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ABSTRACT: Chronic pain is a prevalent problem affecting =7 o \_ et )
approximately one out of every five adults in the U.S. The most . L 2 ide Docking A Oh
effective way to treat chronic pain is with opioids, but they cause Py = M —_— S|

depression, which makes them quite deadly. Opioids, such as f\fyj‘\r\/ =
fentanyl, target the p-opioid receptor (MOR), which can then bind g }d

to the intracellular G; protein or the f-arrestin protein. The G; )
pathway is primarily responsible for pain relief and potential side effects, but the f-arrestin pathway is chiefly responsible for the
unwanted side effects. Ideally, an effective pain medication without side effects would bind to MOR, which would bias signaling
solely through the G; pathway. We used the Bio3D library to conduct principal component analysis to compare the cryo-electron
microscopy MOR structure in complex with the G; versus an X-ray crystallography MOR structure with a nanobody acting as a G;
mimic. Our results agree with a previous study by Munro, which concluded that nanobody-bound MOR is structurally different than
Gi-bound MOR. Furthermore, we investigated the structural diversity of opioids that can bind to MOR. Quantum mechanical
calculations show that the low energy solution structures of fentanyl differ from the one bound to MOR in the experimental
structure, and pK, calculations reveal that fentanyl is protonated in aqueous solution. Glide docking studies show that higher energy
structures of fentanyl in solution form favorable docking complexes with MOR. Our calculations show the relative abundance of each
fentanyl conformation in solution as well as the energetic barriers that need to be overcome to bind to MOR. Docking studies
confirm that multiple fentanyl conformations can bind to the receptor. Perhaps a variety of conformations of fentanyl can stabilize
multiple conformations of the MOR, which can explain why fentanyl can induce different intracellular signaling and multiple
physiological effects.

dangerous side effects such as tolerance, addiction, and respiratory

Multiple fentanyl conformations can bind to the u-opioid receptor and
have different binding poses

H INTRODUCTION The p-opioid receptor (MOR) belongs to a subfamily of G-
protein coupled receptors (GPCRs) which are widely studied
due to their importance as therapeutic targets.é’g_11 The
conformational flexibility that GPCRs have is vital to their
ability to recognize ligands and activate or inactivate MOR."
The activation of MOR due to an agonist binding involves
specific conformational changes in the seven transmembrane
helices (TM1-7), especially in highly conserved motifs
(intramolecular switches).® Specifically, the largest change in
MOR activation is that the intracellular end of TM6 bends as
much as 10 A away from the helical core, whereas TM7 moves
toward the core.® TM7 and the intracellular halves of TM2,
TM3, and TM6 rearrange to open a hydrophobic barrier that
arranges with the W293%*® rotamer toggle switch to form a
water channel connecting the extracellular and intracellular

As of 2021, 51.6 million adults in the U.S. experience chronic
pain, which is daily pain for at least three consecutive months.
This has resulted in a loss of $685 billion to the U.S. economy
in 2017' 72 due to death, high health care costs, and lost jobs.
Opioids are widely administered to treat acute and chronic
pain; however, the abuse of prescription and illicit opioids is a
major health crisis in the United States.* Opioids can be
natural, semisynthetic, and synthetic chemicals that interact
with the opioid receptors in the brain. The sap of the opium
poppy plant (Papaver somniferum) is extracted to obtain
morphinans, the backbone of many opioids.”® Morphinans are
used for medicinal purposes or for the purpose of synthesizing
heroin and other illegal narcotics. The leading cause of death
by overdose in Europe and North America is attributed to not
only prescription drugs, but also illicit intravenous drugs such

as heroin, methadone, and fentanyl (N-phenyl-N-[1-(2- Received: August 1, 2024
phenylethyl)piperidin-4-yl]propanamide).”” The current con- Revised:  October 25, 2024
cern is that the clinical efficacy of these drugs are limited by the Accepted:  October 30, 2024

capacity to develop tolerance and addiction."”*” Yet, opioids Published: December 19, 2024

continue to be prescribed for their unrivaled ability to
moderate severe pain.
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sides.” (Superscripts are residues in the Ballesteros—Weinstein
numbering format."”)

Both beneficial and adverse effects of opioids are attributable
to the binding of MOR agonists and are mediated by different
signaling and regulatory pathways.'”'" The inhibitory
heterotrimeric G-protein (G;) pathway is responsible for the
beneficial effects of an MOR agonist, such as pain relief and
euphoria, whereas the recruitment of f-arrestin (f3,,,) regulates
the adverse effects, such as addiction, constipation, and
especially respiratory depression.'”"*™'® In contrast, MOR
antagonists block the action of the agonist altogether.
Experimental studies show that fentanyl and other unbiased
opioids that signal through f,., bind to helices 2, 3, 6, and 7 of
MOR, whereas agonists that signal solely through G; bind
exclusively to helices 6 and 7. Thus, accurate prediction of the
agonist-MOR binding is imperative for safe drug develop-
ment.'” The ultimate goal of opioid research is to develop a
novel MOR agonist that has selective bias for the G; pathway."”

To better understand the structural basis for MOR function,
Manglik et al. collected X-ray diffraction data from 25 crystals
of the Mus musculus-OR-T4L (mMOR) protein bound to the
irreversible morphinan antagonist f-funaltrexamine (S-FNA;
PDB ID: 4DKL).”*”*" B-ENA is a model ligand used to
understand how antagonists interact with the inactive binding
pocket of MOR. The morphinan core of f-FNA forms a salt-
bridge with Asp147°% through its protonated amino group
and a hydrogen bond between Tyr148>** and the endocyclic
oxygen; these interactions are crucial requirements for ligands
to bind to MOR.®***> B-FNA also forms an irreversible
covalent bond with the Lys233°* in the binding pocket of
MOR, therefore it is not used clinically in humans.”* Our study
aims to evaluate the conformational analysis of ligand structure
through docking, so we opted to use naltrexone (N-
cyclopropylmethylnoroxymorphone) instead of S-FNA since
the computational docking program cannot reproduce covalent
bonds. This opioid antagonist is identical to -FNA, with the
exception that the methyl-fumaramide group of S-FNA that
forms the covalent bond with MOR is replaced with a ketone
at the 6-position of naltrexone, so that the naltrexone ligand
binds reversibly. Currently, naltrexone is used clinically in
humans as a treatment for alcohol use disorder and opioid
dependence.”” ™%’

BU72 ((1R,25,4S,55,6R,9R,10R)-6-methoxy-5,20-dimethyl-
4-phenyl-3,20-diazahexacyclo[8.7.3.1%%.0".0%.0'>'" ]henicosa-
7,12(17),13,15-tetraen-15-ol) has a high affinity and extremely
slow dissociation making it a good candidate for cocrystalliza-
tion experiments with MOR, but it is too efficacious for human
use.”®”” The first crystal structure of the MOR-BU72 complex
had unexplained electron density around the BU72 ligand, and
the BU72 ligand itself was in a highly strained conformation
that deviated from ideal geometry.””° Munro’s reanalysis of the
BU72-mMOR crystal structure revealed that changing the
stereochemistry of the phenyl group from (S) to (R) resulted
in a better fit to the electron density and a lower energy BU72
conformation.”” A second problem was unexplained electron
density that connected BU72 with a histidine residue in the N-
terminus. The short contacts and uninterrupted density were
shown to be consistent with BU72 forming a covalent adduct
with MOR, thus explaining the severe strain of the adduct.”
Because of the strain induced by the adduct and the nanobody
used as a G protein substitute, the author concludes that this
version of MOR will not be an accurate template for Ii%and
docking and modeling to active G protein-bound MOR.”

