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Abstract

The G protein-coupled receptor (GPCR) p-opioid receptor (uOR) is one of several
drug targets of commercially available therapeutics for pain. Various opioid drugs like
morphines have been associated to numerous substance abuse-related deaths around
the world. A better alternative to avoid this undesirable side effect is by targeting al-
losteric sites. In addition, understanding the underlying mechanism of allosteric ligands
in gOR is highly sought for better drug optimizations. Using molecular dynamics, the
allosteric behavior of the pOR and G protein complex in the presence of agonist ligand
BU72 and potential positive allosteric modulator (PAM) BMS-986121 was probed by
observing residue-residue contacts formation and breakage. It was found that G pro-

tein residues D959, L349, and K963 participate in the interprotein contact formation



between pOR and G protein. Moreover, orthosteric binding site residues D83, Y84,
and H233 polar interactions were verified to be critical not only on the agonist ligand
binding, but also in the allosteric communication of the protein complex. Also, the
overall decrease on the number of contacts was observed after mutations, which can
trigger the opening of the orthosteric binding site. Rationalization of allosteric mod-
ulation in p-opioid receptor-G protein complex may improve drug discovery schemes

and strategies for allosteric drugs including other targets in the GPCR protein families.
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1 Introduction

The G protein-coupled receptors (GPCR) signal transduction is intrinsically allosteric in
nature.(7) Allosterism is defined as a process in which the effect of ligand binding is transmit-
ted to distal and functional sites and to the regulation of protein’s physiological activity.(2)
Here, the binding of external signals, such as ions, hormones, neurotransmitters, and ligands
to GPCRs transmits a communication to another spatially distant protein (e.g. G proteins
and f-arrestin). The participation of these GPCRs in numerous physiological functions high-
lights their vital role as a drug target for almost 30% of commercial drugs.(8) In addition,
several drug discovery schemes have focused on the allosteric modulations of GPCR because
of its higher selectivity, potency, and safety.(1, 4—6)

The p-opioid receptor (1OR) is a class A G protein-coupled receptor (GPCR) that is a
target of therapeutic opioid drugs for acute and chronic pains.(5, 7) The function of opioid
receptors includes regulation of membrane ionic homeostasis, emotional response, respiratory

and cardiovascular control, etc.(8) Studies have shown that £OR is also responsible for the



drug addiction behaviors which are believed to be an agonist-driven process.(9) Moreover,
targeting nOR with drugs that can induce analgesia via signaling through G protein G;
pathway is highly sought.(70) This is in contrast with S-arrestin signaling pathway that is
known to be connected with lethal side effects (e.g. respiratory depression, addiction, and
tolerance).(11-13)

The binding of ligands to pOR causes structural changes from the helices to the loops
in the cell membrane, eliciting an intracellular response.(14) The canonical active state of
1OR is obtained after the binding of agonist to the orthosteric binding site resulting in
the rearrangement of transmembrane (TM) helices TM5, TM6, and TM7.(15, 16) Follow-
ing the rearrangement is the binding of G proteins to the activated pOR.(17-19) On the
other hand, Protein Data Bank (PDB) has records of various activated- and inactivated-pOR
structures.(15, 20) Despite of their complexities, recent developments in molecular engineer-
ing, X-ray crystallography, and cryo-electron microscopy have allowed the full elucidation of
#OR-G protein complex.(16) This recently-resolved structure of pOR-G protein complex by
Koehl et al. is an important breakthrough for the structural and dynamics basis of GPCR-G
protein signaling.(16)

