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Abstract 

Aims: Non-peptide ligands of oxytocin receptor (OTR) have promising potentialities as 

therapeutic agents with improved pharmacological properties. WAY-267,464 is a non-peptide 

agonist which loses its agonist activity when its resorcinol moiety is methylated, yielding a 

partial antagonist (denoted here, WAY-Methylated). This study attempts to rationalize these 

opposing activities by comparative analyses of structural dynamicsof OTR in complex with these 

ligands.  

Main methods: Glide extra precision (XP) docking with and without positional constraints was 

employed to probe alternative binding poses of both WAY-267,464 and WAY-Methylated.  The 

more preferred configuration of each system was subjected to an extended 2 µs MD simulation 

and the physics-based Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) 

binding energy was used to rank the complexes with improved accuracy, in addition to 

empirical-based Glide docking score. Network analysis was performed, and the identified critical 

residues were cross-referenced with the experimental mutagenesis data. 

Key findings: The added methyl groups in the antagonist WAY-Methylated enhanced 

hydrophobicity, resulting in a flipped binding pose deeper in the binding pocket. Interestingly, 

OTR responded to the methylation by stabilizing the initial inactive conformation, decreasing 

fluctuations and increasing the overall secondary structural composition. Conversely, the agonist 

WAY-267,464 produced larger fluctuations to allow the receptor to change from the default 

inactive state to a state of partial activation. These transitions were further supported by the 

identified critical residues overlapping with experimental mutagenesis data.  

Significance: These findings provide insights into the activation mechanism of OTR by WAY-

267.464 and its antagonism by WAY-Methylated. 

 

Keywords: Oxytocin receptor, WAY-267,464, WAY-Methylated, Molecular docking, MD 

simulation, MM-GBSA  

 

Abbreviations: OTR, Oxytocin receptor; MD, molecular dynamics; MM-GBSA, molecular mechanics 

generalized Born surface area; GPCR, G-protein-coupled receptor; TM, transmembrane; ICL, intracellular loop; 

ECL, extracellular loop; POPC, 1-palmitoyl-2-oleoyl-sn-phosphatidylcholine; SID, simulation interaction diagram; 

RMSD, root mean square deviation; RMSF, root mean square fluctuation; XP, extra precision;  
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Introduction 

The oxytocin receptor (OTR) is closely related to the three classes of vasopressin 

receptors, V1A, V1B, and V2, which all belong to the family A (rhodopsin-like) G-protein coupled 

receptors (GPCR) [1-20].  Previous studies have shown that many key residues important for 

ligand binding are conserved between these receptors, which makes the finding of a selective 

ligand for either of the receptors very challenging. Endogenous oxytocin acts as an agonist and is 

used in combination with synthetic oxytocin to intravenously induce labor [6, 18, 20-24].  OTR 

peptide antagonists are currently used to delay labor—specifically preventing preterm labor. 

However, these peptide antagonists are typically not selective for the OTR only, resulting in 

many undesirable side effects: they cannot be administered orally as they get degraded too 

quickly within the gastrointestinal tract, and are hard to get past the blood-brain barrier [1, 12, 

13, 17, 20, 25-27].  Non-peptide ligands have promising potential to become orally bioavailable 

drugs with improved selectivity, and longer lasting effects. They could be used to possibly treat 

other medical conditions such as erectile dysfunction and anxiety disorders [1, 12, 17, 20, 25-

29].  Currently, there are no FDA-approved non-peptide OTR ligands due to a lack of detailed 

molecular information on the OTR, making this receptor full of untapped potential as a 

therapeutic target. WAY-267,464 is among the first-generation non-peptide ligands used as a 

valuable research agent [13, 25-31].  Interestingly, Jorgensen et al. found that methylation of its 

resorcinol moiety removed the agonist activity, creating a WAY-267,464 derivative (hereby 

referred to as WAY-Methylated) that acts as an OTR partial antagonist [13]. This dramatic 

activity change due to a single methylation raises many interesting questions. While 

pharmacological data has been collected [13, 25-29, 31], there have been no binding poses or 

receptor conformational changes reported to aid in answering these questions. Limited 
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mutagenesis studies on the OTR have revealed a list of key residues important for ligand binding 

as well as some evidence that agonist activity is increased with hydrophobic interactions at the 

N-terminus [6, 18, 32, 33]. Homology model mapping and molecular docking studies have also 

been used to discover such key residues; however, these studies have focused on peptides or 

various small ligands not specific to the OTR [4, 34].  Development of non-peptide OTR ligands 

is further hindered by and the lack of a crystal structure as well as details on molecular 

interactions. Here, docking with and without a positional constraint were used to explore the 

OTR orthosteric pocket.  The docked complexes were then relaxed and submitted to a 200 ns 

MD simulation using an OPLS3 force field [35]. After computation of MM-GBSA binding 

energies for more accurate ranking of the binding poses for each ligand, the preferred 

configuration for each ligand-complex was further subjected to an additional 2 µs MD 

simulation.  Differences ligand binding patten and the receptor conformational changes were 

thoroughly analyzed. Furthermore, key receptor-ligand interactions were compared with the 

experimental and computational findings in the literature. 

