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1 Methods and Protocols

All fixed charge simulations were carried out using the GPU-accelerated pmemd en-

gine in AMBER18.S1 The protein, lipid, and water molecules were represented by the

CHARMM36 protein, CHARMM36 lipids, and CHARMM-style TIP3P force fields, respec-

tively.S2,S3 The force field parameters for fentanyl were obtained using the ParamChem

CGENFF server.S4

Equilibration simulation of apo active mOR in a lipid bilayer. The crystal structure

of mOR in complex with BU72 (PDB ID: 5C1M)S5 was used as the starting model for

apo active mOR. All crystal waters in the interior of mOR were kept, and seven addi-

tional water molecules were added using the DOWSER program.S6 Apo mOR was ori-

ented with respect to membrane using the OPM (Orientations of Proteins in Membranes)
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database.S7 The CHARMM-GUI web serverS8 was then used to construct the system of

mOR embedded in a POPC lipid bilayer. The disulfide bond observed in the crystal struc-

ture was imposed between Cys140 and Cys217. All titratable residues were fixed in the

standard protonation states. All histidine residues were set to the neutral Nδ tautomer

(HID) as in the default setting of CHARMM.S9 The system was first energy minimized

using the steepest descent followed by conjugate gradient algorithm. The system was

then gradually heated from 0 to 310 K over 200 ps with harmonic restraints on the protein

heavy atoms, lipids, and bound water molecules (same as Step 1 in Table S1). Following

heating, the system was equilibrated for 117 ns, during which time the various harmonic

restrains were gradually reduced to zero (Table S1). The final dimension of the system

was ∼87×87×113 Å3. The final snapshot was used for constructing the fentanyl-bound

mOR model and as the starting structure for the replica-exchange CpHMD simulations of

apo mOR (CpH-apo).

Relaxation of the docked fentanyl-mOR complex in a lipid bilayer. The fentanyl-

bound mOR model was prepared by superimposing a top fentanyl binding pose from

a previous docking studyS10 onto the final snapshot from the aforementioned equilibra-

tion simulation of apo active mOR. The docked pose showed a salt bridge between the

piperidine nitrogen and Asp147 and an aromatic stacking between the phenethyl ring and

His297. The docked model was equilibrated for 115 ns, using harmonic restraints im-

posed on the protein and fentanyl heavy atoms in the first 5 ns (details see Table S2).

During the unrestrained part of the simulation, the root-mean-square deviation (RMSD) of

the fentanyl heavy atom positions with respect to the docked structure steadily increases

in the first 20 ns and stabilizes at about 6 Å in the remainder of the 110 ns simulation (Fig.

S1A). Concomitant with the fentanyl RMSD increase, the minimum distance between fen-

tanyl’s piperidine nitrogen and His297’s imidazole nitrogen decreases from 10 to about 7

Å (Fig. S1D); however, the salt bridge between the positively charged piperidine amine
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and the negatively charged Asp147 remains largely stable except for occasional excur-

sions (Fig. S1C), consistent with a previous µs simulation study.S11 The final snapshot

was used as the starting configuration for the WE simulations.

Weighted ensemble MD simulations. Weighted ensemble (WE) is a path sampling

protocol that uses splitting and merging trajectories to enhance sampling of rare events.

Briefly, the configuration space is divided into bins based on a predetermined progress

coordinate and a fixed number of walkers (trajectories) per bin is targeted. At the be-

ginning of the simulation, walkers are initiated from a single bin and after a specified time

interval, resampling is performed by evaluating the number of walkers per bin, and for bins

with less than desired number of walkers, the walker is replicated (or split), and for bins

with more than desired number of walkers, the walkers are pruned. Thus, over time, more

bins are sampled and the simulation progresses along the progress coordinate. Details

theory and algorithm can be found elsewhere.S12–S14

Two WE MD simulations were carried out starting from the equilibrated fentanyl-mOR

complex structure, with His297 fixed in either HIE (WE-HIE) or HID (WE-HID) state. The

Python-based tool WESTPAS13 was used to control the WE protocol and data storage.