72

Fentanyl is a strong f3,,, biased agonist that elicits increased
respiratory depression, the main side effect of f3,,, signaling.””
Using cryo-electron microscopy (cryoEM), fentanyl has been
experimentally determined in complex with human MOR
(hMOR) bound to G,* so there is one experimental pose
showing the binding site of fentanyl to hMOR. Previous
molecular dynamics (MD) studies have provided insight into
the binding modes of fentanyl, specifically its orientation,
location, and interactions with amino acid residues. Podlewska
et al. found that during MD simulations fentanyl’s mass center
stayed in the same place, and only its flexible bonds rotated
slightly throughout the simulations duration.”> However, other
studies have found that fentanyl is able to move very deep into
the binding pocket due to its linear nature and limited
hydrogen bonding abilities to make important conformational
changes that mediate f3,, signaling.34 Morphinan opioids, such
as morphine, are unable to penetrate deeply into the pocket
due to their structural rigidity and ability to make a stronger
interaction with D147°*%. For example, an MD study found
that, unlike morphine, fentanyl makes a contact with Y32674,
which is located deep inside the binding pocket.’* In addition
to interacting with Y326”*, fentanyl’s aniline ring pushes
residue M153>%¢ downward to adopt a rotameric conformation
which replaces W295%#% an interaction that was not observed
with a MOR-bound antagonist or morphine. An in vitro study
demonstrated that this specific conformational shift of
M15333¢ directly mediates f3,,, signaling, but not G; coupling.35
Although there are many computational studies of fentan-
)71,10’33_3’7 the exact nature of fentanyl’s binding mode remains
unclear.

The benefit of using computational studies is that we can
capture the structural diversity of the receptor and ligands that
complement the data from experiments. Since protein binding
pockets can change the conformation and pK, of ligands once
they enter the binding pocket, we have carried out a high-level
quantum mechanical study to ascertain the conformations of
the studied ligands as well as their charge states when in
solution, prior to docking. Fentanyl and BU72 are clearly
protonated in the experimental structures,”””*' but whether
these ligands are protonated prior to entering the binding
pocket is unknown. Therefore, pK, calculations of each ligand
in aqueous solution were completed. We then used Boltzmann
calculations to estimate the concentrations of different
conformations of each ligand at physiological temperature,
and each conformer was docked into the MOR to establish
whether there was room in the binding pocket for each. Based
on previous knowledge of MOR-ligand interactions, we have
used computational methods to gain insight into the bound
and unbound ligand states. Computational methods illustrate
specific steric and electronic features that must be present for
opioid ligands to bind tightly to MOR. As demonstrated by the
structure of fentanyl, certain ligands can be highly flexible and
differ in their conformations, but still have the ability to bind
tightly to MOR. Therefore, we will consider two hypotheses
about ligand conformations: (1) the lowest free energy
solution conformations fit into MOR without needing to
rearrange, or (2) MOR itself and the ligands themselves adopt
new conformations that optimize MOR-ligand binding. We
also examine the impact of the bound intracellular protein on
the conformation of MOR and its effect on ligand binding.
This knowledge will be critical to developing agonist and
antagonist models that build on those previously published,

https://doi.org/10.1021/acs.jpcb.4c05214
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with the ultimate goal of novel treatments of opioid addiction
and pain management to combat the current opioid crisis.

B METHODS

Aqueous-Phase Ligand Analysis. The computational
process to explore the configurational space of the ligands
BU72, naltrexone, and fentanyl followed a funnel method
which first sampled a large region of conformational space,
then used successively more accurate and more expensive
calculations to end up with a small set of conformations of the
lowest free energy structures. All calculations of ligands were
computed using the universal solvation model density
(SMD)*® based on solute electron density to produce
structures that are optimized in aqueous solution modeled
using the CREST (Conformer-Rotamer-Ensemble Sampling
Tool)* conformational sampling routine with the semi-
empirical GFN2-+TB method.””*" This algorithm takes an
initial pool of randomly generated configurations and updates
them according to an evolutionary algorithm, finishing with a
final set of converged structures. The initial pool size was
chosen to be 1000 configurations, and the process ran for
20,000 iterations or until convergence. The final set of GFN2
structures were then screened for uniqueness to eliminate
double counting by comparing their rotational constants and
energies. Two structures were deemed identical if their
rotational constants and energies were within 1% or 0.1 kcal-
mol™" of one another, respectively. The CREST step generated
243 GFN2 unique conformers of fentanyl, 47 GFN2
conformers of naltrexone, and 8 GFN2 conformers of BU72.
These geometries generated in the GA step were then refined
using @B97X-D**" density functional theory (DFT) geom-
etry optimizations**** with the 6-31++G** basis set,"*™>’
using Gaussian 2016.”" Geometries were optimized using tight
convergence criteria (RMS Force 0.000010 au, maximum
displacement = 0.000060 au), and the harmonic vibrational
frequencies were calculated on the converged geometries. The
final set of DFT structures were screened for uniqueness,
resulting in 87 unique fentanyl conformers, 27 unique
naltrexone conformers, and three BU72 conformers. In order
to assess the thermodynamic stability of these conformers, the
®B97X-D harmonic vibrational frequencies were scaled by
0.971 and thermodynamic corrections for H g, Scor and Gegy
at 310.15 K were computed using the THERMO.pl script from
the National Institute of Science and Technology.”

In order to improve the accuracy of the electronic energies,
the domain local-pair natural-orbital (DLPNO) couple-cluster
methods with single, double, and g)erturbative triple excitations
(CCSD(T)) were employed.ss_6 CCSD(T) calculations with
large basis sets or by extrapolation to the complete basis set
(CBS) limit are the “gold standard” for ground-state quantum
chemistry, with uncertainties less than 1 kcal-mol™.°°® The
electronic energies of the final sets of DFT conformations were
calculated at the DLPNO-CCSD(T)-cc-pVnZ//wB97X-D/6-
31++G** level of theory”*~*® implemented in the ORCA 5.0.1
program.”” In-house scripts were used to compute the CBS
extrapolations using the double-{, triple-{, and quadruple-{
basis sets (n = D, T, Q)"°~"* using a 4-5 inverse polynomial
CBS extrapolation scheme.”” Lastly, these high-level electronic
energies were combined with the DFT thermodynamic values
to compute the Gibbs free energy values for every DFT
geometry. All final structures were compared against the lowest
energy structures with both functionals using ArbAlign,74
yielding root-mean-square deviations (RMSDs) that were then
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visualized graphically using Avogadro and Chimera.”*”°

Expected populations based on Boltzmann calculations at
physiological temperature were used to estimate the
abundance of different conformers of a particular ligand in
aqueous solution, and are presented in the Figures.

