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Abstract

In drug design and discovery, binding affinity and selectivity are two basic properties of a drug candidate. Opioid receptors (ORs) are
the main targets of strong analgesics. Like some other class A members of G-protein-coupled receptors (GPCRs), ORs exhibit complex
selectivity on their ligands. The diversity of binding activity and selectivity among opioids has deeply attracted researchers for a long
time. To investigate the subtype selectivity of 1, d and k ORs in detail, using the k-selective antagonist JDTic as a probe, we performed
a series of computational simulations, including molecular dynamics and metadynamics, on JDTic-u/6/k-OR complexes. From the
simulations, we found that the decisive factor of JDTic selectivity on the p-subtype was the 2.63 position, which affected the efficacy
of JDTic through changing the dynamics of the Q*° residue. In addition to the 2.63-position residue, the 7.35 position was the other
crucial aspect of JDTic selectivity for the d-subtype. Based on the results, we suggest a new concept, the “message-address-efficacy”
hypothesis, to explain the relationships among the affinity, selectivity and function between ORs and opioids. Thus, all the detailed
dynamics of JDTic-bound ORs might be helpful to deeply understand the subtype selectivity and binding mechanisms of other GPCRs.
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Introduction

G protein-coupled receptors (GPCRs) are the largest super-
family of drug targetsl. For their ligands, the selectivity may
be divided into two types, subtype® and functional selectivi-
ties®. The two types of selectivity are very common in GPCR
ligands. For instance, 5-serotonin receptors, dopamine recep-
tors and adrenergic receptors contain multiple subtypes, and
most ligands on each subtype show different affinity or activ-
ity. In signal transduction, different ligands exhibit various
subtype selectivity on G-protein-biased pathway or f-arrestin
pathway, and even the same ligand shows different functional
selectivity in different species or in different organs of the
same species!’l. In general, an antagonist only displays sub-
type selectivity, while an agonist exhibits both subtype and
functional selectivities.
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Members of class A subfamily of GPCRs® share a similar
ligand binding pocket, which is located in the upper half of the
receptor helix area near the extracellular loops'®. Comparing
these crystal structures, it is easy to find that the ligand bind-
ing sites of different receptors vary, leading to binding affinity
and selectivity issues. As two basic elements of drug discov-
ery, both affinity and selectivity should be considered for a
druggable candidate, further indicating that a more reasonable
mode of action is necessary for new ligands”.

The opioid receptors (ORs), members of the class A sub-
family of GPCRs!®, are the targets of analgesics. Researchers
began to pay attention to the affinity and selectivity of opiate
problems in 1970s and put forward the “message-address”
hypothesis®” to explain the interaction mechanism of opioids.
In the hypothesis, the “message” and “address” are two sub-
sites for the receptor to recognize peptide ligand. The message
component is involved in receptor recognition and related sig-
nal transduction, while the address could provide additional
binding affinity and receptor subtype selectivity. The endog-



enous opioid peptides are hence recognized according to the
message-address concept, in which a constant tetrapeptide
sequence (Tyr-Gly-Gly-Phe) is contained. The residue Tyr
constitutes the message component, and the sequence starting
with Phe comprises the address, whereas Gly-Gly functions
as a spacer. This hypothesis is identical with the well-known
structure-activity relationships of nonpeptide opioid ligands
that comprise one aromatic ring to presumably mimic the Tyr
residue. The “message-address” hypothesis has been used to
design many OR ligands, such as the first non-peptide 5-OR
antagonist Naltrindole (NTI)" and its corresponding deriva-
tives!" .

According to the critical groups of opioids, the functions of

(14161 were inferred, that were also vali-

[17]

some crucial residues
dated by site-directed mutagenesis experiments"”. Residues
D’ (Ballesteros/ Weinstein numbering"®) and H**, as well as
their surrounding areas, are basic residues of opioid recogni-
tion, and play "message" roles, while "address" residues are
responsible for subtype selectivity on the upper part of the
binding pocket and second extracellular loop (ECL2) area.
However, the selectivity mechanism of address residues is
intriguing, such as that for NTI™ 1,
tal structure, the crux of ligand efficacy is W** at the upper

Observed from the crys-

part of the binding pocket. However, the molecular superpo-

“I'and mutation results™! showed that the 7.35-position

sition!
is the critical factor for NTI subtype selectivity. Moreover,
the "message-address" hypothesis was not suitable for all
opioids®

vinorin A is a special type of ligand, and its mode of action is

. For instance, the x-subtype selective ligand Sal-

different from that of morphinan compounds.

