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ABSTRACT

The mu-opioid receptor (MOR) is a transmembrane protein and the primary target for pain-modulating drugs. Opioid drugs
come with detrimental side-effects such as physical dependence and addiction. However, recent studies show that understanding
structural properties and dynamics of MOR may aid in the design of opioid drugs with reduced side effects. Molecular dynamics
simulations allow researchers to study changes in protein conformation at an atomistic level. However, modeling systems
including MOR embedded in a lipid bilayer can be computationally expensive. This study evaluates a modeling approach that uses
harmonic restraints on the transmembrane regions of MOR to model the rigidity of the lipid bilayer without explicitly simulating
lipid molecules, reducing the number of atoms in the simulation. The proposed model allows MOR to be simulated 49% faster
than a simulation explicitly including the lipid bilayer. To assess the accuracy of the proposed model, simulations were performed
of MOR in a lipid bilayer, the free MOR in water and MOR in water with harmonic restraints applied to all transmembrane
residues using NAMD 3.0 alpha and the CHARMM36 force field. Dynamic properties of MOR were shown to be different in
each system, with the free MOR having a higher root mean square deviation (RMSD) than MOR with an explicitly modeled lipid
bilayer. The systems with harmonic restraint constants of 0.001 kcal/mol/A? applied to the transmembrane residues had RMSD
values comparable to those in an explicitly modeled lipid bilayer. This study demonstrates that using restraints on the
transmembrane residues of MOR is a feasible way of modeling the ligand-free receptor with reduced computational costs. This
model could allow the dynamics of MOR in a lipid bilayer environment to be studied more efficiently.
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INTRODUCTION

Opioid receptors are a primary target for analgesic drugs. In 2020, there were 43.3 opiate prescriptions per 100 people in the
United States.! However, opiates produce adverse side effects such as constipation, nausea, and respiratory depression, and long-
term use of opioid drugs can lead to tolerance, physical dependence, and addiction.?2 The widespread abuse of opioid drugs is a
major public health crisis which caused 50,178 deaths in the United States in 2019 alone3. Because of the limitations of existing
opioid drugs, it is necessary to further explore how the opioid receptors can be modulated to minimize undesired effects.

Most pain-killing effects of opioid drugs are attributed to interactions with the mu-opioid receptor (MOR).4 MOR, depicted in
Figure 1, is a G protein-coupled receptor (GPCR) which is distributed through the nervous system and digestive tract. Like other
GPCRs, MOR has seven transmembrane helices, an extracellular N-terminus and an intracellular C-terminus which can be
phosphorylated upon agonist binding.> MOR has an orthosteric ligand-binding pocket, highlighted in purple in Figure 1, where
both agonist and antagonist ligands bind. An agonist is a molecule which binds to a receptor causing a functional activation
leading to a signaling cascade within the cell. In the case of MOR, an agonist binding is associated with activation of downstream
signaling cascades that lead to a pain-killing effect. Conversely, an antagonist binds to the receptor blocking all other molecules
from binding to the orthosteric site and locking the receptor in the inactive state. Upon activation of MOR by an agonist, there is
a large outward movement of transmembrane helix 6 and a smaller inward movement of transmembrane helices 5 and 7.6
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Extracellular Side Evidence suggests that interactions with different agonists can cause
significantly different conformational changes in MOR, leading to preferential
activation of different downstream pathways.” This process is called functional
selectivity or biased agonism.” MOR’s analgesic effects are attributed to its
interactions with heterotrimetic G-proteins® which act by inhibiting adenyl
cyclase, modulating ion channels, and causing second messenger cascades.’?
However, after activation, MOR can be phosphorylated, leading to B-arrestin
binding, which causes receptor desensitization and internalization which may
be associated with negative side effects such as tolerance. It has been shown
that different agonists cause different levels of G;jcoupling and 3-arrestin
recruitment;!® however, the exact conformational changes in MOR which lead
to these different effects are not fully understood.” Finding ligands that can
modulate pain with diminished unwanted downstream effects requires a better
understanding of the structural changes of MOR when bound to different
ligands.