pK, Calculation of BU72. The acid dissociation constant, or
pK,, is an essential part of understanding many chemistry and
biochemistry reactions. We computed the pK,, of the BU72
ligand to determine (1) if it will be protonated at physiological
pH, (2) if this occurs prior to binding to MOR, and (3) and to
quantify the Gibbs free energy difference between the
protonated ligand and the neutral ligand. By calculating the
pK,, we gain insight into the relative concentration of opioid
ligands that are charged in solution as well as which atom in a
particular molecule is charged, and how that impacts the
ligand-MOR binding energy. The dissociation reaction is
defined as in eq 1

+ +

HAGg = Ay * Hag) (1)
and the pK, for this reaction is defined in eq 2

pK, = AG,/RTIn 10 )

where HA" is the acid or dissociating molecule of interest and
A is the conjugate base,””~”° R is the ideal gas constant, T is
the temperature, and AG,q is the change of the Gibbs free
energy in aqueous solution. For ligands whose pK, values have
not been determined experimentally, computing them is useful.
It should be noted that when calculating pK,, it is important
that Gibbs free energy calculations are computed as accurately
as possible, as an error of 1.36 kcal-mol™" in the free energy of
reaction 1 results in an error of 1 pK, unit in reaction 2777980
Thermodynamic cycles are used to calculate pK, by
determining AG,,, the free energy in solution, from the free
energy of dissociation in the gas phase and the free energies of
solvation of HA", A, and H" as seen in Figure 17779

Gy,
HA @ > A t H
-AGg1 (HA) | AGyy (A) AGqq (H)
HA 2 > D6+ Hig
AG,,

Figure 1. Proton-based thermodynamic cycle. Reproduced from ref
81. Copyright 2001 American Chemical Society.

There are three different methods used to calculate
thermodynamic cycles: (1) using gas phase geometries for
HA" and A in the entire cycle, (2) using solution phase
geometries for HA" and A in the cycle, and (3) using the gas
phase geometries for AG,,, and solution phase geometries for
the free energy of solvation (AG,,). We used method 2. We
used AG,, along with the gas phase and aqueous phase free
energies to determine pK, using the following equations, 3—S5:

AGaq = AGgas + AAG,,; (3)
where

https://doi.org/10.1021/acs.jpcb.4c05214
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_ + +

AGgas - Ggas(H ) + Ggas(A) - Ggas(HA) (4)
and

AAGsol = AGS(:»I(I“I-*') + AGSOI(A) - AGsol(I“LAd—) (5)

All of these free energy values are determined computationally
except AG,,;(H") and Ggas(H+). A proton has no electrons;
therefore, its free energy cannot be calculated quantum
mechanically. These values have been determined experimen-
tally to be AG,,(H") = —265.6 keal-mol ™ and G, (H') = 6.28
kcal-mol ™ at 298 K.”” The Gibbs free energy of the proton can
also be calculated from the Sackur—Tetrode equation.”” The
largest uncertainty is for the value of AG(H").”

Structural Analysis of mMOR-Nanobody and hMOR-G,.
The coordinates of the experimental hMOR-G; and mMOR-
nanobody complexes (PDB IDs 8EF5'® and SCIM,®
respectively) were obtained from the Protein Data Bank.*>*?
RMSD analysis of these structures was performed with the
visual molecular dynamics program version 1.9.4 (VMD).**
The RMSD Trajectory tool plugin in VMD for all the non-
hydrogen protein backbone atoms as shown in eq 6

N
RMSD = \/%Z [(x; — xi,)z + (y, - yi/)Z + (=~ zi,)z]
i=1
(6)

With x; and «{, y; and y;, and z; and z{ are the respective x-, y-,
and z-coordinates of the ith atom for N total atoms within two
molecules.

The RMSD:s of the entire receptor and the individual helices
backbone atoms were calculated based on the sequence
numbering. The hMOR has two more residues than mMOR,
so ensure that the conserved residues had matching numbers,
the residue numbering of the mMOR was increased by two.
The conserved residues of the receptor are #66 to 349. The
seven transmembrane (TM) helices were denoted by the
following ranges of residues: TM1: 66 to 98, TM2: 103 to 133,
TM3: 138 to 173, TM4: 182 to 207, TMS: 226 to 264, TM6:
270 to 308, and TM7: 313 to 338. All residue numbers
correspond to those in hMOR, and the numbering of the
helical portions of the receptor are given by the PDB structure
of 8EFs."

Principal Component Analysis. The Bio3D package®® was
used to perform principal component analysis (PCA) on a set
of experimentally determined MOR structures to identify the
significant structural differences between the active and
inactive conformations using procedures outlined previ-
ously.gs’86 A basic local alignment search tool (BLAST)
search®” of the Protein Data Bank® was performed with the
input target sequence of the receptor (“R” chain) of the MOR
in complex with fentanyl and the G; (PDB ID: 8EFS).'" Five
hundred and forty-nine sequences were identified. These hits
were filtered with a cutoff value of 322 corresponding to the
negative log of the E-value of the BLAST results. Eleven
sequences remained, all of which are the receptor chains of
MORs, which ranged from 100 to 93.9% sequence identity
with the target sequence. The target sequence was added to the
11 from the BLAST search for a total of 12 sequences to be
used for subsequent analysis. The sequences were aligned
using the Clustal Omega program® and a structural invariant
core was determined and used to superimpose the 12 aligned
structures. The structures were clustered into four groups
based on their a-carbon atom RMSDs of the superimposed
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structures. Gaps in the sequences were removed, and PCA was
performed on the Cartesian coordinates of the structure’s
atoms. Eight hundred and twenty-eight eigenvalues were
identified, and the proportion of the variances for each PC was
calculated. The variance represents the atomic motion in each
direction and corresponds to an eigenvalue.*> PCs 1 and 2
accounted for 86.6% of the cumulative variance with PCl1
accounting for 71.0% and PC2 accounting for 15.6% of their
respective variances.

Docking of Ligands to the u-Opioid Receptor. Protein
Preparation. The protein structures of the mMOR bound to
the antagonist f-FNA, mMOR-nanobody, and hMOR-G;
(PDB IDs: 4DKL, SCIM, and 8EFS) were created using
Protein Preparation Wizard as part of the Schrodinger 2023-2
software suite (Schrodinger release 2023-2: Jaguar, Schrd-
dinger, LLC, New York, NY, 2023). This program assigns
bond orders using the CCD database, adds hydrogens, creates
disulfide bonds, fills in missing side-chains using the Prime
program,”””® and generates Epik states for the heteroatoms.
PROPKA”" was used to calculate the pK, of each titratable
amino acid at 7.4 which created charged amino acids.
Hydrogen bonds were optimized by sampling different
amino acid rotamers and removing overlap between hydro-
gens. Heavy atoms were minimized to a convergence RMSD of
0.30 A. The force field used was OPLS4.””