Residue mutation experiments identified the selective site of
ligands 5-GNTI and 6'-GNTI at the 6.58 position”*! and NTI
at the 7.35 positionm’ 5l the chimera method™® demonstrated
that the ECL2 region is the crucial aspect for the subtype
selectivity of ligand U50488. These experimental methods are
efficient in the study of ligand selectivity, but consume many
reagents and raw materials, while the simulated mutation
study could save these resources.

Among the selective ligands of ORs, JDTic” and its ana-
logs[ZS, 29]
ure 1). It was difficult to explain their mechanisms of high

are a class of highly selective x-OR antagonists (Fig-

selectivity in the absence of OR crystal structures™. After the

12 and Granier et

crystal structures were determined, Wu et a
al™ tried explaining related selectivity mechanisms of opioid
ligands through molecular superposition and homology mod-
eling methods. They focused on the key roles of the 7.35- and
2.63-position residues on the selectivity of JDTic. However,
this was still static cognition and limits our understanding of
the selectivity mechanism.

There are many ligands that exhibit high selectivity for each
subtype of ORs. Elucidation of the related selective mecha-
nism would deepen our understanding of their interactions
and help to design new selective ligands. Moreover, the selec-
tivity mechanism of many reported compounds is not clear,
suggesting that much work should be performed on ligand
selectivity.
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Figure 1. Two-dimensional structures of the antagonists JDTic and JPPG6.
The key parts were labeled with a dotted circle.

Stevens et al resolved the crystal structure of the human
x-OR in complex with its selective antagonist JDTic®, and the
crystal structures of 1/5-OR were also reported recently! >,
These structures provide atomic structural information on
ORs"™ ™ and a new opportunity to study JDTic selectivity on
ORs from the dynamics level.

Here, we selected JDTic as a probe and performed unbiased
molecular dynamics (MD) and metadynamics (MT) simula-
tions to elucidate the ligand selectivity on x/6/x-OR subtypes
(Table 1). Combined with the simulated mutation method,
we found some key residues to subtype selectivity of JDTic.
Furthermore, to interpret the relationships among the affinity,
selectivity and function between opioid receptors and ligands,
we proposed the "message-address-efficacy" hypothesis
mainly based on the receptor interaction mechanisms. Thus,
our study provided a useful method and a new idea for the
subtype selectivity and binding mechanism of ORs.

Materials and methods

Protein preparation

The crystal structures of inactive u/6/x-OR were obtained
from the Protein Data Bank (PDB, entry codes: 4DKLP",
4N6HP? and 4DJH™), which were engineered proteins with
T4 lysozyme (T4L)™ or nano antibody. To perform MD simu-
lations on the wild-type receptor, T4L and other unnecessary
parts were removed from the crystal structures, and the loop
was reconstructed by adding the missing residues with the

Table 1. Systems prepared for the MD simulations.

System ID Protein POPC Na* Cr Water
A u-OR 104 52 66 11029
B 0-0R 101 52 68 11008
C k-OR 107 52 58 10975
D u-OR N2.63V 104 52 66 11030
E 0-OR K2.63V 101 52 68 11009
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loop refinement protocol in Discovery Studio 3.5, such as 5262
and T302-S303-H304-5305-T306 in x-OR. The generated 10
loop models were clustered as a dendrogram based on the
pairwise main-chain root-mean-square deviation (RMSD) of
the loop region™, and the one with the lowest RMSD value
was chosen for loop reconstruction. The Na*ion located at the
allosteric pocket position®” was exactly positioned according
to the crystal structure of NTI-complexed 6-OR (PDB entry
code: 4N6H).

The Protein Preparation Tool (ProPrep) module in the
Schrodinger 2012 suite software package was then used to
prepare the above integrated three-dimensional structures of
u/x/6-OR. Residues Asn, Gln, and His were checked for the
protonated state automatically in ProPrep. The PROPKA tool
in Maestro was utilized to add the hydrogen atoms into the
three structures at physiological pH with an optimized hydro-
gen bond network.

Preparation of ligand JDTic and related residues

The ligand JDTic in the crystal structure of x-OR was subjected
to ProPrep together with x-OR. Hydrogen atoms were added
through the PROPKA tool. The protonated state of nitrogen
atoms on JDTic was determined through the Epik module.
The pose of JDTic in the final complex was extracted and
employed as the starting point for subsequent simulations.