MOR also has an allosteric binding site, highlighted in yellow on Figure 1,
which plays an important role in the receptor conformation and downstream
effects. This binding site is conserved among Class A GPCRs and may hold a
sodium ion."! The presence of a sodium ion in the allosteric binding site helps
stabilize MOR in its inactive state.!? Site-directed mutagenesis studies replacing
the residues which make up the binding site showed that there was significantly
increased B-arrestin recruitment when sodium is not present!® Additionally,
Intracellular Side computational studies suggest that herkinorin, an opioid which does not
promote B-arrestin recruitment or receptor internalization may interact with the
allosteric sodium binding site, modulating it.13!4

Figure 1. The mu-opioid receptor (PDB ID: 4DKI.?2)
shown in blue with the agonist binding site represented

in purple and the allosteric sodium binding site in ) ) ) )
yellow. Molecular dynamics simulations are a powerful tool to study MOR dynamics

and drug binding at an atomistic level. Molecular dynamics simulations have
been used to gain understanding about agonist'S and antagonist!® binding properties, the role of the allosteric sodium ion'»!7 and
functional selectivity.!® In other studies, restraints on specific regions of integral membrane proteins have been used to represent
features such as ion bridges!® or to resolve the packing of transmembrane alpha helices in low-resolution crystal structures.0
However, it can be challenging to study binding mechanisms of ligands to GPCRs such as MOR using all-atom molecular
dynamics simulations due to the long time scales necessary to sample conformational states of GPCRs.2!

This study secks to evaluate a model of the ligand-free MOR which can be used to study its overall dynamic properties while
eliminating the computational cost of explicitly modeling the lipid bilayer. The inactive MOR is simulated both with and without
the allosteric sodium ion present in three conditions: the protein in an explicit lipid bilayet, the free protein surrounded by water,
and the protein surrounded by water with a harmonic restraint applied to the backbone atoms of the transmembrane residues.
Comparisons between the free protein and membrane-protein system allow for the evaluation of the impact of the membrane on
protein dynamics. In order to evaluate the accuracy of the restrained protein model, comparisons are made with simulations of
MOR in a membrane made of 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and 10% cholesterol.

METHODS AND PROCEDURES

Figure 2 shows a summary of the simulation setups. The structure of the inactive mouse MOR was downloaded from the Protein
Databank, with PDB ID: 4DKI..22 In the original crystal structure, in the inactive state, the third intracellular loop was replaced
with a T4 lysozyme. The sequence of the third loop is identical to that in the active mouse MOR structure (PDB ID: 5C1M23), so
the structures were aligned and the residues from the active structure were added to the inactive structure, replacing the T4
lysozyme. While there are some differences between the mouse and human MOR, the amino acid sequences of the two proteins
have a 96.2% similarity.?% 25 26 Then, the structure was minimized for 1000 steps to reach a more enetgetically favorable
conformation. Each amino acid in the protein was modeled in the protonation state appropriate for a pH of 7.

The membrane-protein system was created by placing the protein in a membrane made of 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC) and 10% cholesterol using the CHARMM-GUI Membrane Builder.?” The system was buffered by
22.5 A of ¢TTP3P28 water on the top and bottom of the membrane (Figure 2, Panels A-B). The free protein system was solvated
with ¢TTP3P2 water molecules ina 111x111x111 A3 cubic box to prevent interactions with periodic images (Figure 2, C-D).
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The restrained protein system was solvated in an orthorhombic box with a 16 A ¢TTP3P water buffer on each side of the protein,
and the transmembrane residues identified from the PDB entry were restrained during production with varying forces.?? Five
simulations were performed with restraint forces of 20 kcal/mol/ A2, 5 keal/mol/A2, 1 keal/mol/ A2, 0.01 kecal/mol/ A2, and 0.001
kcalxmol1x A2 (Figure 2, Panel E-F) on the transmembrane atoms. The free protein system was created by solvating the protein
ina 111A X 111A X 111A cubic box of ¢TTP3P water with no restraints added during the production simulation.