 

2. Methods 

2.1. Homology modeling and system Set up 

The human OTR FASTA sequence (P30559) (Fig. S1)  file was retrieved from the Uniprot 

database [36].  The Structure Prediction Wizard of Maestro [37, 38] was used to build a 

homology model of the human OTR, using the crystal structure of the nociception receptor in 

complex with antagonist DGV (PDB ID: 5DHG) [39] as a template. The crystal structure of 

nociception receptor with antagonist DGV was found to have the highest similarity score of 

193.0, 29% identities, and 43% positive residues (Fig. S2). The receptor was oriented in 

membrane using the OPM web server [40] and then prepared using Maestro’s Protein 

http://www.uniprot.org/uniprot/P30559
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Preparation Wizard [41]. The protein was preprocessed to assign correct bond orders, add 

hydrogen atoms, create disulfide bonds, and to delete water beyond 5 Å from hetero groups.  The 

charge state of the titratable residues was optimized using PROPKA at a pH of 7.  A restrained 

minimization was done to relax the protein using an OPLS3 force field [35]. Two dimensional 

(2D) structures of DGV, WAY-267,464, and WAY-Methylated were built in Maestro.  The 

structures were then converted to three dimensional (3D) models. Epik, a tool based on accurate 

methodologies from Hammer and Taft [41], was used to generate the proper ionization state of 

each ligand.  The lowest tautomeric state for each ligand structure was selected and minimized to 

relax the ligands to a best fit structure. Lastly, a geometry optimization was performed using 

quantum mechanics methods in Jaguar. 

 

2.2. Molecular docking 

To investigate the accuracy of molecular docking with larger ligands, the co-crystallized ligand 

(DGV) of the template structure was docked back to its original binding position in the crystal 

structure.  Glide docking with default parameters was unable to reproduce the original binding 

pose. Glide with a positional constraint was able to reproduce the original orientation and 

position of DGV seen in the crystal structure (Fig. S3). The atoms used to create the positional 

constraint for DGV are shown in Fig. S4A. 

 

2.2.1. Docking without constraint 

The fully prepared merged protein-ligand complex was used to create the receptor grid 

file.  The active binding site of the OTR was defined using the center of the ligand.  The grid file 

was generated using a van der Waals scaling factor of 1 and a partial charge cutoff of 0.25.  The 
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prepared WAY-267,464 and WAY-Methylated were docked into the generated grid of the 

protein receptor using an OPLS3 force field and their docking scores were calculated using an 

XP scoring function [35]. The default settings were used as parameters of the scoring function: 

ligand sampling was flexible, with sample nitrogen-inversions, same ring conformations, and 

bias sampling of torsions for amides which only penalized nonpolar conformations and added 

Epik state penalties to the docking score [42, 43]. The docking results indicated that the two 

ligands bound in slightly different binding poses. To check for the possibility of an alternative 

binding pose in which the ligands were flipped, the following constrained docking was 

perfomed. 

 

2.2.2 Docking with constraint 

A constrained receptor grid file was generated in the same manner as in the unconstrained 

ligand docking; the only difference was that a positional constraint was used. WAY-267,464 and 

WAY-Methylated were docked with the same positional constraint (PC) as DGV. The atoms 

used to create the positional constraint for WAY-267,464 and WAY-Methylated are shown in 

Fig. S4B. The center of the ligand was used to define the center of the active site of the receptor.  

The positional constraint used a cutoff distance of 1.0 Å. The grid file was generated using a van 

der Waals scaling factor of 1 and a partial charge cutoff of 0.25. The prepared WAY-267,464 

and WAY-Methylated ligands were constrained-docked into the generated grid file of the 

receptor using an OPLS3 force field and their docking scores were calculated using an XP 

scoring function [35]. The parameters of the scoring function were the same as in the 

unconstrained docking. 
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2.3. Molecular dynamics simulation 

2.3.1. Molecular dynamics simulation system setup 

The four prepared receptor-ligand complexes from the XP docking and XP docking with 

a positional constraint were used to construct molecular dynamics simulation systems. The 

complexes were placed in a predefined POPC (300 K) lipid membrane model [44] and aligned in 

the membrane according to the helices in the transmembrane region.  It was then solvated in an 

orthorhombic water box with a buffer distance of 8 Å using a predefined SPC water model 

[45]. A 0.15 M NaCl salt concentration was added to neutralize the system. The systems were 

built with an OPLS3 force field using Desmond System Builder in Maestro on a Linux operating 

system [35]. 

 

2.3.2. Relaxation and production runs  

The relaxation/ minimization and production runs of the four set-up systems were done 

using the Desmond module.  Each system was relaxed using the default eight-step relaxation 

protocol for membrane proteins [46]: (1) Minimization with restraints on heavy solute atoms.  

(2) Minimization without any restraints. (3) Simulation with a heat transition from 0 to 300 K, a 

water barrier, and gradual restraining. (4) Simulation under NPT (Constant number of particles, 

constant pressure of 1 bar, and constant temperature at 300K) condition with a water barrier and 

heavy atoms restrained. (5) Simulation under NPT condition with additional equilibrations of 

both lipids and solvents. (6) Simulation under NPT condition with heavy atoms annealing from 

10 to 2 kcal/mol.  (7) Simulation under NPT condition with Cα atoms restrained at 2 kcal/mol.  