The Paramchem webserver™ (https:/ /cgenff.paramchem.
org/), a program coupled with the CHARMM force field,
was used to generate the force field parameters of JDTic. We
imported JDTic with a correct configuration into the web-
server and obtained the parameters of the compound through
a script.

In u/6-OR, the same JDTic structure was adopted as that
in k-OR. Due to the position collision with JDTic, the poses
of residues Q**
adjusted based on those in the crystal structure of x-OR (Fig-
ure 2).

According to the residue Val at the 2.63 position in the crys-

and Y’* located at the binding pocket were

tal structure of x-OR, related residues Asn and Lys at the 2.63
position in #/6-OR were mutated to Val using the Residue
Mutation module in DS3.5.

MD preparations

Five systems, JDTic-wild type u/0/x-OR and JDTic-mutated
1/6-OR complexes, were built for the simulations. A POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer
with the surface area of 75x75 A? on the X-Y plane was gen-
erated under the Charmm36 force field using the VMD pro-
gram (Version 1.9.1) (Table 1). For each system, our in-house
program was first used to embed the receptor into the POPC
bilayer pre-aligned in the OPM (Orientations of Proteins
in Membranes) database™ ", Thereafter, pre-equilibrated
POPC lipids coupled with TIP3P water molecules in a box
~ 75x75x100 A® were used to solvate the protein (Table 1).
Water molecules in the bilayer and lipid molecules within 0.85
A of the heavy atoms on the protein structure were removed.
51 Na" and 66/68/58 Cl ions were added into the JDTic-bound
1/6/x-OR systems to neutralize the systems with 0.15 mol/L
NaCl in the water phase. The protein was described using the
CHARMM36 force field with cmap correction.

MD simulations

All the simulations were carried on the high-performance clus-
ter of the State Key Laboratory of Bioreactor Engineering using
Gromacs V.4.6.5""and the CHARMMS36 parameters for all
compositions. In the first simulation step, a 10000-step energy
minimization was implemented with 1000.0 k] /mol/nm as the
force threshold for the systems. Next, a 100-ps initial equili-
bration was produced to gradually heat the systems from 0 K
to 310 K at a constant volume and temperature at 310 K (NVT).
The systems were subjected to an additional 1-ns equilibration
at constant pressure and temperature (NPT ensemble; 310 K, 1
atm) with three thermostats (stabilizing temperature indepen-
dently for the protein-ligand system, lipid POPCs and water-
ion system) at 2-ps time steps. The cut-off value for vdW and

o1

88.5°

C1

Figure 2. (A) Key interactive residues within 4 A of JDTic in the initial JDTic-OR complexes among MD simulations. (B) The initial angle and measured
atoms of JDTic in the crystal structure. The backbones of residues and JDTic were colored in green (u-OR), cyan (6-OR), orange (k-OR) and slate-blue

(JDTic).
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short-range electrostatic interactions was set at 12 A. The
Particle Mesh Ewald (PME) summation scheme was used to
compute long-range electrostatic interactions. Finally, the pro-
duction MD simulations of the five systems were performed
for 100 ns under NPT conditions using the Nose-Hoover ther-
mostat for temperature coupling and Parrinello-Rahman pres-
sure coupler methods. The integrator leap-frog algorithm was
employed, and the time step for MD simulation was 2 fs.

Metadynamics simulations
Theory: In an MT simulation, an additional history-dependent
biased potential V(S,t) was introduced into the system,

. o S(R)-S(R(¥))?

VG (S, t)=fo dt’ @ exp —ZHT (1)
where S represents the collective variables, ¢ represents time, ®
is the energy rate and o; controls the width of the Gaussian for
the ith collective variable. With the evolution of the system,
the wells in the FES (free energy surface) of the collective vari-
ables are filled up with the biased potential V; The underlying
free energy -F(s) is assumed to be estimated from the biased
potential once all the wells have been filled after a sufficiently
long time,

lim,_.., Vo(S,£)~=F(S) 2

The correctness of the relationship as shown in formula
2 was proven to be empirical by extensive tests under the
assumption that the stochastic dynamics in the collective vari-
able space is memoryless in the absence of the bias. Under the
assumption, the error in FES construction was proven to be:

(0]
EQ
V DD’ (3)

where D is the intrinsic system diffusion coefficient in the
collective variable space, x5 is the Boltzmann constant, and T is
the temperature of the system*.