In the restrained protein system, the receptor is held by the restraints in the center of the box and translates less than the free
protein system, so a smaller water buffer can be used without the protein interacting with its own periodic images. This smaller
water buffer contributes to a higher simulation speed.

Membrane-Protein Free Protein Restrained Protein

Neutral (A) E)

150 mM
NaCl

® ®)

Figure 2. Summary of simulation setups. Although explicitly modeled, water molecules are not shown for clarity. Sodium ions are shown as yellow beads and
chlorine ions are shown as blue beads (A) MOR (orange) is simulated in an explicit lipid bilayer with 22.5 A of water on the top and bottom of the membrane. 13
chlorine ions are added to neutralize the system. (B) MOR (orange) is simulated in an explicit lipid bilayer with 22.5 A of water on the top and bottom of the
membrane and 150 mM sodium chloride. (C) The free MOR is simulated in a 111 A3 water box neutralized with 13 chlorine ions. (D) The free MOR is simulated
ina 111 A3 water box with 150 mM sodium chloride. (E) MOR is simulated within an orthorhombic box with a 16 A water buffer and transmembrane residues
(blue) restrained. 13 chlorine ions are added to neutralize the system. (F) MOR is simulated within an orthorhombic box with a 16A water buffer and 150 mM
sodium chloride. Transmembrane residues (blue) are restrained.

Each of the three systems were solvated in water with 13 chlorine counterions to neutralize the system and in a 150 mM NaCl
solution. Systems containing 13 chlorine counterions and no NaCl will be referred to as “neutral pH” and systems with 13
chlorine counterions and 150 mM NaCl will be referred to as “150 mM NaCl”. In all the systems solvated with NaCl, the
allosteric sodium ion was manually moved to its binding site at the midpoint of D114 and S154. The box dimensions for each
simulation are summarized in Table 1.

Atomistic molecular dynamics simulations were petrformed using the NAMD 3.0 alpha software package.3* The CHARMM36m
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force field3! was used to model the protein and the CHARMM C36 lipid force field3? was used to model the

membrane. Throughout all of the simulations, the SETTLE algorithm33 was used to constrain bonds that include a hydrogen
atom and a 2 fs time step was employed. In all simulations, a switching distance of 10 A and cutoff of 12 A was used for all
nonbonded interactions. Long-range electrostatics beyond the nonbonded cutoff of 12 A were calculated using the particle mesh
Ewald (PME) summation. All simulations were performed at 303.15 K. Each simulation was performed using one NVIDIA A100
Tensor Core GPU on Hipergator 3.0.

Membrane-Protein Free Protein Restrained Protein

Box Dimensions 120 Ax120 Ax125 A 111 Ax111 Ax111 A 81 Ax73 Ax111 A

Table 1. Box dimensions for each system setup.

The membrane-protein systems were minimized for 10,000 steps using the conjugate gradient algorithm with harmonic and
dihedral restraints on the protein and lipid and a planar restraint on the membrane. The system was gradually heated from 0 to
303.15 Kin an NVT (constant number of atoms, volume, and temperature) ensemble with harmonic restraints on protein and
lipids. Minimization was followed by six steps of equilibration with NPAT (constant number of atoms, pressure, lipid bilayer area,
and temperature) dynamics. During equilibration, harmonic restraints were applied to the ions and protein backbone and planar
restraints were used to prevent water from entering the membrane and to hold the lipid head groups in the plane of the Z-axis.
Restraint force constants used during minimization and equilibration are summarized in Table 2. Production simulations were
petformed in a NPAT ensemble with pressure only changing in the Z direction using the Langevin thermostat with a 1ps!
collision frequency and Nosé-Hoover Langevin barostat with a timestep of 2 fs.