For years, combinations of modeling and pharmacological techniques allowed the discov-
ery of the novel inhibitors.(21, 22) However, both experimental and modeling studies on
1OR are limited to the spatial and temporal resolutions of the methods employed. Molecu-
lar dynamics (MD) simulations can represent all-atom model of a protein in high resolutions
while different perturbations can be easily manipulated.(23) Computer simulations showed
that the motions leading to the allosteric network are loosely coupled and connect small
changes at the extracellular orthosteric sites and at the intracellular G protein binding site.
(24, 25) Since the pOR-G protein complex was recently resolved, it is expected to have
an increase in various modeling studies that will utilize the structure. In addition, the
MD simulations of individual mutants are valuable in the understanding of the internal dy-

namic changes in the protein.(26) Although long microsecond simulations are achievable



with supercomputers, such level is still beyond reach, especially with membrane proteins,
like GPCR. Furthermore, our motivation to analyze short all-atom 30-ns MD simulations
is to set-up basis on the systematic monitoring of mutational phenotypic effects in u-OR
allosteric dynamics. Moreover, the early signaling effects are important trigger for the acti-
vation process especially in GPCR. To the best of our knowledge, our work presents the first
repeat to investigate the allosteric modulation in both ©OR and G protein complex.(21)
Here, we seek to identify the structural and dynamics effect of a potential positive al-
losteric modulator, BMS-986121, to the p-opioid receptor-G protein complex with BU72
and measure the effect of orthosteric binding site residues to the overall dynamics of the
complex by employing glycine-mutation scanning. MD simulations were done to generate a
set of conformations of the tOR-G protein complex. To probe the allosteric nature of the
1OR, “Computation of Allosteric Mechanism by Evaluating Residue-Residue Associations”
(CAMERRA) tool was used to analyze the dynamics of the residue-residue contact forma-
tion and breakage. Also, different glycine mutants of pOR were generated to determine the
nature of the interaction between the agonist and the orthosteric binding site and their effect
to the coupling dynamics. The structural dynamics and the basis for allosteric modulation

in 4OR with PAM may be elucidated here.

2 Results and Discussion

The identification of structural and dynamics bases of allosteric regulation is crucial for the
rational design of potential pain therapeutics. Here, we applied the analysis of correlated
residue-residue contacts breaking and forming in structures obtained from 30-ns all-atom
MD simulations of the whole ptOR-G protein complex in an explicit aqueous POPC lipid
bilayer. The CAMERRA method was proven to be useful in mapping allostery in membrane

protein. It also revealed critical residues in accordance with the resolved u-OR structures.



2.1 Molecular docking

Probable allosteric binding sites for the pOR were determined using molecular docking in
AutoDock Vina (Figure 1).(27) Binding pockets for agonist ligand BU72 and allosteric ligand
BMS-986121 are illustrated. These were based on the most favorable binding pose and sites
for each ligand (i.e. lowest binding energy).

As starting point for MD simulations, the highest binding affinity of ligand pose was cho-
sen. To verify, an ensemble blind docking for the whole ©OR was performed. MD-derived
structures from the 30-ns u-OR-BU72 simulations were used. The three most populated
clusters show similar amino acid residues for BMS-986121 binding site (SI Figure 1). Fur-
thermore, the average binding energy calculated was -7.5 & -0.55 kcal-mol™'. BU72 and
BMS-986121 ligands” RMSD were reported (SI Figure 2) to be stable in their sites. Overall,
the binding pose for the ligand was characterized with RMSD values < 2.5 A relative to the
first frame (i.e. docking pose).

Buprenorphine BU72, a synthetic bridged-pyrrolidinomorphinan, is an agonist of pOR.(15,
28, 28) It was found to be a very potent respiratory depressing drug to nonhuman primates. (28,
29) The reported crystal structure of BU72-bound pOR is observed to have the same binding
pose as the antagonist S-funaltrexamine (8-FNA) in pOR.(15, 20) In addition, morphinan
scaffold is responsible for the similar binding orientation of the two drugs.

We used the potential positive allosteric modulator (PAM) BMS-986121 as a target
ligand.(50, 31) This PAM is a thiazol-2-amine analogue [(4-{2-[(2,6-dichlorophenyl)aminol-
1,3-thiazol-4-yl}phenyl) (hydroxy )imino]-Al-oxidanyl that increases the potency of [D-Ala?,
N-MePhe?, Gly-ol]-enkephalin (DAMGO) when bound to OR. The increase in cooperativ-
ity factor («) by 7 is an indication of a positive allostery.(31, 32) Also, this was linked to
the G protein activation in [**S|GTP~S-binding studies in membranes.