Ligand Atomic Charge Determination. To determine the
atomic charges for the ligand, single point energy calculations
were performed using the Jaguar application,”” which is part of
the Schrodinger 2023-2 software suite. The ligands were
solvated with the Poisson—Boltzmann finite elements (PBF)
model.”* ™ The partial charges were determined by
calculating the Mulliken populations using DFT with
automatic self-consistent field (SCF) spin treatment for open
and closed shell systems”” based on the respective ligand’s
multiplicity, a nonrelativistic Hamiltonian, and medium grid
density.”® The computation used the B3LYP-D3 theory””~'**
and the 6-31G** basis set.'”” The SCF used quick accuracy'**
with 48 maximum iterations'* to reach a convergence106 with
an energy change of S X 107° Hartree and an RMS density
matrix change of 5§ X 107° using the DIIS convergence
scheme.'”’

Glide Grid Generation. To orient the ligands during
docking, a grid of the docking site surface was generated for
each receptor using the Receptor Grid Generation program,
which is part of the Glide program'*®'%” in the Schrodinger
2023-2 suite (Schrodinger release 2023-2: Glide, Schrodinger,
LLC, New York, NY, 2023). The ligands were docked into a
generated box of length 20 A and were confined to a smaller
box with a length of 10 A. The center of the box was calculated
based on specified residues in the binding site. For the
fentanyl-bound MOR (PDB ID: 8EFS), the centroid of the
following residues was used: N129%%, W135E¢1 D149%%,
C219%, E231°%, K235%%, W295°4%, 13247, and Y3387+, In
the BU72-bound MOR (PDB ID: SCIM), the binding site
residues used were D147°3* and Y148>%,

Glide Docking. The Glide docking program, which is part of
the Schrodinger 2023-2 suite was used to determine the ligand
position in the receptors. Each ligand with was docked rigidly
using extra precision mode. Van der Waals radii of the
nonpolar receptor atoms were multiplied by a scaling factor of
0.80 to decrease the penalties of close contacts. Nonpolar
atoms are defined as having a partial charge of 0.15 or less.
Ring conformations were discarded if their energy was greater

https://doi.org/10.1021/acs.jpcb.4c05214
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Figure 2. (A) Side view and (B) extracellular view of the alignment of fentanyl-bound hMOR-G; (blue, PDB ID: 8EF5)'? with BU72-bound
mMOR-nanobody (red, PDB ID: 5C1M),’ and (C) morphine-bound hMOR-G; (gray, PDB ID: 8EF6)."" Yellow arrows indicate the displacement

of helix 6 (indicated) between the structures.

than 2.5 kcal'mol™' above the lowest energy conformation.
The input structure was regenerated based on the connectivity,
bond orders, and stereochemistry. After the initial phase of
docking, S000 poses of each ligand within 100 kcal'‘mol™" of
the lowest energy pose were kept for the next stage. Eight
hundred ligand poses with the best energy were minimized
with the OPLS3''® nonbonded interaction grid. For
minimization, the distance-dependent dielectric constant was
set at 2.0, and the maximum number of minimization steps was
100. If a ligand pose had a GlideScore greater than 0.50 kcal-
mol™!, it was rejected. The ten ligand poses with the best
energies were saved for post-docking full force-field mini-
mization. Strain correction terms that apply penalties for high
strains were added to the GlideScore if they were above the
value of 4.0. The scaling factor for excess strain energy, which
is multiplied by the Van der Waals radii of nonpolar receptor
atoms, was 0.25. Poses with Coulomb—Van der Waals energies
between the ligand and receptor more positive than 0.0 kcal-
mol ™" were rejected. Ligand poses that had an RMSD less than
0.5 A, with a maximum atomic displacement less than 1.3 A, or
with hydroxyl and thiol hydrogens torsional within 40° were
considered to be duplicates and were discarded. Ligand poses
were sorted according to best docking score. Docking scores
are based on rudimentary metrics, so the calculated energies
should be used to understand relative trends and are not at the
same level as the relative Gibbs free energies for the ligands
that are produced using high level quantum chemistry.

B RESULTS AND DISCUSSION

Mouse (mMOR-Nanobody) and Human (hMOR-G)
Structure Comparison. The mMOR-nanobody in complex
with BU72° exhibits a different structure than hMOR-G; in
complex with fentanyl.'” As discussed in previous studies,
comparison of these experimental structures with respect to
the inactive antagonist f-FNA-bound mMOR?® indicate that
there are similar conformational changes upon activation.'’
However, the RMSD of the protein backbone of the conserved
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residues (hMOR sequence #566-C349) of mMOR-nanobody
and hMOR-G; is 1.372 A. Substantial differences occur in
helices 5 and 6, which are displayed in Figure 2A,B. The
RMSDs of the backbones of the individual helices range from
0.579 A for helix 2 to 1.683 A for helix 6. Helices 6 and 7 have
been hypothesized as being important for distinguishing biased
ligands in MOR. Ligands that induce unbiased signaling
interact with helices 6 and 7 whereas ligands with reduced
interactions with helices 6 and 7 signal only through the G;
pathway,'’ so finding the correct position for helix 6 is
extremely important for predicting accurate ligand poses.
Fentanyl is an unbiased opioid, so it has interactions with
residues on helix 6 including W295548 129851 H299%%2, and
V302855, The RMSD of the backbones of these specific
residues in hMOR-G; is 1.205 A with respect to those in the
mMOR-nanobody model. In comparison, the RMSD for all
the backbone residues in the fentanyl binding site is 0.851 A.
Figure 3 shows a comparison of these helix 6 fentanyl-binding
residues in the hMOR-G; and mMOR-nanobody structures.
The fentanyl ligand in the hMOR-G; clashes with the residues
in the mMOR-nanobody structure explaining why the
extracellular end of helix 6 sweeps outward in the hMOR-G;
structure.

One hypothesis for the difference in the structures is the
difference in the sequences. The conserved regions of the two
sequences (hMOR sequence #566-C349) were aligned using
BLAST software, and the sequence identity was 99%. There
were only four residues, [6gNterminus  T139EC1 1189%45  and
V308EC3, that were not conserved. None of these residues are
in the binding site or interact with the ligand, nanobody, or G;
as shown in Figure 4, so these residues are not likely to have a
significant impact on the global conformation of the receptor,
negating that hypothesis. Another hypothesis is that the
ligands, fentanyl and BU72, stabilize different conformations of
MOR. However, BU72 is a morphinan agonist, and the
backbone RMSD of the fentanyl-bound receptor versus the
morphine-bound receptor is 0.352 A. The binding site of
fentanyl in the morphine-bound hMOR-G; conformation has
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Fentanyl

V302655
BU72

1208551

W295648

Helix 6

Figure 3. Comparison of the helix 6 fentanyl-binding residues in
fentanyl-bound hMOR-G; (blue, PDB ID: 8EF5)'° and BU72-bound
mMOR-nanobody (red, PDB ID: 5CIM).® Amino acids W295%4,
129855, H2995%, and V302 (line representation) and bound
ligands, fentanyl and BU72 (blue and red, respectively, ball-and-stick
side chains representation), are indicated.