Step Ensemble Time (ps) Backbone Heavy Sidechain Heavy Lipid Position Lipid Dihedral

Atoms Restraint* Atoms Restraint* Restraint*
Restraint®

Minimization NVT 20 10 5.0 5 500

1 NPT 250 10 5.0 5 500

2 NPAT 250 5.0 2.5 5 200

3 NPAT 500 2.5 1.25 2 100

4 NPAT 500 1.0 0.5 1 100

5 NPAT 500 0.5 0.25 0.2 50

6 NPAT 500 0.1 0.05 0 0

Table 2. Summary of minimization and equilibration setup for the membrane-protein system. *All units for restraint constants are in kcal/mol/ Az

The free protein systems were minimized for 10,000 steps using the conjugate gradient algorithm with a 20 kcal/mol/A2
harmonic force restraining the protein backbone and the system was heated from 0 K to 303.15 K in an NVT ensemble. This was
followed by four stages of equilibration, each lasting 25,000 steps, with the harmonic restraint constant being gradually decreased
from 20 kcal/mol/A2 to 10 kcal/mol/A? to 5 keal/mol/A2? to 2.5 keal/mol/A2? in an NPT (constant number of atoms, pressure,
and temperature) ensemble with a 2 fs time step. The production data was generated using an NPT ensemble at 303.15 K and 1
atm using the Langevin thermostat with a 1 ps! collision frequency and Nosé-Hoover Langevin barostat with a 2 fs time step and
coordinates and system propetties output every 10 ps.

The restrained protein simulations were minimized and heated using the same methods as the free protein systems. This was
followed by four stages of equilibration, each lasting 25,000 steps with the protein restraint being gradually decreased from 20
kcal/mol/ A2 to the desired restraint in an NPT ensemble with a 2 fs time step. The production simulations were performed with
a harmonic restraining force applied to all atoms in transmembrane residues of MOR from the protein with PDB ID: 4DKI..34
The harmonic restraining forces reduce mobility by adding an extra energetic penalty defined by Equation 1.

U(x) = k(x — xref)z Equation 1.
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Where x is the position of an atom at a given time, X,f is the position of that atom at the first frame of minimization and k is
the force constant. As mentioned above, the force constants used in this study were 20 kcal/mol/ A2, 5 keal/mol/A2, 1
kcal/mol/A2, 0.01 keal/mol/A2and 0.001 kcal/mol/A2, and were applied during production simulation to all atoms in the
transmembrane region of MOR. Other than the restraints, production data was generated using the same methods as the free
protein systems.

For all systems, results were generated from simulations of 1000 ns with the first 200 ns being considered as equilibration and not
included in calculations of average values. System properties were output every 50000 steps. The root mean square deviation
(RMSD) and root mean squared fluctuation (RMSF) were calculated using cpptraj.3® In this study, the RMSD is a measure of the
difference between the protein coordinates at a reference state, and the protein coordinates at a given timestep. The RMSD is
calculated by

. —V.)2
RMSD = [l "EEr0 Equation 2.

Whete m; is the mass of a given atom, Xj is the position of a given atom, Y; is the reference position of a given atom and M is the
total mass of the system. In this work, RMSDs are calculated for the backbone atoms (nitrogen, carbon, and alpha carbon) and
the first frame after minimization and heating is used as the reference structure.

The RMSF is the time average of the RMSD and is calculated for each individual residue. The RMSF for an atom X is calculated
by

RMSF = ((Xi — (Xi))z) Equation 3.

Where X; is the coordinates of as particle and (X;) is the average position of that particle. In this work RMSF is calculated for
backbone atoms using the first frame after minimization and heating as the reference structure.