The root-mean-square deviation (RMSD) of the fentanyl heavy atom positions with re-

spect to their starting positions was used as the progress coordinate. The configuration

space was divided into bins that covered the RMSD values of 0 and 10 Å. A target num-

ber of four and five walkers per bin was used for the WE-HIE and WE-HID simulations,

respectively. The simulation length for each walker was 0.5 ns. The bin widths were

changed manually in the beginning of the simulations to further accelerate sampling, and

the final bin boundaries were placed at the following RMSD values: 0, 0.5, 1, 1.25, 1.5,

1.75, 2, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 3, 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8,

3.9, 4, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 5, 5.25, 5.5, 5.75, 6, 6.25, 6.5, 6.75,

7, 7.25, 7.5, 7.75, 8, 8.25, 8.5, 8.75, 9, 9.5, 10, > 10. A total of about 300 iterations
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were conducted for WE-HIE and WE-HID simulations. From the WE-HID simulation, we

uncovered an alternative binding mode that involved a hydrogen bond between fentanyl’s

piperidine nitrogen and His297’s Nε. The bound pose was used as the starting configura-

tion for the equilibrium simulation MD-H297(HID). To prepare the starting configurations

for the equilibrium simulations MD-H297(HIE) and MD-H297(HIP), the protonation state

of His297 in the bound pose was switched followed by 65 ns equilibration (Table S3). The

final snapshot which no longer contained the piperidine-H297(Nε) hydrogen bond were

used to start the MD-H297(HIE) and MD-H297(HIP) simulations.

Continuous constant pH molecular dynamics (CpHMD) We applied the membrane-

enabled hybrid-solvent continuous constant pH molecular dynamics (CpHMD) methodS15,S16

to determine the protonation states of all titratable residues in the mOR systems. In

this method, conformational dynamics is propagated in explicit solvent and lipids, while

the solvation forces for propagating titration coordinates are calculated using the mem-

brane generalized-Born GBSW modelS17 based on the conformations sampled in ex-

plicit solvent. To accelerate convergence of the coupled conformational and protonation-

state sampling, a replica-exchange protocol in the pH space is used.S15 The membrane-

enabled hybrid-solvent CpHMD methodS15,S16 has been validated for pK a calculations

and pH-dependent simulations of transmembrane proteins.S16,S18,S19 The detailed proto-

cols can be found hereS20

Three sets of replica-exchange CpHMD simulations were performed, starting from the

equilibrated apo active mOR structure, equilibrated fentanyl-mOR complex in the D147-

binding mode, and the fentanyl-mOR complex in the H297-binding mode obtained from

the WE-HID simulation in which the FEN–H297 distance is less than 3.5 Å. The pH

replica-exchange protocol included 16 replicas in the pH range 2.5–9.5 with an incre-

ment of 0.5 unit. A GB calculation was invoked every 10 MD steps to update the titration

coordinates. In the GB calculation, the default settings were used, consistent with our
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previous work.S15 Each pH replica underwent molecular dynamics in the NPT ensemble

with an aggregate sampling time of 320 ns. All Asp, Glu, and His sidechains as well as

the piperidine amine were allowed to titrate. The model pK a’s of Asp, Glu, and His are

3.8, 4.2, and 6.5, respectively,S21 while that of the piperidine amine in fentanyl is 8.9.S22

Molecular dynamics protocol. The temperature and pressure were maintained at 310

K and 1 atm by the Langevin thermostat and Monte Carlo barostat, respectively in the sim-

ulations with the Amber program,S1 while the modified Hoover thermostat and Langevin

piston coupling method were used in the simulations with the CHARMM program.S9 Long-

range electrostatics was treated by the particle-mesh Ewald (PME) methodS23 with a real-

space cut-off of 12 Å and a sixth-order interpolation with a 1.6-Å−1 grid spacing. The van

der Waals interactions were smoothly switched to zero between 10 and 12 Å. Bonds in-

volving hydrogen atoms were constrained using the SHAKE algorithm to enable a 2-fs

timestep. Analysis was performed using CPPTRAJ program.S24 For analysis of the equi-

librium simulations starting from the D147- and H297-binding modes, the last 200 or 400

ns data was used, respectively.

Analysis. Tanimoto coefficient between profiles A and B is calculated using the following

equation:

SAB =

∑n
i=1 xiA.xiB∑n

i=1(xiA)2 +
∑n

i=1(xiB)2 −
∑n

i=1 xiA.xiB

where xiA or xiB denotes the contact value between fentanyl and residue i of mOR from

profile A or B, respectively. xi has a value of 1 if a contact exists and 0 otherwise.
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2 Supplementary Tables