(8) Simulation under NPT conditions without restraints for 1.5 ns. 
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Following this relaxation process, each of the four systems was submitted to a production 

run of 200 ns in NPT ensemble using the default protocol. After analyzing these preliminary MD 

simulation results, the preferred configuration of each protein-ligand complex was re-submitted 

to a 2 µs-production run. The preferred configuration for WAY-267,464 was the XP-docked 

complex, while that of WAY-Methylated was the PC-docked complex. In all these simulations, 

the temperature was controlled by the Nosé-Hoover chain coupling scheme [47] with a coupling 

constant of 1.0 ps, the pressure was controlled by the Martyna-Tuckerman-Klein chain coupling 

scheme [47] with a coupling constant of 2.0 ps. All bonds connected to hydrogen atoms were 

constrained by applying M-SHAKE [48] and enabling a 2.0 fs time-step within the simulations. 

Long-range electrostatic interactions were analyzed using the k-space Gaussian split Ewald 

method [49] under periodic boundary conditions, with a charge grid spacing of ~ 1.0 Å and a 

direct sum tolerance of 10-9. The short-range non-bonded interactions had a cutoff distance of 9 

Å. The long-range van der Waals interactions were based on a uniform density approximation. 

To condense the computation, a r-RESPA integrator [50] was used to calculate non-bonded 

forces, where every step of the short-range forces were updated and every three steps the long-

range forces were updated. The trajectories obtained from the simulations were saved at 50.0 ps 

intervals for analysis. 

 

2.3.3. Simulation interaction diagram (SID) analysis 

The Desmond SID tool in Maestro was used to compute the Root-Mean-Square Deviation 

(RMSD), the Root-Mean-Square Fluctuation (RMSF), the Secondary Structural Elements (SSE), 

and the residue-ligand interactions and contacts throughout the course of the simulation. To 

ensure the convergence of each of the MD simulations, the protein Cα and ligand RMSD plots 
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obtained from the SID analysis were analyzed. A relatively flat plot indicates that a steady state 

was reached. The last 50 ns of each shorter simulation show little deviation, indicating 

convergence (Fig. S5). The last 500 ns of each longer simulation show minor deviation, 

indicating convergence in these as well. 

 

2.3.4. Trajectory clustering analysis  

The Desmond clustering tool [51] was used to group the complex structures from the last 

50 ns of each of the shorter MD trajectories and the last 500 ns for the longer trajectories. The 

backbone RMSD matrix was used as the structural similarity metric. The hierarchical clustering 

with average linkage, using a 2.5 Å merging distance cutoff was used. The structure with the 

most neighbors in the structural family, known as the centroid structure, was chosen to represent 

each structural family. The most abundant centroid structures of the populated structural families 

were extracted and analyzed further. 

 

2.4. Binding energy calculations and decompositions 

The surface-area-based Generalized Born model [52, 53] with an implicit membrane 

solvation model (VSGB 2.0) [54] was used to calculate ligand-binding affinities on the frames 

obtained in the last 50 ns (short) and 200 ns (extended) of each MD simulation. The implicit 

membrane is a slab-shaped region with a low dielectric constant between 1 and 4, and the 

regions to exclude from the membrane were assigned with the solvent (water) dielectric constant 

of 80. An OPLS3 force field and the default Prime procedure were used for the MM-GBSA 

calculation [55]. The OPLS3 force field employs a CM1A-BCC-based charge model based on a 

combination of Cramer-Truhlar CM1A charges [56] with an extensive parameterization of bond 
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charge correction terms (BCC). This default procedure first minimizes the receptor alone, then 

the ligand alone, and then receptor-ligand complex. The MM-GBSA binding free energy for 

each system was calculated from three separate simulations: ligand only, receptor only, and the 

receptor-ligand complex, using equation 1. There are four components in equation 2: van der 

Waals interaction energy (VDW), hydrophobic interaction energy (SUR), electrostatic 

interaction (GBELE), and the change of the conformation energy for receptor and ligand. These 

terms were calculated using equations 3 and 4.     

              ∆𝐸 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑟𝑒𝑐_𝑓𝑟𝑒𝑒 − 𝐸𝑙𝑖𝑔_𝑓𝑟𝑒𝑒                                                             (1) 

              ∆𝐸 = ∆𝐸𝑣𝑑𝑤 + ∆𝐸𝑆𝑈𝑅 + ∆𝐸𝐺𝐵𝐸𝐿𝐸 + ∆𝐸𝑐𝑜𝑚𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛                                       (2) 

              ∆𝐸𝑥 = 𝐸𝑥_𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑥_𝑟𝑒𝑐_𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑥_𝑙𝑖𝑔_𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ,  x= vdw, sur and gbele  (3) 

                          ∆𝐸𝐶𝑜𝑚𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐸𝑟𝑒𝑐_𝑐𝑜𝑚𝑝𝑙𝑒𝑥+𝐸𝑙𝑖𝑔_𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑟𝑒𝑐_𝑓𝑟𝑒𝑒 − 𝐸𝑙𝑖𝑔_𝑓𝑟𝑒𝑒              (4) 

Although the MM-GBSA scoring function lacks the solute conformational entropy 

contribution, which results in higher negative values when compared to the actual values, it has 

proven to be an extremely useful tool in ranking a drug’s ability to target a receptor, when it is 

used to rank different drugs targeting receptors with comparable entropy values [57]. Previous 

studies, including the testing with 1,864 crystal complexes, have shown that MM-GBSA is a 

powerful tool in ranking ligands [58-62]. 

 

2.5. Dynamical network model  

Using the NetworkView plugin [63] in VMD [64],  the full trajectory of each system was 

used to generate a dynamic network model, defined as a set of nodes connected by edges [63]. 