In fact, a “well-tempered” and “smoothly converging” algo-
rithm was introduced by Barducci et al to improve the biased

potential®,

In the well-tempered MT, the deposition rate for
the biased potential is decreased by rescaling the Gaussian
height (W) over the simulation time:
Ve(S,1)
W=ortee AT C
where V(S,t) is the biased potential at the current position
and current time, AT is a temperature-like parameter, and 75 is
the deposit ion stride. The underlying free energy is a scaled
approximation to the V(S,t), with

F(s)=—£

With respect to the standard MT, the biased potential
decreases as 1/t when the simulation proceeds, allowing
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smooth converge to an approximation of F(s).

Simulation details: We carried out approximately 40 ns of
well-tempered MT simulations for the systems of JDTic-wild
1/0/x-OR complexes. The crystal structure of inactive JDTic-
bound x-OR was directly used as a system for MT simulation,
while the conformation of JDTic-wild u/6-OR complexes used
for MT analysis was the frame at the final 100 ns of the unbi-
ased MD simulation. For each system, the MT simulations
were carried out one time using plumed 2.02"***! implemented
in Gromacs 4.6.5. The RMSD evolutions of the heavy atoms in
each diffusing ligand were used as the first collective variable.
The second collective variables were selected based on the
binding experiments and our unbiased MD simulation. The
residue D*** was proven to be indispensable for JDTic bind-
ing®, and then the Z-component of the vector connecting the
protonated nitrogen of JDTic and two carboxyl oxygen atoms
of D**was thus selected as the second collective variable for
JDTic egress. For the MT simulations, the biasing potential
was added every 250 steps, with the width and height of the
Gaussian hills set to 0.05 and 0.3 k] /mol, respectively, and
AT=2700.

Analysis of MD simulations

RMSD and RMSF (root-mean-square fluctuation) calculations,
hydrogen bond and angle analyses, and distance evolutions
were produced by the program Gromacs. The interval time
of trajectory calculations, including RMSD, RMSF, angle, dis-
tance and principal component analysis, was 100 ps in these
100-ns simulations. RMSD values were calculated by compar-
ison with the initial simulation conformations. All the smooth
curves in Figures were fitting groups, which were identical to
the corresponding Angle/RMSD calculations in color.

Results

Initial binding pockets of three OR subtypes with the ligand JDTic
In p/6/x subtypes, the initial structure of ligand JDTic,
extracted from the crystal structure of JDTic-k-OR complex™,
was stabilized in a V-shaped conformation, and its stretch-
ing angle was 88.5° (Figure 2). Although the three subtypes
were all in the antagonistic state, residues within 4 A of JDTic
showed some structural differences among them (Figure 2A).
For instance, residues at positions 2.63 and 7.35 were different
from each other. In the p/6/x subtypes, residues at position
2.63 were Asn, Lys and Val, while those at position 7.35 were
Trp, Leu and Tyr, respectively. The orientation of some com-
mon residues, such as D** and Y*%, were similar in the p/5
subtypes but different in the x subtype. The differences might
have resulted from the diverse ligand chemotypes because the
original ligands in the crystal structures of the y/6 subtypes
belong to the family morphinans, which contain multiple rigid
rings. With JDTic binding to the three OR subtypes, we built
JDTic-wild type p/0/x-OR systems to be used for the unbiased
MD simulations.

Unbiased MD simulations on the three wild-type OR systems
In our MD simulations, the three complex systems reached
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equilibrium at approximately 30 ns as indicated by the pro-
tein RMSD values (Supplementary Figure S1A). Compared
with the §/x subtypes after stabilization, the j-OR subtype
exhibited higher RMSD values, varying between 2.7 and 3.5 A
with respect to its initial structure. The 6-OR subtype showed
the lowest RMSD changes, ranging from 2.0 to 2.7 A. All the
RMSDs could generally reflect the structural diversities among
these subtypes, and the protein flexibility of y-OR might be
larger than the other two subtypes.