Additionally, the distributions of the 1 and y2 angles of N332 were calculated using cpptraj.3® The 1 angle is the torsional angle
including the nitrogen, a-carbon, 3-carbon, and y-carbon of N332 and the > angle is the torsional angle involving the a-carbon,
B-carbon, and y-carbon, and 5-oxygen of N332. The confirmation of these torsional angles has been shown to be related to the
downstream signaling of the receptor.1

All error values are reported as a 95% confidence interval which is calculated as £ 1.960, where o is the standard deviation.

RESULTS AND DISCUSSION

The RMSD of the systems studied in this work are shown in Figure 3. To note, the RMSD of the free MOR system (Figure 3,
panel B) is higher than the RMSD of MOR in its explicitly modeled lipid bilayer (Figure 3, panel A). The average RMSD of the
free protein is 3.9 + 0.5 A and 3.4 + 0.6 A for the neutral system and system with 150 mM NaCl respectively, compared to the
membrane-protein system which has an average RMSD of 3.1 + 0.6 A and 3.2 + 0.3 A for the neutral system and system with
150 mM NaCl respectively (Table 3). Thus, as expected, the protein moves more freely in the absence of the lipid bilayer. This is
because the amino acids in the transmembrane regions of the lipid-free MOR are not structurally stabilized by the viscous lipid
bilayer, allowing more freedom of motion. However, adding restraints to the transmembrane region lowers the overall RMSD
(Figure 3, panel C) for all of the restraint force constants tested. The RMSD of the protein with the 0.001 kcal/mol/A? restraint
force constant is closest to the RMSD of the protein with its explicitly modeled lipid bilayer (T'able 3). Systems with higher
restraint force constants (0.01-20 kcal/mol/A2) all have lower average RMSD values than the membrane-protein system.
Additionally, the RMSD of systems simulated with 150 mM of NaCl tend to have a lower RMSD than systems in neutral
conditions without the allosteric sodium ion; this is in agreement with previous studies that show that the allosteric sodium ion
stabilizes MOR into its inactive state. 112
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System RMSD of System with Neutral pH (A) RMSD of System with 150 mM NaCl (A)
Free Protein 39105 34106

Membrane-Protein 31%0.6 32403

MOR with Restraints on Transmembrane Atoms

20 kcal/mol/A? 1.9+ 05 22404

5 kcal/mol/A2 23406 21405

1 kcal/mol/A? 23+ 0.6 22105

0.01 kcal/mol/A2? 241 0.6 29+ 1.0

0.001 kcal/mol/A2 3.1+05 3.0 £ 0.4

Table 3. Summary of average RMSDs for each system. The average RMSD is calculated from the last 800 ns of simulation and error is reported as the 95%
confidence interval.

To better understand how the dynamic properties of MOR differ in the three models, the RMSD was calculated only for the
transmembrane residues, Ze., residues 67 to 91, 105 to 129, 141 to 163, 184 to 205, 229 to 253, 278 to 304, and 313 to 336 and
represented in Figure 4 and Table 4. This shows that the RMSD of the transmembrane residues of the free MOR are 1-1.3 A
higher than in MOR in an explicitly modeled lipid bilayer. The average transmembrane RMSDs in the free protein system are 3.2
+ 0.4 A and 2.3 + 0.6 A for the neutral system and the system with 150 mM NaCl respectively, compared to 1.9 + 0.3 A and 1.3
+ 0.2 A in the system with the explicitly modeled lipid bilayer (Table 4).

Addition of restraints successfully lowers the RMSD of the transmembrane residues as shown in Figure 4, panel C. However, the
systems with 1 kcal/mol/ A2, 5 keal/mol/A2, and 20 keal/mol/A? restraint constants have drastically lower RMSDs in the
transmembrane region (Table 4) and do not accurately model the dynamics of MOR in an explicitly modeled lipid bilayer. The
protein with the 0.01 kcal/mol/AZ restraint constant is also notably lower than that of MOR in its explicitly modeled lipid bilayer.
However, the protein with the 0.001 kcal/mol/ A2 restraint constant has a transmembrane RMSD that differs only by 0.3 A from
the membrane-protein system for both the neutral system and the system with 150 mM NaCl. Throughout the simulations, the
transmembrane RMSD of the systems with the allosteric sodium ion tend to be lower due to its stabilizing effect on the inactive
MOR.1L 12