For each system, a contact map which added an edge between nodes whose heavy atoms 

interacted within a cutoff of 4.5Å for at least 75% of the MD simulation time, was generated. 
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This edge distance was derived from pairwise correlations [63] using the program Carma [65]. 

The probability of information transfer across a given edge is calculated using the following 

equation:  

 
Δ𝑟⃗ (𝑡) =  𝑟⃗𝑖(𝑡) − ⟨ 𝑟⃗𝑖(𝑡)⟩ 

The edges are weighted (wij) between any two nodes i and j and is calculated as follows: wij = 

−log(∣Cij∣). The weight of the edge represents the probability for transfer of information across 

the edge between the two nodes—thicker edge denotes a higher probability of information 

transfer.  

Each of the generated networks was then further grouped into subnetworks, referred to as 

communities, based on groups of nodes with stronger and more frequent connections to each 

other using Girvan-Newman algorithm [66]. The critical nodes that connect communities to one 

another were identified.  Using molecular switch information, an optimal communication path 

was generated between the ligand binding site node and molecular switch residue. 

 

3. Results 

3.1. The positional constraint produced opposite ligand orientations when compared to their 

original binding pose 

From the standard XP docking, WAY-267,464 was positioned so that the head group 

(resorcinol moiety) was located towards the central region of the receptor, while the tail group 

(three aromatic rings) was located between transmembranes (TM) 3 and 5. When it was PC-

docked, its orientation flipped so that the head group was positioned between TMs 4 and 5, and 

the tail group was in the central region. The docking scores were -6.306 kcal/mol and -6.614 
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kcal/mol for XP and PC docking, respectively (Fig. 1). The XP docking of WAY-Methylated 

bound the ligand with both the head and tail groups facing down towards the binding pocket in a 

kinked vertical fashion not seen in either of the docking positions for WAY-267,464. The central 

region of the ligand was located closer to the extracellular region outside of the receptor. When 

WAY-Methylated was docked with positional constraint, the ligand flipped the orientation of its 

head and tail groups and straightened out the central region such that it was no longer vertically 

kinked. The docking scores for XP- and PC-docked WAY-Methylated were -6.514 kcal/mol and 

-8.804 kcal/mol, respectively. The PC-docked ligands resulted in the central portion of either 

ligand to bind deeper within the binding pocket than the XP-docked ligands (Fig. S6). 
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Fig. 1. Binding modes of agonist WAY-267,464 and antagonist WAY-Methylated produced by 

standard extra-precision (XP) Glide docking and docking with position constraints (PC).  
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3.2. MM-GBSA binding energy data revealed the preferred docking method for each ligand 

To rank the receptor-ligand binding pose, we performed MM-GBSA binding energy calculations 

[67] on the four systems as described in the method section. The results from the initial short 200 

ns MD simulations are presented in Table 1.  Interestingly, standard docking produced the most 

stable binding pose of WAY-267,464. While docking scores are not solely used to determine 

stability, it is rather interesting that the MM-GBSA values are so dramatically different when the 

docking scores were relatively close. The MM-GBSA binding energy of XP-docked WAY-

267,464 was -128.8 kcal/mol. The most favorable binding pose of WAY-Methylated was the PC-

docked pose.  Of all the four systems, the PC-docked WAY-Methylated was found to have the 

largest MM-GBSA binding energy score of -156.0 kcal/mol. The preferred configuration of each 

complex (XP-docked for WAY-267,464 and PC-docked for WAY-Methylated) was then 

submitted to 2 µs MD simulation to ensure accurate binding data and ligand-receptor interactions 

were collected. The results of the 2 µs MD simulations are presented in Table 2. The MM-

GBSA binding energy values for each system were similar to those obtained in the previous 

shorter simulations. The MM-GBSA binding energy score for WAY-267,464 and WAY-

Methylated for the 2 µs MD simulations were -116.9 kcal/mol and -152.8 kcal/mol—both are 

slightly lower than the scores for the preliminary shorter simulations. The experimental binding 

affinity (IC50) values of WAY-267,464 and WAY-Methylated for the OTR and V1AR receptors 

are also shown in Table 3. 
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Table 1. MM-GBSA values computed for the last 50 ns of 200 ns MD simulation. 

 

Activity Ligand Docking Method 
Docking Score 

(kcal/mol) 

MM-GBSA 

(kcal/mol) 

Agonist WAY-267,464 
XP -6.3 -128.8 + 9.3 

PC -6.6 -98.4 + 8.6 

Antagonist WAY-Methylated 
XP -6.5 -136.8 + 10.4 

PC -8.1 -156.0 + 10.1 

 

Table 2: The most abundant cluster percentage of the 2 µs MD simulation with the MM-GBSA 

value computed for the last 200 ns. 

 

Activity Ligand 
Docking 

Method 

Cluster 

Abundance (%) 

MM-GBSA 

(kcal/mol) 

Agonist WAY-267,464 XP 30.5 -116.9 + 13.0 

Antagonist 
WAY-

Methylated 
PC 96.4 

-152.8 + 10.2 

 

Table 3. Experimental binding affinities of WAY-267,464 and WAY-Methylated for the OTR and 

V1AR receptors. Units are shown in nM [13]. 