Unlike the agonist ligand, structural data for the allosteric binding sites of pOR are yet
to be resolved. In the advent of the success of molecular docking algorithms in predicting

binding site, this method can provide information on probable allosteric ligand’s pose and



binding pockets. We applied ensemble blind docking and use the lowest binding energy pose
(i.e. most stable) in the MD simulations. Blind docking is a method in which the binding
site is not assumed, in contrast to resolved binding site structures.(33) We verified the re-
producibility of the BMS-986121 binding pose. The stabilizing force of BMS-986121 binding
is characterized by hydrophobic interactions. On the other hand, the binding site for the
agonist ligand BU72 was verified and confirmed to be in agreement with the available crys-
tal and cryo-electron microscopy-resolved structures.(15, 16, 20) Close interacting residues
in the agonist BU72 ligand binding pocket were also determined and used as the basis for

single-point glycine mutation scanning.

2.2 Residue-residue contacts analysis

The starting structure of subsequent MD simulations was based on the orientation of the
#OR in POPC lipid bilayer (Figure 2). After obtaining the binding pose of each ligand in
the pOR, individual MD simulations of complexes were performed. Trajectories were used to
extract contact information from each protein-ligand complex. Here, the CAMERRA code
was used to calculate and identify dynamic residue-residue contacts.(34) After diagonaliza-
tion, principal components (PC) were obtained. PC corresponds to the vibrational mode of
contacts formation (positive) and breaking (negative).(35) The workflow for the CAMERRA
method is presented in Figure 3 as adapted from the work of Johnson, et al.(34) Contacts’
normalized eigenvector is represented by colors blue and red, with blue representing a positive
correlation and red a negative correlation (Figure 4).

The sum of ligand’s PC 1 is presented in Figure 5. Same signs (both positive or both
negative) of PC indicate that they are cooperatively engaging while opposite signs indicate
negative cooperativity.(34, 36) The positive allosteric modulator showed positive correla-
tions, i.e. cooperative binding, with the agonist BU72 with respect to PC 1. This can
explain how allosteric ligands affect BU72 binding more favorable. Also, this can be visual-

ized by using the obtained PC values and projecting them to the pOR structure.



In Figure 5, it can be seen that the interface between the fOR and a1-G protein shows
significant contact dynamics. For instance, the a1-G protein shows the most evident effect
of allosteric ligand binding. It is known that a1-G protein tends to dissociate after GPCR
activation.(37, 38) The observed PAM-protein complex contacts (Figure 6) have positive
eigenvector between residue G348 (al-G protein)-D959 (OR), and negative eigenvector
between residues L349 (al-G protein)-K963(1OR). In turn, this can lead to the complete
rearrangement of the domains within G protein that can also trigger dissociation of the §1-
and ~y1-subunits.

The projection of PC 1 and PC 2 on the whole PAM-1OR-G protein complex were also
done in Figures 7 and 8, respectively. The residue-residue contacts PC is represented by
colors blue and red, as well. It can be inferred that although ligands are found in the ©OR,
majority of the contacts being formed and broken are in G proteins. We found that residues
D959, 1349, and K963, in Figure 6, contribute to the contact formation of yOR and al G
protein with PAM BMS-986121 complex. This supports the idea that the concerted motions
of amino acid residues can give way to the transmission of signal to the other parts of protein

complex.