Table S1: Steps in the equilibration simulation of apo active mOR

Step Ensemble Time (ns) BB a mOR Wata Lipidb

1 NVT 0.35 10.0 5.00 5.0 / 2500
2 NVT 0.15 5.00 2.50 5.0 / 200
3 NPT 0.50 5.00 2.50 5.0 / 200
4 NPT 0.50 2.50 1.25 2.0 / 100
5 NPT 1.00 2.50 1.25 1.0 / 100
6 NPT 1.00 2.50 1.25 0.5 / 50
7 NPT 4.00 2.50 1.25 0
8 NPT 60.0 2.50 1.25 0
9 NPT 50.0 0 0 0

a Force constant in the harmonic restraint potential for the backbone heavy atoms in
kcal/mol/Å2. b Force constant in the position/dihedral restraint potential. The unit is
kcal/mol/Å2 for the position restraints or kcal/mol for dihedral angle restraints. mOR
Wat referes to the crystal waters and seven additional water added using the program
DOWSER.S6

Table S2: Steps in the equilibration simulation to relax the docked fentanyl-mOR complex
structure

Step Ensemble Time (ns) BBa SCa fentanylb

1 NPT 1.00 2.50 1.25 2.50
2 NPT 1.00 1.25 0.75 1.25
3 NPT 1.00 1.00 0.50 1.00
4 NPT 1.00 0.50 0.25 0.50
5 NPT 1.00 0.25 0 0.25
6 NPT 110.0 0 0 0

a Force constant in the harmonic restraint potential for the backbone and sidechain
heavy atoms in kcal/mol/Å2. b Force constant in the harmonic restraint potential for the
fentanyl heavy atoms.
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Table S3: Steps in the equilibration simulation to relax the H297 binding mode with H297
as either HIE or HIP

Step Ensemble Time (ns) BBa SCa fentanylb

1 NPT 1.00 2.50 1.25 2.50
2 NPT 1.00 1.25 0.75 1.25
3 NPT 1.00 1.00 0.50 1.00
4 NPT 1.00 0.50 0.25 0.50
5 NPT 1.00 0.25 0 0.25
6 NPT 60.0 0 0 0

a Force constant in the harmonic restraint potential for the backbone and sidechain
heavy atoms in kcal/mol/Å2. b Force constant in the harmonic restraint potential for the
fentanyl heavy atoms.

Table S4: Calculated pK a’s of mOR titratable residues and fentanyl from the replica-
exchange CpHMD simulations

Residue CpH-apo CpH-D147 CpH-H297
Asp114 4.8 5.1 4.8
Asp147 3.3 4.1 3.8
Asp164 3.6 2.8 3.0
Asp177 3.6 3.8 3.8
Asp216 2.5 2.9 2.5
Asp272 2.6 2.0 1.9
Asp340 3.3 3.3 3.2
Glu229 3.2 2.8 2.9
Glu270 3.5 3.3 3.3
Glu310 3.8 3.2 3.7
Glu341 3.2 3.5 3.0
His54 6.8 7.3 7.5

His171 5.6 5.3 5.2
His223 5.8 5.8 5.7
His297 6.8 7.3 6.7
His319 7.1 7.2 6.8

Fentanyl NA >9.5a >9.5a

a Only a lower bound to the pK a of the piperidine amine of fentanyl is given, as the
amine remains charged in the entire simulation pH range 2.5–9.5.
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3 Supplementary Figures

Figure S1: Equilibration of the docked fentanyl-mOR structure. A, B. Time series of
the root-mean-square deviation (RMSD) of the fentanyl (A) and mOR (B) heavy atom po-
sitions with respect to their starting positions. C. Time series of the FEN–D147 distance,
defined as the minimum distance between the piperidine nitrogen and the carboxylate
oxygen of Asp147. D. Time series of the FEN–H297 distance, defined as that between
the piperidine nitrogen and the unprotonated imidazole nitrogen of His297.
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Figure S2: Characterization of the fentanyl position as a function of the cumula-
tive simulation time from the WE-HIE simulation. A. The root-mean-square deviation
(RMSD) of the fentanyl heavy atoms with respect to the starting position. B. The FEN–
D147 distance refers to the minimum distance between the piperidine nitrogen and the
carboxylate oxygen of Asp147. C. The FEN–H297 distance is measured between the
piperidine nitrogen and the unprotonated imidazole nitrogen of His297. D. Fentanyl ∆Z
position is defined as the distance between the centers of mass (COM) of fentanyl and
mOR in the z direction. Data with the FEN–D147 and FEN–H297 distances below 3.5
Å are colored green and orange, respectively, and otherwise blue. The unweighted data
from all bins were taken and the time refers to the cumulative time. the vertical lines are
drawn at every 50 weighted ensemble iterations.

