in-silico assays suggest that a tertiary amine with a positively charged nitrogen molecule is crucial for binding to M3R regardless of agonism or
antagonism. This is consistent with the structure of acetylcholine, an endogenous ligand of M3R that also houses a positively charged tertiary amine.
However, to promote agonism, it’s crucial the ligand does not contain aromatic side groups and has no capacity to form π-π stacking exchange with TRP504.
Because there are only 6 muscarinic agonists that can be found in Drug Banks database (compared to 61 antagonists), our in-silico data may prove useful in
medicinal chemistry effort to develop drugs that not only target but also selectively agonize hM3R to reduce IOP in glaucoma patients.

Methods

Preparation for human M3R homology model
Human M3R structure was constructed via homology modeling using Sequence viewer function in Maestro and were based on 4DAJ structure. Assignment of
bond orders and hydrogenation for the complex structures were performed using Protein Preparation in Maestro. The ionization state of the hM3R suitable for
pH 7.0 ± 2.0 was predicted using Epik35. H-bond optimization was conducted using PROPKA36. Energy minimization was performed using the OPLS3e force
�eld37. Finally, loop structures were re�ned using Loop Re�nement feature in Maestro. HTVS was performed using Glide in Maestro.

Md Simulation
MD simulations for interaction analysis and binding free energy calculation were performed using Desmond (Schrödinger Inc., USA). All systems were set up
using “System Builder” software in Maestro. The pilocarpine-hM3R and tiotropium-hM3R complexes were placed in the orthorhombic box with a buffer
distance of 10 Å to create a hydration model using the SCP water model. The following parameters were set: cut-of radius for van der Waals, time step, initial
temperature, and pressure of the system set to 9 Å, 2.0 fs, 300 K, and 1.01325 bar, respectively. The sampling interval during the simulation was set to 100 ps.
Finally, we performed MD simulations under the NPT ensemble for 100 ns.

Interaction Analysis And Trajectory Clustering For Mm/gbsa
Simulation Interactions Diagram tool in Maestro was used to perform an interaction analysis of our MD simulation, where our ligand was given 100 ns to
equilibrate to stable conformation in relation to hM3R. Trajectory Frame Clustering function in Maestro was used to estimate the most populated
representative structure for each MD simulation.

Mm/gbsa Free Energy Calculation
In MD simulation, free energy calculations give quantitative production of protein–ligand binding energies. The binding energy (ΔGbind) was calculated by
Equation [1]:

[1]ΔGbind = GR+L − (GR + GL)
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where GR +L represents the hM3R in complex with ligands, while GR and GL represent the optimized free hM3R and optimized free ligand Gibbs energies,

respectively38.

In the generalized born surface area (MM/GBSA) approach25, each free energy term in Equation [1] was calculated using Equation [2].

[2]:
G = Gcoulomb + GvDW + Gcovalent + Gsolv + Gself−contact + GH −bond + Glipo + Gpac
where Gcoulomb represents coulombic energy, GvDW Van der Waals energy, Gcovalent covalent binding energy, Gsolv Generalized Born electrostatic solvation
energy, Gself −contact self-contact energy, GH−bond hydrogen-bonding energy, Glipolipophilic energy, and Gpacking pi-pi packing energy.

The performance of the MM/GBSA algorithm is based on the speci�city of the force�eld and ligand partial charges, the speci�city of protein–inhibitor
complex, MD simulation, inner dielectric constant, and the docking pose number based on top scoring39. The VSGB solvation model40 and OPLS3e force �eld
were set for the calculation via MM/GBSA feature in Maestro.
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Tables
Table 1. HTVS of hM3R agonists and antagonists.

HM3R Agonists Docking Scores (kcal/mol) π-π stacking with TRP504?

Pilocarpine -8.993 No

NGX267 -8.692 No

Cevimeline -8.108 No

Bethanechol -6.539 No

Xanomeline -6.019 No

Methacholine -3.746 No

HM3R Antagonists Docking Scores (kcal/mol) π-π stacking with TRP504?