Figure 4. Nonconserved residues (van der Waals representation of
the a-carbon atoms) between fentanyl-bound hMOR-G; (blue, PDB
ID: 8EFS5)'’ and BU72-bound mMOR-nanobody (red, PDB ID:
5CIM)® are shown in relation to the respective ligands (ball-and-stick
representation).

an RMSD of 0.390 A with respect to the fentanyl-bound
hMOR-G; conformation, which is lower than that of the site in
mMOR-nanobody with an RMSD of 0.870 A. The RMSD of
the morphine-binding site in the fentanyl-bound hMOR-G;
complex is 0.435 A, which is smaller than that of the RMSD of
the same site in the mMOR-nanobody complex, which is 0.752
A. Given the structural similarity of morphine and BU72, it is
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expected that they stabilize similar binding site conformations.
However, 91% of the residues in the BU72 binding site® are
found in the fentanyl binding site and in the morphine binding
site of hMOR, so the different ligands bind to the same site of
the receptor. Thus, this infers that the nanobody stabilizes a
different conformation of MOR than G; does.

Analysis of Experimentally Determined MOR Struc-
tures. To determine the similarity of nanobody-bound
mMOR and the G;bound hMOR, a BLAST search was
performed that identified 11 experimentally determined
structures of the MOR. An RMSD analysis was performed
on these 11 plus the receptor of the G;-bound hMOR (chain R
of PDB ID 8EFS).'? Figure S shows the dendrogram of

RMSD Cluster Dendrogram

~
=

RMSD (A)

4DKL_A

T

8QOT A
7UL4_A

6DDE_R

8EFB_R
7SBF_R

5CIM_A _
8F7R_M
8F7Q_M
8EF5_R
8EF5_M

8EOG_A

Figure 5. RMSD cluster dendrogram for 12 MORs that are indicated
by their respective PDB IDs and receptor chain name.

clustering the 12 structures by RMSD. The nine “activated”
structures that are bound to agonists are clustered in one
branch whereas the three “inactive” structures that are bound
to antagonists are in a separate branch, indicating significant
structural differences as expected. The RMSDs between the
active and inactive structures range from 3.428 to 4.121 A.
Within the activated structures, there are two distinct
branches—one consisting of MORs bound to the G; (PDB
IDs: 6DDE, 8F7R, 8F7Q, 8EFS, 8EFB, and 7SBF)'%!"2!!!
and one consisting of MORs bound to a nanobody (PDB IDs:
8E0G and SCIM)** with RMSDs ranging from 1.683 to
2.071 A. This shows that the nanobody and G; proteins
consistently stabilize different conformations of the MOR.
To further characterize the structural differences between
the multiple activation states of MOR, PCA was performed of
the 12 experimentally determined receptor structures. The
objective of PCA is to show that the activated experimental
structures, particularly PDB IDs SCIM and 8EFS, are
structurally distinct from one another and should not
considered to be equivalent. In previous studies, Bio3D’s
PCA application has analyzed the experimental structures of
other proteins including SlOOAl,86 Ga,""” and kinesin.""* In
all three cases, PCA identified structural differences between
various categories of experimental structures based on
sequence identity, the type of bound cofactors, and/or
activation states. PCA has also been used to characterize the
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Figure 6. PCA analysis of 12 experimentally determined MORs. (A) Proportion of variance versus eigenvalue rank for 20 PCs. (B) PC1 vs PC2 for
the MORSs that have been clustered into four groups that are represented by different colors—blue (chain A of PDB ID 4DKL),” red (chain A of
PDB ID 8QOT"** and chain A of PDB ID 7UL4'*%), green (chain A of PDB ID 8E0G™® and chain A of PDB ID 5C1M®), and black (chain R of
PDB ID 6DDE,* chain M of PDB ID: 8F7R,""" chain M of PDB ID: 8F7Q,'"" chains M and R of PDB ID: 8EF5,'° chain R of PDB ID: 8EFB,"
chain R of PDB: 7SBE."" Chain A of PDB ID SCIM and chain R of PDB ID 8EFS are labeled and indicated by arrows.

Extracellular end

4 Helix 1
4
I
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Extracellular end

Extracellular end

Figure 7. Visualization of the principal components (PCs) of 12 experimentally determined MORs. (A) Side and (B) extracellular view of PC1.
(C) Side and (D) extracellular view of PC2. The extracellular and intracellular ends of the receptor are indicated. Helices 1, 2, and 6 are labeled.

Green arrows indicate the movement of the helices.

differences between the MD trajectories of A-type, B-type, and
PNA-type DNA triple helices''* and A-type, B-type, and PNA-
type PNA-DNA-PNA triple helices.'"> Here, these same
techniques were applied to the 12 MORs to show their
structural relationships in PC1 and PC2 space. The proportion
of variance for each eigenvalue are shown in Figure 6A. PC1
has a proportion of variance of 71.03%. PC2, on the other
hand, has a proportion of variance of 15.61%. Therefore, the
first two PCs encapsulate approximately 86% of the variance of
the atomic movement and can provide a thorough summary of
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the conformational space sampled by the MOR experimental
structures. The 12 structures were clustered into four groups
based on their RMSDs and projected onto PC1 versus PC2
space in Figure 6B. There is a clear distinction between the
active and inactive structures in PC1 space. The antagonist-
bound mMOR (PDB ID: 4DKL) has a PC1 of —45.0, where
the inactive nanobody-bound structures (PDB IDs: 7UL4 and
8QOT) have PCls of —42.2 and —40.9, respectively. In
comparison, the agonist-bound structures have PCls ranging
from 12.7 to 17.1. PC1 is visualized in Figure 7A,B. PCI is
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Figure 8. Lowest energy conformations of fentanyl at 310.15 K in aqueous solution generated at the @B97X-D/6-31++G**/SMD level of theory.
Structures are ordered in terms of Gibbs free energy relative to the local minimum energy structure computed at the DLPNO-CCSD(T)/CBS/
SMD//@wB97X-D/6-31++G**/SMD level of theory. Relative Gibbs free energies (AG®) with respect to the minimum Gibbs free energy structure
are shown in kcal-mol™". Reported below each AG® are the percent abundance of each structure in aqueous solution at 310.15 K calculated usin§
the Boltzmann equation. The RMSD of the heavy atoms for each structure in comparison to the fentanyl experimental structure (PDB ID: 8EF5)’

is included.

characterized by the movement of the intracellular end of helix
6 moving away from the center of the helical bundle. This
corresponds to the activation mechanism as the intracellular
end is widening to allow the intracellular G; to bind. Similar
movements in helix 6 have been observed in the activation
mechanism of other class A GPCRs.'”"'*~"?! Therefore, PCA
can distinguish the clear structural differences between the
active and inactive forms of the MORs.