System RMSD of Transmembrane Atoms of System  |RMSD of Transmembrane Atoms of System with
with Neutral pH (A) 150 mM NaCl (A)

Free Protein 32+04 23+ 0.6

Membrane-Protein 1.9+0.3 1.3+0.2

MOR with Restraints on Transmembrane Atoms

20 kcal/mol/Az 0.12 £ 0.01 0.13 £ 0.01

5 kcal/mol/A? 0.27 £ 0.02 0.18 £ 0.02

1 kcal/mol /A2 0.27 £ 0.02 0.28 + 0.02

0.01 kcal/mol/A? 0.92 +0.11 0.87 £ 0.15

0.001 kcal/mol/A? 1.6£0.3 1.6+ 0.3

Table 4. Summary of average RMSDs of transmembrane residues for each system. The average RMSD is calculated from the last 800ns of simulation and etror is
reported as the 95% confidence interval.

The RMSF of each system is analyzed to showcase the impact of each system setup in different regions of the protein and shown
in Figure 5. Across all residues, the free MOR tends to have a higher RMSF than the membrane-protein system.

Of the systems with transmembrane restraints, the system with the 0.001 kcal/mol/ A2 restraint force constant has an RMSF that
most closely models the membrane-protein system in the transmembrane region. However, the protein with the 0.001

keal/mol/ A2 restraint force constant tends to have a higher RMSF in the intra and extracellular regions than the membrane
protein system. Particularly, the RMSF of residues 254-277, which are highlighted in purple on Figure 6, and residues 305-312,
which are highlighted in green on Figure 6, are higher in the restrained protein system than the membrane-protein system. It is
possible that the higher RMSF in the system with the 0.001 kcal/mol/ A2 restraint force constant could be due to differences
caused by the lack of an explicitly modeled lipid bilayer. However, both of these regions are mostly in a random coil structure and
therefore more flexible than other regions of the protein, providing a possible explanation for greater differences between
simulations.
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Figure 3. (A) The RMSD of MOR in an explicitly modeled lipid bilayer (B) The
RMSD of the free MOR (C) The RMSD of MOR with restraints
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Figure 4. (A) The RMSD of transmembrane residues of the membrane-
protein system (B) The RMSD of transmembrane residues of the free
MOR (C) The RMSD of transmembrane residues of MOR with restraints.
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Figure 5. All RMSFs are calculated from the last 800 ns of simulation data. The
transmembrane residues are highlighted in pink. (A)The RMSF of MOR in the membrane-
protein system (B) The RMSF of the free MOR (C) The RMSF of the restrained MOR
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Figure 6. MOR with regions of interest highlighted. Residues 254-277 are highlighted in purple and residues 305-312 are highlighted in green.

The impact of each method of modeling the lipid bilayer on the NPxxY motif was analyzed by calculating distributions of side-
chain dihedral angles y1 and y2 of N332, shown in Figure 7. The conformation of the side-chain dihedral angles of N332 have
been shown to be related with the downstream signaling of the receptor.3

In the system simulated with an explicitly modeled lipid bilayer, the y1 dihedral distribution has peaks near -75 and -180 degrees
in the neutral system, and a peak at -75 in the system with 150 mM NaCl. In both the free MOR system and system with
restraints on the transmembrane residues a peak at -80 degrees is observed in both the neutral system and the system with 150
mM NaCl. In the neutral free MOR system and neutral system with a 0.001kcal/mol/ A2 testraint force constant, a peak is
noticeable at -180 degrees, but the peak is smaller than the one observed in the system with the explicitly modeled lipid bilayer.