The ligand in the x-OR system exhibited excellent stability,
and ligand RMSD essentially fluctuated only by 0.4 A, occa-
sionally up to approximately 0.8 A (Supplementary Figure
S1B). In the p/6 subtypes, the performance of the ligand was
much unstable, with RMSD values even up to 2 A. From the
sampling of the final 100-ns complexes (Figure 3), we could
see that the V-shaped conformation of the ligand was largely
distorted in both the y# and 6 subtypes. Comparing JDTic
reverse trends and key residues within 4 A of the ligand in
these complexes, we could find that residue Q** in the p/§
subtypes adopted different orientations from that in the x sub-
type. Because the Q*®
subtypes, we speculated that this conformational variety was

residue is common among the three

more likely to be caused by residues Asn and Lys at the 2.63
positions, which were particularly close to Q**. To verify the
abovementioned conjecture, we mutated 2.63-position resi-
dues to Val in the /6 subtypes according to the x subtype, and
then constructed JDTic-bound-mutated y/6-OR systems for
additional MD simulations.

Interaction modes of JDTic with the 2.63-position-mutated
U/ o-subtype
The average RMSD values of the receptors and ligands were
lower in the mutant systems than in the corresponding wild-
type ones (Figure 4A and 4B). The average RMSD value of
the y-mutant showed a great decrease, varying from an aver-
age of approximately 3.3 A to 2.8 A, while the RMSD change
of the 6-mutant was not notable. Compared with the recep-
tor change, the RMSD values of JDTic in the mutant systems
decreased significantly. The average RMSD of JDTic in the
p-mutant was reduced to 0.45 A from 1.6 A, while that in the
5-subtype decreased from 1 A to 0.5 A, both of which were
close to JDTic in the x-subtype, especially that in the y-mutant.
The number of hydrogen bonds (HBs) between JDTic

6-OR,

and D** in the mutant increased from 2 in the wild type to
3, accounting for 59.3% of the simulations, close to 63.1%
in the x-subtype (Table 2).
the 6-mutant was relatively poor, and the hydrogen bonds
changed from 3 to 2. From the samples at 100 ns (Figure 3,
4C and 4D) and the initial structure of x-subtype (Figure 2),
we could see that the 7.35-position residues of the y-mutant
and x-subtype formed HBs with the carbonyl group on JDTic
through water molecules, and the carbonyl group maintained
a certain orientation. However, we did not find similar resi-
dues in this position of the 6-mutant or around to keep the car-
bonyl group under the same orientation (Figure 4D), and then
the isoquinoline ring in the 6-mutant occurred in some tilt and
away from D*®. Therefore, in the case of JDTic remaining at

However, the performance of

a similar bending angle, it was very difficult for the ligand to
form 3 hydrogen bonds with D**.

The bending angle of JDTic also attracted our attention.
The stability of the ligand in the two mutants was better
than that in the wild type, with an average angle of approxi-
mately 92°, which was close to that of the x-subtype, approxi-
mately 88.5° (Figure 5A). However, the average angle of the
p-mutant, accounting for approximately 43%, close to that of
the x-subtype, 50%, was significantly higher than that of the
d-mutant, 25%. It was found that the Q** residue was not sta-
ble in the §-mutant (Figure 5B and Supplementary Table S1),
especially at 10-65 ns. From the sampling of the two mutant

2% residue in the

systems at 100 ns and conformation of the Q
k-subtype, the residue was located at the position close to
TM7. However, there was no suitable residue to form a stable

water environment and then make the Q**

residue less steady
in the 6-mutant, which should be the main factor leading to

the large change in the ligand bending angle.

Unbinding pathways of JDTic in the three wild-type OR subtypes
To further understand the interaction diversities between
JDTic and the three subtypes, we performed well-tempered

metadynamics analysis on ligand dissociation channels of the
k-subtype crystal structure and u/0-wild type at 100 ns among
unbiased MD simulations.

In our MT simulations, JDTic left the antagonist binding
pocket in the three OR subtypes and explored the binding
pathways to exit the receptors through a series of conforma-
tional changes.

Figure 3. Key interactions within 4 A of JDTic in JDTic-OR complexes at final 100 ns. The backbones of residues and JDTic were colored in the same

way as mentioned in Figure 2.
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Table 2. Hydrogen bond analyses of D>*? with JDTic in five OR systems during the whole simulations. All data were produced using the program

Gromacs 4.6.5.

Number of hydrogen bonds

D*3*2 (occupancy %)

U-OR system 0-OR system K-OR system u-OR N2.63V 0-OR K2.63V
1 8.2 8.4 3.4 55 11.9
2 68.3 38.0 33.5 35.0 711
3 23.3 52.7 63.1 59.3 16.9
4 -7 0.7 - - -

?: the symbol “~” represents no related hydrogen bond interaction.