 

Receptor OTR V1AR 

Activity Ligand Ki EC50 IC50 Ki EC50 IC50 

Agonist 
WAY-

267,464 
230 + 31 420 + 59 > 10,000 27 + 3 >10,000 613 + 206 

Antagonist 
WAY-

Methylated 
801 + 139 > 10,000 4129 + 645 62 + 21 >10,000 1113 + 180 

 
Reference number 13 in the text 
 

 

3.3. The MD simulations significantly relaxed the complex structures 

The protein and ligand Root-Mean Square Deviation (RMSD) plots over 200 ns for the 

four systems can be found in the Supporting Information (Fig. S5), while the RMSD plots for the 

preferred configuration for each ligand over 2 µs are shown in Fig. 2. For the WAY-267,464 
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complex, the initial conformational adjustment occurred over the first 1000 ns, followed by 

stable RMSDs of the receptor and ligand over the remaining simulation time. For the WAY-

Methylated complex, the initial conformational adjustment occurred over the first 750 ns, 

followed by stable RMSDs of both the receptor and ligand over the remaining simulation time. 

Each system was sufficiently relaxed after the initial conformational adjustment period. The MD 

simulation-derived ligand-OTR complexes maintained the pose scaffold of the docked 

complexes, further validating our MD simulation methodology (Fig. S7). The fact that WAY-

267,464 is an agonist and that WAY-Methylated is an antagonist, the two different binding poses 

observed may be consistent with their opposing activities.  

Trajectory clustering [51] identified the most abundant representative structure for each 

system (Fig. S8). The percentages of the most populated cluster for WAY-267,464 and WAY-

Methylated were 30.5% and 96.4%, respectively. To facilitate the comparison between the two 

complexes, we superimposed their representative structures (Fig. 3). The most abundant XP-

docked WAY-267,464 binding pose resulted in the head group binding closer to the N-terminal 

and the tail group binding deeper into the OTR binding pocket. The most abundant PC-docked 

WAY-Methylated binding pose resulted in the tail group binding closer to the N-terminal 

instead, while the head group bound more superficially within the binding pocket. 
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Fig. 2. Root Mean Square Deviation (RMSD) of the long 2 µs simulations of WAY-267,464 (A) 

and WAY-Methylated (B) complexes.  Protein Cα-RMSD is measured using the initial frame as 

reference, while the ligand RMSD refers to in-place RMSD of ligand when protein is aligned. 
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Fig. 3. 3D structural comparison of the most abundant clusters from the 2 µs MD simulations for 

the WAY-267,464 and WAY-Methylated systems. 
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The protein-ligand interactions persisting more than 30% of the simulation and their 

frequencies over 200 ns time period are given as Figs. S9 and S10, respectively, while the 

corresponding protein-ligand interactions and frequencies for the 2 µs simulations are presented 

in Fig 4, with the top interacting residues for each of the simulations given in Table 4. All the 

interacting residues in this table were assigned a genetic number for OTR. There are seven key 

residues reported in the literature to interact with the ligands and these are Trp992.64, Lys1163.29, 

Gln1193.32, Ile2045.43, Tyr2095.47, Phe2916.51, and Gln2956.55 [3, 4, 8, 18, 33]. Consistent with the 

MM-GBSA binding score, XP-docked WAY-267,464 interacted with more key residues than the 

PC-docked system. The significant OTR/ WAY-267,464 interactions from the 2 µs simulations 

involved five of the seven key residues in TMs 2, 3, 5, and 6. Trp992.64 interactions consisted of a 

mixture of hydrophobic interactions, hydrogen bonds, and water bridges. Lys1163.29 interacted 

38% of the simulation time with the tail group (the end located deeper in the binding pocket) of 

WAY-267,464 and with a water molecule packed within this region. Gln2956.55 interacted 32% 

of the simulation time with the central carboxyl oxygen (the one closest to the tail group) of 

WAY-267,464 and with a water molecule packed within this region as well. The interactions 

between the ligand and Lys1163.29/ Gln2956.55 mainly consisted of water bridges and hydrogen 

bonding. The significant OTR/WAY-267,464 interactions involved all seven of the key residues 

in TMs 2, 3, 5, and 6. Consistent with MM-GBSA binding energy values for the PC-docked 

WAY-Methylated system, all these residues were found to interact with WAY-Methylated. For 

WAY-267,464, the highest interaction fractions of these residues were from Lys1163.29 and 

Gln2956.55.  Lys1163.29 interacted 66% of the simulation time with the central aromatic ring of 

WAY-Methylated. Gln2956.55 interacted 84% of the simulation time with the central NH group 

of the ligand. However, these interactions between WAY-Methylated and Lys1163.29/ Gln2956.55 
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mainly consisted of hydrophobic contacts and hydrogen bonds, rather than with water bridges as 

was seen in WAY-267,464.  Ile3137.36 was another residue with a large hydrophobic interaction 

fraction reported for WAY-Methylated (Fig. 4).  

  

 

 

Fig. 4. Detailed residue-ligand interactions that were present in over 30% of the 2 µs MD 

simulations and protein residue-ligand contact histograms for WAY-267,464 (A), and WAY-

Methylated (B). 
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Table 4. Residues of the OTR interacting with WAY-267,464 and WAY-Methylated with an 

observed interaction fraction above 10% of simulation time. Red residues represent key residues 

found in literature. 
 