Tiotropium -11.036 Yes

Diphenidol -10.626 Yes

Tridihexethyl -10.606 Yes

Methanetheline -10.400 Yes

Solifenacin -10.378 Yes

Glycopyrronium -10.264 Yes

Oxybutin -10.159 Yes

Oxyphencycline -10.034 No

Promethazine -9.850 Yes

Homatropine methylbromide -9.79 No

Procyclidine -9.748 Yes

Dicycloamine -9.45 No

Olanzapine -9.443 Yes

Ipratropium -9.391 Yes

Tropicamide -9.064 Yes

 

Table 2. RMSF values (Å) of shared binding residues of hM3R for pilocarpine and tiotropium, from highest differences to lowest. 

Binding Residues RMSF (Å) with pilocarpine RMSF (Å) with tiotropium Difference (Å)

TRP504 1.18 0.91 0.27

Ser152 1.07 0.81 0.26

ALA236 1.95 1.77 0.18

CYS533 1.30 1.15 0.15

ASN508 1.60 1.58 0.02

ASP148 1.14 1.12 0.02

TYR534 0.73 0.73 0

TYR149 1.10 1.15 -0.05

TYR530 1.70 1.84 -0.14
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Table 3. MM/GBSA binding free energy calculation of hM3R-pilocarpine and hM3R-tiotropium complexes. All values are in kcal/mol.

Protein-Ligand Complex ΔGcoulomb ΔGvdW ΔGcovalent ΔGsolv ΔGself-contact ΔGH-bond ΔGLipo ΔGPacking ΔGBind

hM3R-

Pilocarpine

-0.99 -37.43 0.89 12.94 0 -1.82 -20.39 0 -46.81

hM3R-

Tiotropium

4.73 -60.93 2.72 -2.74 0 -1.22 -36.04 -3.34 -96.82

Figures

Figure 1

Homology Modeling and Sitemap analysis of human M3 muscarinic receptor (hM3R). (a) Predicted structure of hM3R, colorized by residue numbers from red
to purple. Black arrows indicate spans of extracellular domain (EC), transmembrane domain (TM), and cytoplasmic domain (CP), where G protein interactions
occur. (b) Superimposition of template structure (PDB: 5ZHP – rat M3 muscarinic acetylcholine receptor in complex with a selective antagonist) in purple and
homology model of hM3R in cyan (sequence identity: 62 %). Note that their main differences are found in the intracellular domain, while the transmembrane
and extracellular domains are conserved. (c) Binding sites of our homology model identi�ed by SiteMap. The yellow mesh in the binding sites indicates the
hydrophobic map, while the blue and red colors indicate the hydrogen-bond donor and hydrogen-bond receptor maps, respectively. (d) Top ranking binding site
identi�ed by Sitemap in homology model of hM3R.
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Figure 2

Molecular Docking of tiotropium, a known M3 receptor antagonist, in human and rat M3 muscarinic receptors. (a) Superimposition of crystal structure of rat
M3 receptor complex with tiotropium (purple) and homology model of hM3R (cyan). Upon superimposition, tiotropium from the crystal structure �ts tightly
inside the top-ranking binding site of hM3R identi�ed by Sitemap. (b) Binding mode of tiotropium obtained from crystal structure of rat M3 receptor (purple)
and from docking with homology model of hM3R (cyan). (c) Ligand interaction diagram of tiotropium bound in rat M3 receptor complex. (d) Molecular
docking of tiotropium in homology model of hM3R with a docking score of -11.036 kcal/mol. Notice the similarity between the binding modes of tiotropium in
rat and human M3 muscarinic receptors.
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Figure 3