Representative conformations (Figure 6) obtained from
the dissociation of each system showed that JDTic adopted
different unbinding pathways in the three subtypes. In the
u-subtype, JDTic left the receptor from the TM2 region near the
TM1 position. In the §-subtype, JDTic realized the dissociation
from the area between TM5 and TM6. In the x-subtype, JDTic
left the receptor from the TM7 region near the TM1 direction.
In each unbinding pathway of the u/9/k-subtype, the gating
residue varied, namely, Y>*, W and Y”*, respectively. The
6.58 and 7.35 positions were “address” sites of ORs. Although
Y**is common for the three subtypes, the adjacent residue at
position 2.63 was different and had a significant impact on the
selectivity of JDTic as discussed above. Therefore, the differ-
ences in the gating residues could also reflect the ligand selec-
tivity varieties of ORs.

Discussion
In this study, we performed a series of MD simulations around
the selectivity of JDTic on the three OR subtypes. The simula-
tions showed that the 2.63 position was the key factor of the
selective ligand JDTic on the y-subtype. For the 6-subtype, the
7.35 position was the other crucial aspect of the JDTic subtype
selectivity in addition to the 2.63-position residue. Binding
affinity assays! displayed that the binding affinity ratio of
JDTic was 339 for the subtype x/u and 4935 for the subtype /0.
From these affinities, we could see the influence factors for the
0-subtype activity of JDTic were more complex than that in the
u-subtype. In addition, those JDTic analogs™ *? generally had
high selectivity on the u/5-subtype, in particular 6-OR, and our
results could also reveal this phenomenon well.

From the existing structural modification on JDTic ana-
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logs, we could find that the amino group of the isoquinoline
ring was the key aspect for the activity of these analogs. For
instance, the binding affinity of compound JPP-6 (Figure
1B) was decreased to 1/10 of JDTic due to the absence of
the amino group™, which could be explained by the crystal
structure, because the nitrogen atom was involved in hydro-
gen bonding with the D** residue. At the same time, the
loss of the nitrogen atom would increase the selectivity of
the JPP-6 compound on the u/6§-subtype, which should be
closely related to the residues at the 2.63 and 7.35 positions of
ORs and the stability of JPP-6. The deletion of the nitrogen
atoms damaged the rigid structure of the isoquinoline ring,
thus increasing the flexibility of JPP-6. The affinity varieties of
other JDTic analogs might be related to the mode of action and
other residues at different positions™.

Site-directed mutagenesis experiments® demonstrated that
D** was the critical residue for the binding affinity of JDTic
on the x-subtype, while the 2.63 position basically did not
form direct interaction with the x-subtype. Mapped to the
1/ o-subtype, the 2.63-position residue became the vital factor
influencing the JDTic binding affinity for the two subtypes.
This mode of action was similar to that of the 6-OR-selective
ligand NTI. All the results also reflected the diversity between
the activity and selectivity mechanism to a certain extent.

Observed from the unbinding pathway of JDTic, the 2.63-
and 7.35-position residues were located in the gating area, and
participated in ligand recognition and dissociation activities.

in all unbiased JDTic-wild type/mutated OR systems.

Therefore, it was supposed that “address” residues were not
only closely related to the static interaction of ligands but also
directly involved in the binding and dissociation process.

The importance of the 7.35- and 2.63-position residues
for the selectivity of JDTic was the focus of work by Wu et
al®™ and Granier et al"”, but they were consented only with
the static perspective through molecular superposition and
homology modeling. We started using the molecular dynam-
ics method and carefully investigated the selectivity mecha-
nism of JDTic for the three OR subtypes. In addition to the
significance of the 2.63-position residues on JDTic selectivity,
we also observed whether the efficacy of JDTic was affected
by the dynamics of Q**, which was driven by the 2.63-posi-
tion residue. These observations not only deepened our
understanding of the selective mechanism of JDTic regarding
three OR subtypes but also had some reference values for the
mechanism elucidation of other selective opioids. At the same
time, this virtual mutation method could save on experimental
reagents and materials.