Gen No. 
WAY-267,464 WAY-Methylated 

Short XP Short PC Long XP Short XP Short PC Long PC 

1.33 ARG40      

1.35 GLU42  GLU42    

2.53      VAL88 

2.57   GLN92  GLN92 GLN92 

2.60  PRO95     

2.64 TRP995  TRP995  TRP995 TRP995 

E1   THR102    

E1 ARG104  ARG104    

3.28  VAL115     

3.29 LYS1164-5 LYS1164-5 LYS1164-5 LYS1164-5 LYS1164-5 LYS1164-5 

3.32 GLN1193-5 GLN1193-5 GLN1193-5  GLN1193-5 GLN1193-5 

3.33   VAL120  VAL120 VAL120 

3.36 MET123      

4.56   ALA167    

4.61  GLN171    GLN171 

4.62 VAL172  VAL172 VAL172   

4.65 PHE175  PHE175 PHE175 PHE175 PHE175 

E2   SER176    
E2 ASP186      

E2 CYS187  CYS187    

E2  TRP188  TRP188   

E2  ALA189 ALA189 ALA189   

E2  PHE191 PHE191 PHE191 PHE191 PHE191 

E2 TRP195   TRP195   

5.39    TYR200   

5.40 ILE201  ILE201 ILE201   

5.43 ILE2043-4  ILE2043-4 ILE2043-4 ILE2043-4 ILE2043-4 

5.47    TYR2093-4 TYR2093-4 TYR2093-4 

6.51  PHE2911-5   PHE2911-5 PHE2911-5 

6.52 PHE292      

6.54     VAL294 VAL294 

6.55 GLN2952-5 GLN2952-5 GLN2952-5 GLN2952-5 GLN2952-5 GLN2952-5 

6.56     MET296 MET296 

6.57   TRP297 TRP297   

6.58 SER298 SER298 SER298 SER298   

6.59 VAL299 VAL299 VAL299  VAL299 VAL299 

6.60   TRP300 TRP300   

6.61  ASP301     

E3    ASN303  ASN303 

E3  PRO305  PRO305   
7.36    ILE313 ILE313 ILE313 

7.37 VAL314 VAL314 VAL314  VAL314 VAL314 

7.40 LEU317 LEU317 LEU317  LEU317 LEU317 

7.45   ASN321    
 

1 : Reference number 41 in text 
2 : Reference number 18 in text 
3 : Reference number 3 in text 
4 : Reference number 8 in text 
5 : Reference number 4 in text  
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3.4. Secondary structure changes and structural fluctuations 

To investigate the secondary structure of the receptor in each ligand complex, the most 

abundant secondary structures that each individual protein residue experienced over the 

trajectory and time evolution are shown in Fig. 5. Some particularly notable changes include a 

gain of helical structure in TM2, a non-kinked TM3, a complete loss of β-strands in E2, a non-

kinked TM6, and a gain of helical structure/ less kinks in TM7 observed in the WAY-Methylated 

complex when compared to the WAY-267,464 complex. The β-strand percentage abundance 

dropped from 1.17% to 0.07%, while the α-helix percentage abundance increased from 46% to 

61%, in the WAY-267,464 complex and WAY-Methylated complex, respectively. These subtle 

changes in receptor conformation might be closely linked to the activity difference displayed by 

the ligands. 

The protein Cα RMSF values for both ligand complexes are shown in Fig. 6A. We 

observed the general expected trend that the most rigid parts of the protein receptor (i.e. 

transmembrane helices) exhibit lower RMSF values while the more flexible parts (i.e. N/C 

terminals regions and intra/extracellular loops) exhibit higher RMSF values.  In addition, some 

subtle differences were identified for each ligand-OTR complex. Most notably, WAY-267,464 

induced a higher intracellular loop 3 (I3) fluctuations than WAY-Methylated did by 5.65 Å.  

Given the different activities of each ligand on the OTR, these slight dynamic differences may 

contribute to the different responses by modulating the interaction between the OTR and the 

down-stream signal transduction proteins, such as G-proteins or β-arrestin [1, 5, 15, 17-19, 23, 

24, 68, 69]. 

The ligand RMSF over time for each complex are shown in Fig. 6B with the mean values 

for each ligand listed in Table S1. WAY-Methylated displayed less structural fluctuation. In fact, 
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WAY-Methylated had less than half the mean fluctuation value as WAY-267,464 (1.05 Å vs 

2.67 Å, respectively). WAY-267,464 showed more structural fluctuation, mainly in the head 

group (resorcinol moiety). Thus, it can be assumed that the WAY-267,464 ligand binds in a more 

flexible and less stable binding pose than does WAY-Methylated. This is consistent with our 

MM-GBSA binding energy data showing the WAY-Methylated to bind stronger to the OTR than 

WAY-267,464. 
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Fig. 5. Comparison of the Secondary Structural Elements (SSE) at each protein residue for the 2 

µs MD simulations for the WAY-267,464 and WAY-Methylated complexes.  Overall SSE 

percentage contribution is annotated.  
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Fig. 6. Protein Cα RMSF diagram for 2 µs MD simulations for each of the complexes (A). The 

corresponding ligand RMSF diagram with ligand structures with annotated atom numbers (B). 

 

3.5. Comparison of the molecular switches between WAY-267,464 and WAY-Methylated suggests 

partial activation of the receptor by WAY-267,464.  