S-9



Figure S3: Characterization of the fentanyl position as a function of the cumula-
tive simulation time from the WE-HID simulation. A. The root-mean-square deviation
(RMSD) of the fentanyl heavy atoms. An abrupt change near ∼5 µs is due to the manual
bin boundary modification and does not affect the sampling results. B. The FEN–D147
distance refers to the minimum distance between the piperidine nitrogen and the carboxy-
late oxygen of Asp147. C. The FEN–H297 distance is measured between the piperidine
nitrogen and the unprotonated imidazole nitrogen of His297. D. Fentanyl ∆Z position is
defined as the distance between the centers of mass (COM) of fentanyl and mOR in the
z direction. Data with the FEN–D147 and FEN–H297 distances below 3.5 Å are colored
green and orange, respectively, and otherwise blue. The unweighted data from all bins
were taken and the time refers to the cumulative time. the vertical lines are drawn at every
50 weighted ensemble iterations.
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Figure S4: The pK a of His297 is well converged in all three sets of replica-exchange
CpHMD simulations. The pK a value of His297 plotted every 1-ns as a function of the
single replica sampling time from the CpH-apo (A), CpH-D147 (B), and CpH-H297 (C)
simulations.

S-11



Figure S5: The fentanyl-D147 salt bridge remains stable with all three protonation
states of His297 in the equilibrium simulations of the D147-binding mode. The time
series of the FEN–D147 distance in the presence of HID297 (A), HIE297 (B) , and HIP297
(C). The FEN–D147 distance refers to the minimum distance between the piperidine ni-
trogen and the carboxylate oxygen of Asp147.
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Figure S6: Aromatic stacking interaction between the phenyl ring of fentanyl’s
phenethyl group and Trp293 is persistent for both D147- and H297-binding modes.
Time series of the fentanyl-W293 stacking angle from the D147-binding-mode simulations
with HID297 (A), HIE297 (B), or HIP297 (C), and from the H297-binding-mode simulation
with HID297 (D). The angle is measured between the planes of the phenyl ring of fen-
tanyl’s phenethyl group and the six-member ring of Trp293. There is aromatic stacking
interaction if the angle between the two planes is within 0–45◦ or 135–180◦.
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Figure S7: Occupancies of the hydrogen bonds formed between fentanyl-mOR and
mOR-mOR from the simulations of the D147- and H297-binding modes. The bars
are colored as shown in top legend. A value of 1 means the hydrogen bond is persistent
for the entire duration of the trajectory. A hydrogen bond is considered present if the
donor-acceptor distance is below 3.5 Å and the acceptor-H-donor angle is less than 120◦.

S-14



Figure S8: Fentanyl is pushed away from His297 in the equilibrium simulations of
the H297-binding mode with HIE and HIP. The FEN–H297 distance as a function of sim-
ulation time in H297 mode with HID297 (A), HIE297 (B), and HIP297 (C). The FEN–H297
distance is measured between the piperidine nitrogen and the unprotonated imidazole
nitrogen of His297.
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Figure S9: Trp293 χ2 angle is somewhat decrease or increased relative to the value
(120◦) in the crystal structure of BU72-bound mOR (PDB 5C1M).S5 Time series of the
Trp293 χ2 angle in the simulations of the D147- (A-C) and the H297-binding mode
(D-F).
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Figure S10: Fentanyl adopts different orientations in the simulations of the D147-
and H297-binding modes. Time series of the fentanyl rotation angle (blue) and vertical
orientation angle (gold). Fentanyl rotation angle is measured by the angle between N2–
H vector and the y-axis. Fentanyl vertical orientation angle is measured by the angle
between the N2–C4 vector and the membrane normal (z-axis).
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Figure S11: χ2 angle of His297 appears to be influenced by the protonation/tautomer
state. Time series of the χ2 angle of His297 in the simulations of the D147-binding mode
(A-C) and the H297-binding mode (D-F).
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Figure S12: Characterization of the equilibrium simulations of the H297-binding
mode with HIE297 and HIP297. MD-H297(HIE) (left column) and MD-H297(HIP) (right
column) simulations. A. Fentanyl-mOR contact profile (top) and fingerprint matrix (bot-
tom) from the simulations with HIE297 (left) and HIP297 (right). Details are explained in
the caption of Fig. 4 of the main text. B. Time series of the vertical positions of fentanyl
(gold), Asp147 (blue), and His297 (magenta) from the simulations with HIE297 (left) and
HIP297 (right). C. Time series of the fentanyl rotation angle (blue) and vertical orientation
angle (gold) from the simulations with HIE297 (left) and HIP297 (right). Fentanyl rotation
angle is measured by the angle between N2–H vector and the y-axis. Fentanyl vertical
orientation angle is measured by the angle between the N2–C4 vector and the membrane
normal (z-axis).
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