While PC2 accounts for a much smaller percentage of the
variance of the RMSD, it still distinguishes between the
clusters of MORs. The inactive structures are grouped into two
clusters that are separated in PC2 space. PDB ID 4DKL is a
mMOR bound only to an antagonist in the orthosteric binding
site®® and is separated by the group containing PDB IDs 7UL4
and 8QOT that are both mMORs bound to nanobodies.
4DKL has a PC2 of 17.0, whereas 7UL4 has a PC2 of —10.3
and 8QOT has a PC2 of —4.7. Similarly, the activated
structures of MOR are also separated in PC2 space depending
on the type of bound intracellular protein. PDB IDs 5C1M and
8E0G are both bound to BU72 and a nanobody and are
clustered into one group with PC2s of 20.9 and 21.5,
respectively. The remaining structures (PDB IDs 6DDE,
8F7R, 8F7Q, 8EFS chains R and M, 8EFB, and
7SBF)'*'2¥!11 are all bound to agonists and G;. They are
clustered in a separate group with PC2s ranging from —4.2 to
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—9.0. Figure 7A,B visualize PC1 and Figure 7B and C visualize
PC2. Most of the movement in PC2 occurs in the third
intracellular loop (IC3). This can be explained as the clusters
in PC2 space are differentiated by the types of intracellular
proteins that the receptors bind to and also how they interact
with IC3. Movement in the IC3 causes slight differences in
helix 6 as it is connected to IC3. Since 8EFS5 and SC1M are
clustered into separate groups separated in PC2 space, it is
confirmed that despite both receptor structures are considered
to be activated because they are bound to agonists, they are
structurally different and are not comparable, which will impact
the binding of ligands to the orthosteric site.

Analysis of Fentanyl Solution Structures. Ultimately,
the ligand binding has an impact on the MOR structure. To
understand if the ligand conformation was the same or
different in solution relative to the MOR-bound structure, the
lowest energy conformations of fentanyl at 310.15 K were
determined using the DLPNO-CCSD(T)/CBS/SMD//
wB97X-D/6-31++G**/SMD model chemistry. These high-
level quantum chemistry calculations on solution conforma-
tions are compared to the conformation of fentanyl when
bound to hMOR."’ Structures are ordered in terms of relative
Gibbs free energies (AG®) with respect to the minimum Gibbs
free energy structure, structure 1. Structures 3, 6, and 9 in
Figure 8 resemble the experimental structure. Boltzmann
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94.69 %
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Figure 9. Lowest energy conformations of BU72 at 310.15 K in aqueous solution generated at the @B97X-D/6-31++G**/SMD level of theory.
Structures are ordered in terms of Gibbs free energy (AG®) relative to the local minimum energy structure computed at the DLPNO-CCSD(T)/
CBS/SMD//wB97X-D/6-31++G**/SMD level of theory. Relative Gibbs free energies are shown in keal-mol ™. Reported below each AG® are the
percent abundance of each structure in aqueous solution at 310.15 K calculated using the Boltzmann equation. The RMSD of the heavy atoms for
each structure in comparison to the BU72 crystal structure (PDB ID: SCIM)® is included.

e

B-FNA Crystal
Structure

Structure §
1.28 kcal'mol™!
5.48 %
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Structure 4
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Structure 1
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5.14 % 0.90 %
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Figure 10. Lowest energy conformations of naltrexone at 310.15 K in aqueous solution generated at the ®B97X-D/6-31++G**/SMD level of
theory. Structures are ordered in terms of Gibbs free energy (AG®) relative to the local minimum energy structure computed at the DLPNO-
CCSD(T)/CBS/SMD//@wB97X-D/6-31++G**/SMD level of theory. Relative Gibbs free energies are shown in kcal-mol ™. Reported below each
AG?® are the percent abundance of each structure in aqueous solution at 310.15 K calculated using the Boltzmann equation. The RMSD of the
heavy atoms for each structure in comparison to the conserved atoms of the crystallized f-FNA structure from the mMOR (PDB ID: 4DKL),*

which is included as a reference structure.

calculations predict that all these structures are available in
aqueous solution at 310.15 K because they are within 3 kcal-
mol™! of the minimum. The law of mass action dictates that
when one conformer binds to MOR, it will leave the solution,
and the resulting new equilibrium concentrations will result in
more conformers of the ligand that is bound to the MOR.
Thus, if structure 6, which is the closest conformation to the
experimental structure (RMSD = 0.63 A), were to bind to
MOR, that conformation would be repopulated as other
conformations shift toward structure 6. Note that only small
conformational changes are required for structures 3, 6, and 9,
which make up 8% of the conformers at 310.15 K, to
reproduce the conformation of the experimental structure.
Fentanyl has high conformational flexibility, with at least nine
conformers present in solution.

Analysis of the BU72 Solution Structures. BU72 has
much less conformational flexibility than fentanyl because of its
constrained structure as shown in Figure 9. The only
differences between the three solution structures lies in the
rotation of the OCH; and OH groups. The pK.s of the
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nitrogen on fentanyl'** (8.43) and naltrexone'*® (8.38) are
known, in the 8.4 range, but the pK, of BU72 has not been
reported. Given the controversy in the BU72 crystal
structure,”” we felt that it was important to calculate the pK,
of the nitrogen that would make the same salt-bridge with the
mMOR Asp147>32 residue as f-FNA.*® We calculated the pK,
of the nitrogen on structure 1 of BU72 that would make this
same ionic interaction as naltrexone (since it is so similar to -
FNA) and predict a value of 9.2 at 310.15 K. This value is quite
similar to those for fentanyl and naltrexone, and our methods
should be accurate to within a pK, unit,”’~*"'*° so it is highly
probable that BU72 is protonated at the equivalent nitrogen.
All three BU72 structures depicted in Figure 9 are quite close
in conformation, and nearly identical to the crystal structure
with a RMSD range of 0.23—0.36 A. The main difference is
that in the crystal structure, the protonated nitrogen that
should be tetrahedral, is flattened out in the crystal structure,”
which may be because BU72 is covalently bound to MOR or
some other error in the crystallographic electron density
30
map.
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Analysis of Naltrexone Solution Structures. Naltrexone
was used instead of f-FNA because the methyl-fumaramide
group of f-FNA forms a covalent bond with the MOR, while
naltrexone is truncated with a ketone. #-FNA binds irreversibly
while naltrexone binds reversibly, so naltrexone is used as a
mimic of the f-FNA antagonist. Naltrexone is similar to BU72
but is slightly more flexible because it has more rotatable bonds
as shown in Figure 10. All structures are basically the same
with RMSDs with respect to the lowest energy structure
ranging from 0.63 to 1.00 A, with only small changes in
rotation about the OH and cyclopropyl groups. Boltzmann
calculations reveal that all structures should be populated at
physiological temperature and could easily change conforma-
tions. The AG® ranges from 0.38 kcal'mol ™" for structure 2 to
2.35 kcal-mol ™ for structure 7. We note that if structure 1 were
to bind to MOR, then the equilibrium of the solution
structures will shift, and the other conformers will shift to
structure 1.