2.3 Orthosteric binding site probing

We also examined the effects of single-point mutations in orthosteric binding site to the
overall dynamics of the complex. Based from agonist binding site in the resolved cryo-EM
structure, 17 pOR glycine mutants were also parameterized, simulated, and analyzed.(16)
In Figure 9, average contacts per residue versus Js; of each mutant is presented. J5 is
defined as the number of contacts that formed >50% in the whole sampled configuration.
The purpose for using J5q is to assess the number of dynamic contacts. In contrast, contacts
that are formed >80% and <20% of the total time represent static contacts that are always
present and always absent, respectively.

It was observed that when the contacts per residue increase the average number of con-



tacts of the whole protein also increase. Interestingly, when the side chain was removed in
the orthosteric binding sites, the number of contacts was found to decrease, except in V79G.
A decrease in the number of contacts implies a less compact protein complex structure,
triggering the opening of the orthosteric binding site.

Computational glycine scanning was used in this study. Here, amino acid residues at
the agonist binding site was replaced with a glycine residue to identify the effect in the
allosteric communication in gOR. In contrast with alanine scanning, glycine scanning can
repress the direct protein-ligand interactions and will therefore perturb residue-ligand level
contacts.(35) Also, nonpolar aliphatic residues (e.g. valine and leucine) may have less to
no effect when substituted with alanine instead of glycine (i.e. conservative replacement).
Lastly, the removal of secondary architecture (specifically a-helices) by adding glycine can
reduce the effect of ligand binding due to this protein’s feature.

The overall configuration of each mutant is summarized in Figure 10. Mutant’s PC
points are colored according to their PC 2 values, positive (blue) and negative (red). Here,
we can compare if the mutations are critical to the residue-residue contacts and/or allosteric
behavior of yOR as previously done.(35) In summary, PC 1 values range from -10 to 10
for all the mutants. Some mutants were observed to have similar positive PC 2 values to
the Native (Table 1). These include W69G, V79G, 180G, T154G, V172G, 1232G, V236G,
W254G, and Y262G. Differences with the Native fOR lie on the PC 2 values of mutants
F59G, Q60G, D83G, Y84G, M87G, L155G, H233G, and 1258G. We believe that this is the
first attempt to analyze the importance of the orthosteric binding site in the context of its
role to the allosteric regulations of pOR.

Moreover, our results showed agreement with experimental data of pOR structures and
dynamics. For instance, in the reported crystal structure of BU72-bound pOR (PDB ID
5C1M), several residues participated in the polar interactions of the agonist (Table 2). D83
has an ionic interaction with the BU72 tertiary amine.(15) Y84 was involved in the extended

water-mediated interactions in the active state. Y262 phenolic hydroxyl group interacts with



the BU72 tertiary amine.(15) While, H233 is mediated with water when interacting with
BU72.(15) After the mutation, we have seen that the PC 2 values of these residues had
shifted negatively, except in Y262G. Other non-polar interactions are summarized in Table
3.

Our work describes the existence of a network of adjacent residues that connects the
orthosteric site with the cytoplasmic surface. We determined that after agonist ligand ac-
tivation of pOR and allosteric ligand binding, subtle movements in the structure amplify
larger conformational change to the cytoplasmic region and to the G proteins.(39) More-
over, it is known that the active conformation of GPCR (e.g. uOR) is suggested to be trig-
gered by a two-way allosteric coupling from agonist binding pocket and G protein-coupling
interface.(40) Here, the agonist binding to GPCR does not only promote binding of G pro-
tein to the receptor, but the affinity of agonist is also improved after G protein binding.(59)
This suggests the bidirectionality of protein allostery.(41)

Furthermore, allosteric drugs can change receptors’ conformations via two (2) different
processes: (1) modulate signal directly; or (2) change the affinity and/or efficacy of orthos-
teric ligand. In this study, we found that a potential PAM shows subtle changes on the
affinity of agonist BU72. Recent work on GPCR simulations showed that allosteric commu-
nication is also responsible for transitions of inactive, intermediate, and active states.(42, 43)
However, our simulations focus only on the signaling features at the residue level. Here, they
can be affected by the allosteric ligand binding and the intracellular G protein coupling.
The binding of potential PAM BMS-986121 can therefore prevent pOR down-regulation and
other mechanisms (e.g. G protein signaling) triggered by receptor activation produced by
agonist BU72 alone. This allosteric ligand, in turn, could lead to less tolerance and depen-
dence than the regulated opioid drugs.(31) Spectroscopic studies (e.g. NMR, DEER, and
fluorescence spectroscopies) of G protein-binding to the pOR intracellular face can provide
additional evidence of the effects of allosteric ligand binding.