The y» dihedral distribution of the system simulated with the explicitly modeled lipid bilayer has peaks of -20, and -115 degrees
for the neutral system and a peak at -20 degrees for the system with 150 mM NaCl. Both the free MOR system and system with
restraints on the transmembrane residues have peaks at -20 degrees for both the neutral and systems with -150 mM NaCl. A
small peak at -115 degrees is observed in both the neutral free MOR system and the neutral system with a 0.001kcal/mol/A2
restraint force constant.

Ultimately, the systems with a 0.001kcal/mol/A? restraint force constant on the transmembrane residues are able to capture the
peaks in the distribution of the y; and vy, torsion angles of N332. Because the y; and y torsion angles of N332 are associated
with the downstream signaling of MOR, this analysis should be used in future simulations containing the receptor a ligand
bound state to validate the system with transmembrane restraints’ ability to capture differences associated with downstream
signaling.13
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Figure 7. Dihedral distributions of the y1 (A-C) and y2 (D-F) angle of N332 are calculated from the last 800 ns of simulation data. (A) The dihedral
distributions of the y1 angle of N332 of MOR in the membrane-protein system (B) The dihedral distributions of the y1 angle of N332 of the free MOR (C)
The dihedral distributions of the y1 angle of N332 of the restrained MOR (D) The dihedral distributions of the 2 angle of N332 of MOR in the membrane-
protein system (E) The dihedral distributions of the 2 angle of N332 of the free MOR (F) The dihedral distributions of the 2 angle of N332 of the restrained

MOR
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The values reported in this work for RMSD and transmembrane RMSD agree with values reported in literature. Ricarte ez al.
reports a total RMSD for MOR bound to morphine of 2.9-3.2 A based on three simulations of 2-3 ys.3 This coincides with the
values reported in this work of 3.1-3.2 A for the membrane-protein system and 3.0-3.1 A for the system with 0.001 kcal/mol/A2
restraint constant. Cong e a/. reports a transmembrane RMSD of 1.7, 1.3 and 1.2 A for MOR bound to morphine,
hydromorphone and $-funaltrexamine respectively?”, which agrees with the transmembrane RMSDs of 1.3-1.9 A for the
membrane-protein system and 1.6 A for the system with 0.001 kcal/mol/A?2 restraint force constant. One difference between the
simulations in this work and the literature values summarized here is the presence of morphine bound to MOR. However, other
simulations show that morphine does not have a dramatic impact on the RMSD of MOR.3# Another difference between the
results summarized here is that MOR was simulated in 2 membrane of 100% POPC whereas in this work MOR was simulated in
a membrane of 90% POPC and 10% cholesterol. Short 200 ns simulations were performed using the same simulation setup
outlined in this paper but with a membrane of 100% POPC to evaluate the role of bilayer composition on receptor dynamics.
These simulations showed that the POPC membrane did not cause a dramatic difference in RMSD within the timescale,
suggesting that the restrained-protein model may be approptiate to model bilayers with a range of POPC/cholesterol ratios
(Supplemental Information, Figure S1).

Despite accurately modeling overall structural properties of MOR in its explicitly modeled lipid bilayer, there are some limitations
to the restrained protein model. It has been shown that cholesterol can bind to residues on TM6 and TM7 of MOR affecting the
likelihood of B-arrestin recruitment.3 Without explicitly modeling the lipid bilayer, the impact of cholesterol binding cannot be
modeled using the system proposed in this study. Additionally, experimental work has shown that different ligands bound to
MOR can affect the protein’s mobility perpendicular to the lipid bilayer.4? Because the tesidues with restraints applied remain
constant throughout the simulation, this is a feature of MOR-ligand interactions that could not be studied using the restrained
protein model.