Validation of the Glide Docking Program. First, we
verified that the Glide docking program can reproduce
experimental results. The Glide program has been used
successfully in a previous study'”’ to show how known
experimental antagonists bind to the kappa opioid receptor.
There was a positive correlation between the calculated
docking score and the experimental binding affinities as
evidence by a coefficient of determination of 0.92 out of a
possible 1.0. While Glide’s docking score is not intended to be
an accurate calculation of binding energies, the docking score
does correlate with experimental binding affinities, so the
docking scores are a reliable indicator of how strongly the
receptor and ligand interact. Figure 11 shows the predicted

W1358¢1

Experimental Fentanyl
(1) (from 8EFS)

Docked Experimental
Fentanyl

{ ' & hMOR (PDB ID: 8EF5)

Figure 11. Best Glide docking-score complex of experimental fentanyl
(pink, tube) rigidly docked to hMOR (green carbons, ball-and-stick
side chains) versus the experimentally determined fentanyl (cyan,
tube) (PDB ID: 8EF5)."" Binding site residues within 3 A of the
ligand are shown. Blue dashed lines indicate hydrogen bonds.

binding modes of docking the experimental fentanyl structure
to hMOR (PDB ID: 8EF5).'” The complex with the best
docking score is in good agreement with the experimental
poses. When the experimental fentanyl was docked rigidly,
with ligand atoms frozen, the best docking score of the pose
was —7.21 kcal-mol ™" with an RMSD of 0.59 A with respect to
the experimental ligand in the binding site. For comparison,
merely minimizing the experimental fentanyl in the receptor
produced a complex with a docking score of —6.96 kcal-mol™
and an RMSD of 0.35 A, which are comparable to the rigid
docking results. This shows that the best docking score pose
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produced by Glide is valid because the program reproduced
experimental results for fentanyl and hMOR.

Glide docking was further validated by dockin§ the
crystallized BU72 ligand to mMOR (PDB ID: SCIM)" with
the N-terminus removed. The N-terminus is absent in other
models of MOR (PDB ID: 8EFS and 4DKL), and since the N-
terminus is in the BU72 binding site, the N-terminus residues
interact with the bound ligand. Furthermore, there is
controversy regarding how the N-terminus interacts with the
BU72 ligand. Recently, Munro proposed that an oxygen atom
forms a bridge between the nitrogen atoms in the ligand and
the side-chain of His54,”” but the identity of this atom remains
unknown. This interaction cannot be reproduced by our
current docking methods. To standardize the binding site
across all three receptor models and remove bias from the
calculated docking score, the N-terminus was removed. The
best docking score of BU72 to mMOR was —7.01 kcal-mol™
(Figure 12) with an RMSD of 0.36 A compared to the

W133Ect

v Crystal BU72

( Docked Crystal BUT2
(from 5C1M)

& mMOR (PDB ID: 5C1M)

Figure 12. Best Glide docking-score complex of BU72 (purple, tube)
in mMOR (PDB ID: SCIM) without the N-terminus (orange, ball-
and-stick side chains) versus BU72 (black, tube) experimentally
crystallized with the complete mMOR (PDB ID: 5CIM).® Binding
site residues within 3 A of the ligand are shown. Blue dashed lines
indicate hydrogen bonds.

crystallized ligand. The RMSD and docking scores of these
complexes are comparable to that of fentanyl to h(MOR (—7.21
kcal'mol™ and 0.59 A, respectively), which further validates
the Glide docking program and shows that the N-terminus is
not necessary for accurately predicting the binding site of
BU72.

mMOR-Nanobody and hMOR-G; Docking Compar-
ison. As stated above, the experimental mMOR-nanobody and
hMOR-G; bound structures differ given the type of intra-
cellular protein that is bound to the intracellular end of the
receptor. Here, we determine if these small structural changes
have any impact on the binding of known agonists fentanyl and
BU72. Figure 13 shows the complex of rigidly docked
crystallized BU72 to experimental hMOR with the best-
docking score of —6.09 kcal-mol™". This docking score is less
favorable than the corresponding value of BU72 docked to
crystallized mMOR by only 1.03 kcal-mol™. However, the
Glide program did not produce any poses by docking
experimental fentanyl to crystallized mMOR without the N-
terminus. As mentioned above, the mMOR and hMOR
experimental structures are similar, but even small structural
differences impact ligand binding.
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Docked Crystal BUT2
(from 5C1M)

hMOR (PDB ID: 8EFS5)

Figure 13. Best Glide docking-score complex of BU72 (purple, tube)
to the hMOR (PDB ID: 8EFS)'° (green, ball-and-stick side chains).
Binding site residues within 3 A of the ligand are shown. Blue dashed
lines indicate hydrogen bonds.

Docking Predicted Fentanyl to hMOR (8EF5). The
lowest energy fentanyl structure in solution from the DLPNO-
CCSD(T) calculations does not resemble the experimental
fentanyl in complex with the hMOR. To determine if the low-
energy solution structure binds favorably to hMOR, nine
computationally predicted fentanyl structures were rigidly
docked to experimental hMOR, and the best docking scores
for each complex are shown in Table 1. The complex with the

Table 1. Comparison of Docking Scores of Experimental
Fentanyl and Quantum Mechanically Predicted Solution
Fentanyl Structures Docked to hMOR (PDB ID: S8EFS)

docking RMSD with respect to
docking score the experimental
protein ligand mode  (kcal-mol™) ligand (A)
8EFS  experimental rigid =721 0.00
fentanyl
8EFS  fentanyl 1 rigid -3.24 2.58
8EFS  fentanyl 2 rigid -3.33 1.56
8EFS  fentanyl 3 rigid —6.06 1.10
8EFS  fentanyl 4 rigid —4.66 2.59
8EFS  fentanyl 5 rigid —2.68 142
8EFS  fentanyl 6 rigid -7.18 0.52
8EFS  fentanyl 7 rigid —4.79 2.08
8EFS  fentanyl 8 rigid -5.39 2.06
8EFS  fentanyl 9 rigid =5.07 2.40

lowest-energy structure (Fentanyl 1 in Figure 8) had a score
that was substantially more unfavorable by 4 kcal'mol™' than
that of the complex with the docked experimental ligand. A
comparison of the two binding poses is shown in Figure 14A.
The two ligand conformations found two different binding
sites. Thus, the low-energy solution structure did not create a
favorable or low-docking score complex with hMOR.

The computationally predicted fentanyl structure that
produced the most favorable docking score was the sixth-
lowest energy fentanyl structure in Figure 8. A visual
comparison of this docked complex with the experimental
complex shows good agreement between the ligand positioning
in the binding site (Figure 14B) with an RMSD of 0.52 A.
Thus, the low-energy structures of fentanyl in solution do not
necessarily correspond to favorable docking score complexes.
Fentanyl has to undergo a conformational change to match the
most favorable binding pose.
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Figure 14. Experimental fentanyl (cyan, tube) versus best Glide
docking-score complexes of the (A) lowest-energy fentanyl structure
(gray, tube) and (B) sixth lowest-energy fentanyl (gray, tube) with
hMOR (green, ball and stick side chains) (PDB ID: 8EFS). Binding
site residues within 3 A of the ligand are shown. Blue dashed lines
indicate hydrogen bonds.

Docking Predicted BU72 to mMOR (PDB ID: 5C1M).
For comparison, BU72, a morphinan agonist, was also
quantum mechanically predicted and docked to mMOR for
comparison with the docking of the crystallized ligand. Fewer
conformations of BU72 than fentanyl were identified by
quantum mechanical methods as shown in Figure 9, which is
rationalized by the structure of the ligands. Fentanyl has several
rotatable bonds whereas BU72 has multiple joined rings, so
BU?72 is more rigid and has less conformational flexibility than
fentanyl. Unlike fentanyl, the low-energy solution structure of
BU72 had a favorable docking score with crystallized mMOR
(—6.49 kcal'mol ™) that is comparable to that of the docking of
the crystallized BU72 (—7.01 kcal'mol™") as shown in Table 2.
All of the BU72 complexes have RMSDs of 0.58 A or lower, so
all of the docked ligand conformations are similar.