To conclude, we presented the application and the analysis of correlated residue-residue



contacts in the yOR that can reveal important insights on the protein complex allosteric
communication. Although limited, the perturbation scheme provided aims to generate a
set of diverse structures and not necessarily a fully equilibrated ensembles. Moreover, the
computational workflow applied in this study can be further improved by considering other
GPCR complexities (i.e. water-mediated interactions, allosteric sodium and potassium ions
probing, f-arrestin binding, and active-to-inactive state simulations). Our schemes and anal-
ysis can provide basis on the systematic monitoring of mutational effects in pOR allosteric

communication.

3 Methods

3.1 Systems

The cryo-electron microscope-resolved structure of p-opioid receptor-G protein complex was
retrieved from RCSB Protein Data Bank (PDB ID 6DDE).(16) Seventeen (17) glycine mu-
tants of pOR, directed at the orthosteric binding site, were generated: F59G, Q60G, W69G,
V719G, I80G, D83G, Y84G, M87G, T154G, L155G, V172G, 1232G, H233G, V236G, W254G,
1258G, Y262G.

3.2 Molecular dynamics simulations

All-atom MD simulations were performed using NAMD 2.11.(44 ) Initially, the zOR was em-
bedded to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using OPM and CHARMM-
GUI web servers.(45, 46) The AMBER Tools tleap was used for the parameterization of the
systems.(47) The force fields ff14SB(48), TIP3P(49), Lipid14(50), and GAFF(51) for pro-
tein, water, lipids, and organic molecules, respectively, were used. Parameters for ligands,
BU72 and BMS-986121, were generated using antechamber.(52) AMBER’s tleap module
was used to prepare all glycine mutants.(47) For all the systems, minimization, heating, and

equilibration were done. Minimization was done for 2 ns (10* NPT steps) at 310 K and
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1.01325 bar (1.00 atm) to remove bad contacts. Minimization was done for 10,000 steps
followed by heating from 0 to 310 K with 5 K increment per step. Particle mesh Ewald with
periodic boundary conditions was used for the calculation of electrostatic interactions(53)
and Langevin dynamics was applied for temperature control at 310 K.(54) All systems
were subjected in 4 x 250,000 steps sequential equilibration using NPT ensemble (310 K, 1
atm).(55, 56) The total equilibration time for each system was 2 ns. These were followed by
a 30-ns NPT production runs at constant room temperature and pressure (310 K and 1 atm).
Dataframes were collected at 2 fs interval for the whole 30 ns production run. Trajectories

obtained during the production runs were checked using the protein’s backbone and ligands’

RMSD (SI Figure 2).

3.3 Molecular Docking

An ensemble blind docking was employed using AutoDock VINA.(27) Initially, u-OR - G
protein complex with bound BU72 was simulated. An ensemble of structures from the 30-ns
all-atom MD simulations was obtained using DBSCAN (density-based) clustering algorithm
in AMBER tools cpptraj.(57) We used a search space size 60 x 50 x 80 A centered in the
1OR. A search exhaustiveness equals to 50 was used. Then, the lowest binding affinity ligand

pose was used for the subsequent MD simulations of PAM-pOR-G protein complexes.