Here, we incidentally summarized the critical sites for OR
subtype selectivity, including the 2.63 position (JDTic), ECL2
(U504882), the 6.58 position (GNTIs®?!) and the 7.35 posi-
tion (NTI®" *! and JDTic). These sites were indeed located at
the upper part of the binding pocket; therefore, these positions
were closely related to ligand identification and dissociation.
This suggests that the interaction between a ligand and a tar-
get might be determined by the time of their encounter. Fur-

Figure 6. Alignment of representative poses and gating residues in JDTic-u-OR (A)/0-OR (B)/k-OR (C) complexes for the trajectory analysis of JDTic

unbinding.
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thermore, the G-protein-biased agonist PZM21"", discovered
in 2016, showed good selectivity on the three OR subtypes.
The selectivity site was supposed to be at the 2.63 position
from the docking mode, while the PZM21 ligand exhibited an
excellent activation efficacy on the u-subtype.

In opioid receptors, the mutation of some key residues could
lead to a significant decline in ligand activity; these residues
include D** (JDTic™), E*** and 1°® (5-GNTI and Nor-BNI®"),
WO (NTI*"*)), and so on; in the other side, some mutated res-
idues contributed to ligand functional changes. For instance,
mutations of D**, N’* and N’* residues could reverse NTI
from an antagonist to a f-arrestin protein-biased agonist®®.
The role of these two typical residues cannot be explained

by the “message-address” concept™.

Therefore, we sug-
gest a new concept, namely, the “message-address-efficacy”
hypothesis, to more appropriately interpret the relationships
among the affinity, selectivity and function between ORs and
opioids. In the new hypothesis, the “efficacy” site in a recep-
tor is closely related to opioid activity and function similarly
to the abovementioned residues, and these sites are both in
consistency and diversity with those functioning with “mes-
sage” and “address”. Taking the binding process of JDTic*"}
as an example, the D*¥ residue plays the “message” role and
acts as an “efficacy” site; additionally, in the 5'-GNTI™ bind-
ing activity, the E** residue is the critical “address” site, but
the “efficacy” function is completed through the cooperation
of E**® and I** residues. In addition, the abovementioned
residues®™, closely correlated with the functional selectivity of
ORs, should also be regarded as “efficacy” residues.

The concept of “message-address-efficacy” can not only
promote our comprehensive understanding of residue func-
tions on ORs but also update our recognition of the “message-
address” concept proposed based on traditional opiates®',
such as the indolyl group of NTI functioning both as “address”

2153 Taking JDTic™ as an example

and “efficacy” sites!
again, three nitrogen atoms and areas around are the “efficacy”
sites, while the hydroxyphenol position acts an “address” role.
Considering the crucial interaction information of the opioid
receptor, the thought of “message-address-efficacy” would be
more suitable to be applied to obtain highly active and selec-
tive ligands. The idea can be used to design new correspond-
ing ligands and modify existing opioids.

Currently, it was difficult to quantitatively identify the spe-
cific effect intensity of the 2.63 and 7.35 positions on three OR
subtypes. We thought the related difference values would be
further computed through combining free energy calculation
methods. Certainly, it is necessary to build more systems to
study the dissociation of ligands.

Conclusions

In this work, we studied the JDTic-induced subtype selectivity
of u/0/x-ORs through a series of computational simulations,
including molecular dynamics and metadynamics methods.
To clarify the related subtype selectivity mechanism in detail,
we combined the simulated mutation method with our simu-
lations.
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Subtype selectivity mechanism of JDTic. We found the 2.63
position was the decisive factor of JDTic selectivity for the
u-subtype. However, for the 6-subtype, the 7.35 position was
the other crucial aspect of JDTic subtype selectivity in addition
to the 2.63-position. The two positions affected the efficacy of
JDTic both through changing the dynamics of the Q** residue.
The 2.63- and 7.35-position residues are located in the gating
area and participate in ligand recognition and dissociation
activities among the unbinding process of JDTic.

“Message-address-efficacy” hypothesis. Based on the existing
critical interaction mechanism, we proposed the “message-
address-efficacy” hypothesis to interpret the relationships
among the affinity, selectivity and function between ORs and
opioids. Considering the receptor interaction mechanism,
the above hypothesis is thought to be more suitable than the
“message-address” concept in understanding the functions of
opioids and their receptors.

Thus, our studies provide the detailed dynamics mechanism
of OR-subtype selectivity, and the “message-address-efficacy”
hypothesis might be helpful for deep understanding of the
action of ORs and the new ligand design.
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