Molecular switches are a set of noncovalent interactions stabilizing protein structure, and  

whose disruption or formation due to conformational changes respectively lead to activation or 

inactivation of the receptor. Brian Kobilka adds that they are non-covalent interactions that exist 

in the basal state of a GPCR [70]. These switches can be compared by examining the 

conformation of OTR complexed with the agonist and antagonist (Fig. 7). In this study, the 

distance of residues was measured at the tyrosine toggle switch, transmission switch, and the 

ionic lock switch for WAY-Methylated and WAY-267,464 and was compared to the data from a 

study on class A GPCR by Trzaskowski et al.[71] For the representative structures obtained from 
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trajectory clustering, the transmission switch showed a distance of 3.9 Å at T273:CA, and 4.7 Å 

at W297 between agonist and antagonist structures. This distance appears to be similar to that 

shown by Trzaskowski et al.[71], suggesting partial activation. The tyrosine toggle switch 

showed a moving distance of 4.2Å at Y329 between the agonist WAY-267,464- and antagonist 

WAY-Methylated-bound structures. Fig. 7F shows that TM7 has unraveled whereas the tyrosine 

toggle switch retained its helical form. This suggests that the oxytocin toggle switch may have 

been disrupted. The ionic lock showed a moving distance of 9.9 Å at D136:CG – K270:NZ on 

the antagonist and 11.7 Å at D136:CG – K270:NZ on the agonist (Table 5). The large distance 

indicates that the salt bridge was already broken in both systems (Fig. S11A). Thus, the ionic 

lock in the WAY-Methylated bound system does not follow the format of inactivation. In 

addition, when compared to the receptors used in Trzaskowski et al.[71] the ionic lock in the 

OTR shows conservation at positions 3x49, 3x50, and 5x58, (D,R,Y respectively) but does not 

show conservation at position 6x30 (K on oxytocin, E on Trzaskowski et al.[71]). The 

tryptophan toggle (W297) dihedral angles profile showed subtle difference between the two 

systems until 300 ns, then synchronized for the remaining time of the simulation (Fig. S11B). 

The tyrosine toggle switch at Tyr329 in the agonist WAY-267,464-bound system showed a 

complete flipping from negative to positive dihedral angles at around 500 ns whereas no 

remarkable changes were seen in the WAY-Methylated system (Fig. S11C). 
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Table 5. Conserved molecular switches within OTR and their respective distances between 

residues involved. 

 
  

 

 

 

 

 

 

1OTR-WAY-Methylated complex structure 
2OTR-WAY264,464 complex structure 

 

 

 

 

 

 

 

 

 

UNC9975/Dopamine Residues Distance (Å) 

Tyr Toggle 

(NPXXY) 

Y3291-Y3292 4.2 

Transmission 

(CWXP) 

T2731:CA–T2732:CA 3.9 

W2971-W2972 4.7 

Ionic Lock 

(DRY) 

D136:CG1-K270:NZ1 9.9 

D136:CG2-K270:NZ2 11.7 
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Fig. 7. WAY-Methylated and Way-267,464 ligands in complex with OTR (WAY-Methylated/OTR: 

blue/yellow; WAY-267,464/OTR: green/red) (A). Top view (B). Bottom view (C). All switches 

overlapped aligned with structure of Dopamine/D2 (D). Transmission switch (CWXP) (E). Tyrosine 

toggle switch (NPXXY). (F). Ionic lock Switch (DRY)(G). E-G: UNC9975/D2: black; Dopamine/D2: 

red. 
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3.6. The dynamic network model identified remarkable differences between the WAY-267,464 

and WAY-Methylated bound systems  

To understand differences in the signal transmission pathways, unweighted and weighted 

network models of WAY-267,464- and WAY-Methylated-bound systems were generated as 

described in the method section. The weighted and unweighted models showed remarkable 

difference in terms of the network grouping and correlation between nodes (Fig. 8A). Most 

notably, the edges surrounding TM5, TM6, and TM7, and the binding site displayed higher 

correlations compared to the remaining edges in the WAY-267,464-bound system. The number 

of high correlated connections depicted by thicker edges, were found to be higher in WAY-

267,464-bound system than in WAY-Methylated-bound system (Fig. 8B). Groups of residues 

with frequent and strong interactions were found to be completely different in terms of their 

arrangement and size (Fig. 8/C, D).  There is a total of 12 respective communities connected by 

critical edges (Figs. 1/E, F). 
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Weighted network Community Critical nodes 

 
  

  

 

   

 

Fig. 8. Weighted networks, communities and critical nodes of WAY-267,464- (A) and WAY-

methylated-bound OTR (B). The weight of the network is indicated by the thickness of the edge. 

There are 12 communities connected by critical nodes. 
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3.7. Optimal paths revealed key residues involved in the shortest pathway for passing a signal 

from WAY-267,464 and WAY-Methylated to the molecular switches.  

From the weighted network models, we identified the shortest pathways for signal 

transmission from ligand binding site to the molecular switches (transmission switch at Trp297, 

and ionic lock switch at Asp136, and tyrosine toggle switch at Tyr329). Although a common 

potential signal source (Lys1163.29) was used, each optimal path generated was unique. The path 

of communication between WAY-267,464 and ionic lock (DRY), D1363.49 was completely along 

TM3 and comprised Lys116, Leu118, Val121, Gly122, Ser126, Leu130, Met133, Asp1363.49  

(Fig. 9A), whereas the corresponding path in the WAY-Methylated bound system comprised 

Lys116, Gln119, Met123, Tyr128, Leu132, Met133 and Asp1363.49 (Fig. 9B). For the tyrosine 

toggle switch (NPXXY), the WAY-267,464’s optimal path sent signals primarily along TM3, 