Since the restrained protein system with a 0.001 kcal/mol/A? restraint force constant accurately models the dynamic properties of
MOR in its explicitly modeled lipid bilayer, it is important to assess the relative computational efficiency of these systems. The
restrained protein system is able to generate 49% faster than the system with the explicitly modeled lipid bilayer (Figure 8). The
restrained protein system has the fewest number of atoms because it does not contain an explicitly modeled lipid bilayer, and the
smaller size of the system contributes to increased simulation speed. This shows that using a backbone restraint on
transmembrane residues can speed up data generation and increase the length of simulations of MOR.
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Figure 8. Nanoseconds of simulation data generated per day for each system.

CONCLUSIONS

This wotk shows that the free MOR in water has a higher RMSD than MOR in its explicitly modeled lipid bilayer, particularly in
the transmembrane regions. Compatisons between MOR in its explicitly modeled lipid bilayer and MOR with varying restraints
applied to its transmembrane residues show that using a restraint force constant of 0.001 kcal/mol/ A2 on the transmembrane
residues of MOR can model the overall dynamic properties of the membrane-protein system. The average RMSD values of MOR
in its explicitly modeled lipid bilayer are reproduced within 95% confidence intervals by the corresponding systems simulated with
a restraint force constant of 0.001 kcal/mol/A2 on the transmembrane residues.
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The RMSF does differ between the restraint model and the membrane-protein model in the intra and extracellular regions,
particularly residues 254-277 and residues 305-312, which is likely due to the highly flexible nature of this region. Additionally,
analysis of the distribution of the y; and y» angles of N332 showed that simulations of the MOR with a 0.001kcal/mol/A2
restraint force constant on the transmembrane residues are able to capture the distributions seen in the system with an explicitly
modeled lipid bilayer. Importantly, while using the restrained model data is generated twice as quickly as the explicit membrane
model. With further validation of simulations using membranes on the transmembrane residues to simulate MOR bound to
ligands, this method may be an effective approach to model overall structural properties of MOR, allowing for a faster screening
of new opioid drug molecules.

In order to explore the applications of the restrained protein model in studies involving new opioid molecules and to assess its
ability to model drug-induced protein dynamics, an opioid agonist such as morphine can be docked to the crystal structure of
MOR using e.g., AutoDock Vina#h 42 to create a starting structure that approximates the ligand’s binding pose. The 3-dimensional
structures of drug molecules can be taken from the Zinc Database. Parameters should be developed for the drug molecules using
software such as the ParamChem?# tool for CGENFF 2.5.45 The accuracy of the parameters for the drug molecules should also
be assessed based on a comparison of the computational binding free energy with experimental data. If necessary, parameters can
be further optimized using the ForceField Toolkit in VMDD #4647 Once the parameters have been validated, they can then be used
to perform molecular dynamics simulations of at least 500 ns of the drug-receptor complex both in an explicitly modeled lipid
bilayer and with a restraint force constant of 0.001 kcal/mol/A2 applied to the transmembrane residues. The results of the
membrane-protein simulation and the restrained protein simulation should be compared to assess if the restrained model is able
to represent protein dynamics associated with ligand binding.
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PRESS SUMMARY

The mu-opioid receptor is the primary target for pain-modulating drugs. However, existing opiate drugs have detrimental side
effects such as addiction and respiratory depression. Molecular dynamics simulations allow the motion of the mu-opioid receptor
to be studied with atomistic resolution. However, because the mu-opioid receptor is enclosed within the lipid bilayer, molecular
dynamics simulations typically require the simulation of lipid molecules as well as the receptor, which requires a large amount of
computational resources. This study proposes and evaluates an alternative method to simulate the mu-opioid receptor by adding
restraints on the transmembrane regions of the protein to mimic the viscosity of the lipid bilayer without explicitly simulating lipid
molecules. The proposed model allows the dynamics of the mu-opioid receptor to be simulated 49% faster than a model that
involves explicitly simulated lipid molecules. This has the potential to speed up studies of mu-opioid receptor motion, aiding in
discovering new opioid drugs.
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Supplemental Figure 1. The RMSD of MOR in an explicitly modeled lipid bilayer with either a membrane of either 100% POPC or 10% cholesterol and 90%
POPC.
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