3.4 CAMERRA

Simulation snapshots were obtained from the trajectories generated from MD simulations.
These snapshots were used in the “Computation of Allosteric Mechanism by Evaluating
Residue-Residue Associations ” (CAMERRA). CAMERRA tool was downloaded from

http://shenlab.utk.edu/camerra.html.(34) Here, the dynamic contacts were determined us-
ing the optimum distance cutoff z = 4.2 A. The first step in CAMERRA code is to evaluate

all residue-residue contacts. Whereas, the score u;;
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1, ifz<4.2A
Uij = (1)
0, otherwise
Based on this criterion, dynamic contacts (i.e. those contacts that form between 20 to
80 % of the total number of contacts) were obtained. The dynamic contacts were selected
and subsequent statistical analysis were done such as obtaining the covariance matrix, di-
agonalization, and principal component analysis (PCA). Covariance matrix of formation

and breaking of contacts were calculated to extract respective eigenvectors and eigenvalues.

Covariance matrix for each correlated contacts are calculated using Equation 2,

Ci,j;k,l = <(Uzg - Uz’j)(ukz - Ukl)> (2)

where the mean contact U;; and Uy is used for residues 4,7, k, and [ contacts. The
last steps of CAMERRA calculate the principal components of the contacts. These steps
required Basic Linear Algebra subprograms, lblas (version 3.8.0), and Linear Algebra PACK-
age libraries, LAPACK (version 3.8.0). BLAS and LAPACK can be accessed in this website
http://www.netlib.org/.(58, 59) Subsequently, principal components, representing the col-
lective modes of the contacts, were identified from the covariance matrix. Visualizations of

corresponding contact dynamics were done using VMD.(60)
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Table 1: pOR glycine mutants effects to PC 2 values.

PC 2 values | Mutants
Positive Native, W69G, V79G, I80G, T154G, V172G, 1232G, V236G, W254G, and Y262G
Negative F59G, Q60G, D83G, Y84G, M87G, L155G, H233G, and 1258G

The corresponding PC 2 versus PC 1 was projected in Figure 10.
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Table 2: BU72-pOR polar interactions based from PDB ID 5C1M.

6DDE residues

Equivalent 5C1M residues

PC 2 observations

D83 D147 Negative-shifting
Y84 Y148 Negative-shifting
H233 H297 Negative-shifting
Y262 Y326 No significant shifting
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Table 3: Other BU72-uOR proximal intermolecular interactions.

6DDE residues

Equivalent 5C1M residues

PC 2 observations

V79 V143 No significant shifting
MS87 M151 Negative-shifting

V172 V236 No significant shifting
1232 1296 No significant shifting
V236 V300 No significant shifting
W254 W318 No significant shifting
1258 1322 Negative-shifting

Y262 Y326 No significant shifting
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a M-Opioid Receptor

Figure 1: pOR, BU72, and BMS-986121 complex. (a) Binding pose of ligand BU72 (blue)
and BMS-986121 (purple) inside pOR. Close interacting residues of pOR side chains (green
stick model) with (b) BU72 and (c¢) BMS-986121.
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Figure 2: Molecular dynamics simulations of pOR-G protein complex. Structure of the
complex was derived from PDB ID 6DDE.(16)
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Figure 4: Potential PAM BMS-986121 and pOR G protein complex residue-residue con-
tact map. Residue numbers are sequenced from al-; f1-G proteins, to pOR. Intra- and
interprotein contacts are separated by dashes.
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Figure 5: Potential PAM BMS-986121 and agonist BU72 PC 1 and 2 sum. Negative coop-
erativity and anticooperativity was observed in PC 1 and PC 2, respectively.
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Figure 6: Interprotein contacts between yOR and a1l G protein residues.
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Figure 7: Potential PAM-uOR-G protein residue-residue contacts PC 1.
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Figure 8: Potential PAM-uOR-G protein residue-residue contacts PC 2.
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Supplementary Figure 1: pu-OR close interacting residues with PAM BMS-986121. Equiva-
lent residues are encircled in red.
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Supplementary Figure 2: Root-mean square deviation (RMSD) for ligand BU72, PAM BMS-
986121, and p-OR. Ligands’ RMSD showed that the binding poses are stable.