Docking Predicted Naltrexone to mMOR (PDB ID:
4DKL). Quantum mechanical methods were used to predict
several low-energy structures of naltrexone, a morphinan
antagonist as seen in Figure 10. Naltrexone is a derivative of
the crystallized S-FNA with mMOR. Since B-FNA forms a
covalent bond with K233°* in mMOR, the Glide docking
program cannot successfully reproduce docking complexes that
agree with the experimental crystal structure (PDB ID:
4DKL’’) because the program cannot predict covalent bond
formation. However, given the conformational similarity of
naltrexone and B-FNA, it is anticipated that naltrexone would
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Table 2. Comparison of Docking Scores of Crystallized BU72 and Quantum Mechanically Predicted BU72 Structures from
Figure 9 Docked to mMOR (PDB ID: SC1M) without the N-Terminus

protein ligand docking mode
SCIM (no N-term) crystal BU72 rigid
SCIM (no N-term) BU72 1 rigid
SCIM (no N-term) BU72 2 rigid
SCIM (no N-term) BU72 3 rigid

docking score (kcal-mol™")

RMSD with respect to the crystallized ligand (A)

—7.01 0.00
—6.49 0.27
—6.47 0.58
—6.43 0.53

match the binding site of f-FNA. Table 3 shows the predicted
docking scores of seven naltrexone conformations from

Table 3. Comparison of Docking Scores of Quantum
Mechanically Predicted Naltrexone Structures Docked to
mMOR (PDB ID: 4DKL)

docking RMSD with respect to

docking score the crystallized ligand
protein ligand mode (kcal-mol™") (A)
4DKL  crystal rigid —8.49 0.00

naltrexone

4DKL  naltrexone 1 rigid =7.79 0.54
4DKL  naltrexone 2 rigid —6.26 0.86
4DKL  naltrexone 3 rigid -5.09 0.85
4DKL  naltrexone 4 rigid —4.16 0.53
4DKL  naltrexone 5 rigid =7.77 0.47
4DKL  naltrexone 6 rigid -5.81 0.89
4DKL  naltrexone 7 rigid —4.89 0.47

Figure 10 to crystallized mMOR. The naltrexone conformation
that was a modified version of the crystallized -FNA had the
most favorable docking score of —8.49 kcal-mol™". The lowest-
energy structure of naltrexone in solution had the most
second-most favorable docking score to mMOR (—7.79 kcal-
mol™'). However, the fifth-lowest energy structure of
naltrexone had a comparable docking score (—7.77 kcal-
mol™"), which is essentially an identical docking score given
the approximations used in Glide program calculations. This is
consistent with the trend observed in fentanyl in that the
higher energy ligand structures in solution can create favorable
complexes with the receptors. On the other hand, all of the
conformations in solution are structurally similar to the
derivative of the crystal structure with RMSDs ranging from
0.47 to 0.89 A with respect to the crystal-derived structure in
Figure 10. In addition, the Boltzmann populations indicate that
all structures are available in solution, so that 100% of
naltrexone low-energy structures in solution should bind to the
MOR.

As described above, it was hypothesized that naltrexone
would have a binding site in mMOR that is similar to that of -
FNA. Figure 15SA shows the predicted binding site of the
naltrexone structure derived from the crystallized f-FNA in
comparison to the #-FNA in mMOR. There is good agreement
between conserved portions of the ligands. Figure 15B,C show
the predicted binding sites of the lowest-energy naltrexone and
the fifth-lowest energy naltrexone in mMOR, respectively, in
comparison with the crystallized S-FNA. Both quantum-
mechanically predicted ligand conformations have docked
poses that match S-FNA as anticipated. The RMSDs of
Naltrexone 1 and S with respect to the J-FNA-derived
naltrexone are 0.54 and 0.47 A, respectively. Thus, the poses
with favorable docking scores agree with the -FNA poses.
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Figure 15. Crystallized f-FNA (brown, tube) versus best Glide
docking-score complexes of (A) naltrexone derived from crystallized
PB-FNA (blue, tube), (B) lowest-energy naltrexone (magenta, tube),
and (C) fifth lowest-energy naltrexone (magenta, tube) with mMOR
(yellow, ball and stick side chains) (PDB ID: 4DKL). Binding site
residues within 3 A of the ligand are shown. Blue dashed lines indicate

hydrogen bonds.

B CONCLUSIONS

Experimental receptor—ligand complexes determined by X-ray
crystallography and cryogenic electron microscopy provide a
great deal of structural and functional information. Despite the
recent increase in the number of crystallized GPCRs, the
experimental data on opioids binding to hMORs remain
limited. For example, at the time of writing this article, there is
only one experimentally determined structure of hMOR bound
to fentanyl. Our study uses quantum mechanical and docking
methods to demonstrate that there is structural diversity in
receptors and ligands and that there are multiple possible
receptor—ligand complexes. It is well-known that GPCRs, such
as MORs, can bind to a variety of intracellular proteins, so it
stands to reason that these different intracellular proteins
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stabilize different receptor conformations. Principal compo-
nent analysis shows that there are significant differences
between active and inactive structures and the G; versus
nanobody-bound structures, which agrees with Munro’s
reanalysis of the crystal structure of nanobody-bound
mMOR.* This calls into question the appropriateness of
using nanobody-bound MORs as models for the active
conformation. Small changes in the receptor structure impact
the binding site of the ligands, and therefore, the binding mode
of the ligands, so an accurate receptor structure is vital for
modeling and drug design.

We have completed a thorough conformational analysis to
determine the low energy structures of the agonists fentanyl
and BU72 and the antagonist naltrexone in solution. The
lowest energy fentanyl structure differs from the experimental
structure bound to the hMOR-G; complex, and pK,
calculations reveal that fentanyl is protonated in aqueous
solution. This ligand must undergo a conformational change to
obtain a higher energy state to bind favorably to the receptor.
On the other hand, the lowest-energy solution structures of the
morphinan agonist BU72 and the antagonist naltrexone do
closely resemble the crystal structures bound to the respective
mMORs. Our computational studies have determined the
respective energetic barriers that the ligand must overcome to
bind to the receptor. Docking results show that the most
favorable scoring complexes have higher energy ligand
conformations. However, docking results also demonstrate
that it is possible for ligand conformations that differ from the
experimental ligand pose to bind to the receptor. Here, we
determined the relative population of each ligand in aqueous
solution at 310.15 K and show that a variety of ligand poses
can bind to the receptor. The Boltzmann distribution shows
that nine varied fentanyl conformations but only three similar
BU72 and seven similar naltrexone conformations are
accessible at body temperature. The more flexible fentanyl
molecule docks with multiple poses, which may explain why
fentanyl induces multiple intracellular protein binding and
multiple signaling pathways, resulting in different physiological
effects including pain relief and adverse side effects. More
research on the conformations and binding modes of flexible
opioids should be pursued to further elucidate the structure—
activity relationship in hMOR.
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