Top 3 scoring agonists and antagonist upon high-throughput virtual screening (HTVS) of 6 agonists and 15 antagonists of hM3R, whose 3D structures were
obtained from Drug Banks database. (a) Binding mode of top 3 scoring agonists of hM3R upon Glide docking. Note that all three of them involve presence of
extensive π-cation and salt bridge interactions with the nitrogen ring via ASP148, TYR149, TRP504, TYR507, and TYR530. (b) Binding mode of top 3 scoring
antagonists of hM3R upon Glide docking. In addition to the π-cation and salt bridge interactions found with the agonists, they all involved presence of
extensive π-π stacking with TRP504, which may explain the improved docking score among antagonists compared to agonists. None of the agonists available
on Drug Banks data base had any aromatic ring.
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Figure 4

Molecular Dynamics Root Mean Square Distance (RMSD) analysis of hM3R interacting with pilocarpine (a) and tiotropium (b). RMSD is calculated with
average change in displacement of a selection of atoms for a particular frame with respect to a reference frame. Notice the ligand RMSD equilibrates to
roughly 2.5-3.0 Å towards the end of the simulation, which indicates stable binding between our protein of interest and the ligand. 
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Figure 5

Protein-ligand contact analysis of hM3R-pilocarpine and hM3R-tiotropium complexes. (a) Interaction fraction summary of pilocarpine interacting with hM3R.
The top three contributors to the binding interaction were TYR149, ASP148, and SER152. (b) Interaction fraction summary of pilocarpine interacting with
hM3R. The top three contributors to the binding interaction were ASN508, TRP504, and TYR507. (c) Ligand-protein contact analysis of pilocarpine interacting
with hM3R. Notice the presence of extensive pi-cation and hydrogen bond networks between pilocarpine’s nitrogen ring and hM3R. (d) Ligand-protein contact
analysis of tiotropium interacting with hM3R. In addition to the pi-cation exchange with the nitrogen ring, notice the presence of π-π stacking with TRP504 and
hydrogen bonding with ASN508.
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Figure 6

Protein side chain analysis of hM3R-pilocarpine and hM3R-tiotropium complexes. (a) Root-mean square �uctuation (RMSF) analysis of all the residues of
hM3R-pilocarpine complex. Dotted lines cut off the bar chart at 10.5 Å. Green lines mark positions of binding residues. (b) RMSF analysis of all the residues of
hM3R-tiotropium complex. Notice the presence of three residues with RMSF values greater than 10.5 Å in blue circles: LEU456 (11.03 Å), SER457 (12.16 Å),
and LYS459 (11.89 Å). High RMSF values indicate instability or signi�cant structural changes in the corresponding protein domain. On the other hand, RMSF
values of the same residues in hM3R-pilocarpine complex were much lower: LEU456 (7.84 Å), SER457 (5.66 Å), and LYS459 (6.95 Å).
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Figure 7

Structural comparison of helix 6 between hM3R-pilocarpine (green) and hM3R-tiotropium (orange). Black arrows indicate spans of different protein domains.
(a) TRP504 interacting with pilocarpine in the binding pocket within transmembrane domain (TM) of hM3R. (b) TRP504 interacting with tiotropium. Notice the
bent of helix 6 that starts at TRP504. (c) Superposition of the two complexes revealed a 2.1 Å shift in the α-carbon of TRP504 when interacting with tiotropium
for π-π stacking. This led to an angle change of 18 ° downstream of TRP504, including the cytoplasmic domain, where G protein interactions occur. (d)
Superimposition of two complexes at the cytoplasmic domain. Spheres display LEU456, SER457, and LYS459, which had RMSF values higher than 10.5 Å and
hence predicted to be the most unstable residues in hM3R-tiotropium complex. (e, f) Positions of LEU456, SER457, and lYS459 in hM3R-pilocarpine and
hM3R-tiotropium complexes, respectively. As discussed in Fig. 6, these three residues are more stable in hM3R-pilocarpine complex. Perhaps the increased
�uctuations of these residues in the cytoplasmic domain are preventing G protein interactions.
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