TM2 and TM7, and the residues involved were Lys116, Leu118, Val121, Ala84, Ser82, Asn325, 

and Tyr3297.53 (Fig. 9C), whereas the corresponding path in WAY-Methylated system comprised 

Lys116, Leu118, Met123, Ser126, Leu81, and Tyr3297.53 (Fig. 9D).  In case of transmission 

switch (CWXP), longer optimal path was found in the WAY-267,464-bound system along TM3, 

TM1, TM2, TM7 and TM6 and comprises residues K116, F91, D92, L50, L48, A45, A318, 

L317, Q295, and W2976.57(Fig. 9E). The corresponding shorter optimal path in the WAY-

Methylated-bound system was along K116, Q119, M123, F292, F293, W2976.57 (Fig. 9F). This 

path, which was along only TM3 and TM6, was found to be the shortest among all the 3 optimal 

paths generated in both agonist WAY-267,464- and antagonist WAY-Methylated bound systems. 

The corresponding suboptimal paths of each system are given in the supplementary information 

file (Fig. S12). 
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Fig. 9. Optimal path of communication from WAY-267,464 (A) and WAY-Methylated binding 

sites (B) to the ionic lock (DRY) (D1363.49); to the tyrosine toggle switch (NPXXY) (Y3297.53 ) 

Ionic Lock (DRY) Tyrosine Toggle Switch (NPXXY) Transmission switch (CWXP) 
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from WAY-267,464 (C) and  WAY-Methylated (D); and to the transmission switch (CWXP), 

(W2976.57) from WAY-267,464  (E), and WAY-Methylated (F). 

 

3.8. Cross referencing the critical nodes with mutagenesis data allows for identification of 

residues that may play an important role in the OTR activation 

A total of 43 critical nodes were identified in the WAY-267,464 system out of which 7 

residues, Asn57, Met78, Asp85, Pro197, Tyr209, Phe284, and MET315 were found to 

correspond to experimentally reported mutagenesis data available on the G-protein coupled 

receptor databank (GPCRdb) (Fig. 10/A, B). For WAY-Methylated system, a total of 47 critical 

residues were identified out of which only 3 residues, Met123, Asp136, Phe284 overlap with the 

mutagenesis data. However, these residues in both WAY-267,464- (Fig. 10C) and WAY-

methylated-bound systems (Fig. 10D) fall in the category of in vitro mutant with No/low effect 

(<5-fold). Interestingly, only one residue, Phe284, was found to be present in both systems. The 

remaining 6 critical residues, Asn57, Met78, Asp85, Pro197, Tyr209, Phe284, And Met315, 

uniquely identified in the WAY-267,464-bound system, may be critical for the activation of the 

receptor. 
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Natural genetic variation In vitro mutant 

  

Critical residues in WAY-267,464-bound OTR Critical residues in WAY-Methylated-bound OTR 

 

 

 

Fig. 10. Reported mutagenesis data for the OTR. Mutated residues in red cause decrease in 

activity, green cause increase in activity and purple is a deleterious stop gained mutation (A).  In 

vitro Mutant Data: Increased binding/potency: >5-fold, >10-fold; Reduced binding/potency: >5-

fold, >10-fold; No/low effect (<5-fold) (B). The critical nodes in WAY-267,464-bound OTR (C) 

and WAY-Methylated-bound OTR that overlap with the mutation data. 

(A) (B) 

(C) (D) 
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Discussion 

OTR is a well validated target: The OTR has been a therapeutic target for inducing/delaying 

labor, treating erectile dysfunction, and for a variety of anxiety and social disorders. Due to the 

highly conserved nature of the OTR and the vasopressin receptors, it is very difficult to create a 

ligand selective for OTR only. Currently, the only FDA approved ligands targeting the OTR are 

peptides, which display many unfavorable pharmacological properties and side effects, 

prompting the search for non-peptide ligands — an endeavor hindered by both a lack of detailed 

molecular interactions information and the absence of a high-resolution crystal structure of OTR. 

Previous computational studies on the OTR ran very short MD simulations; under than 5 ns long 

[8, 9, 18, 72, 73], and only used the standard unrestrained (AutoDock) docking methods to 

determine a single binding pose and then relied on the docking score to determine ligand binding 

strength [4, 8, 9, 72-74]. Unlike these methods, Glide approximates a complete systematic search 

for conformational, orientational and positional space of the docked ligand to dramatically 

narrows the search space, followed by torsionally flexible energy optimization on an OPLS-AA 

nonbonded potential grid for few hundred surviving candidates poses. The best candidates are 

further refined via a Monte Carlo sampling of pose conformation [43]. 

Different docking methods yields alternative ligand binding poses: We generated multiple 

docking poses using standard docking procedures in combination with positional constraints to 

invert the ligands within the receptor binding pocket, utilized 2 µs MD simulations to further 

optimize the binding poses, and then used the docking scores as well as MM-GBSA binding 

energy calculations to choose the most favorable binding pose for each ligand. These binding 

poses were validated by experimental evidence including mutagenesis studies listing key 

residues involved in ligand binding. Docking scores are an empirical binding score calculation 
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which keep the receptor in a rigid state, while MM-GBSA are based on physics methods which 

consider the conformational energy change induced upon complex formation. By considering the 

conformational energy change and by allowing the receptor to be more flexible during the 

simulation, MM-GBSA binding energy scores result in a better binding affinity prediction than 

docking scores.  Having multiple binding poses in addition to running extended MD simulations 

may enhance the sampling of ligand binding poses, thus improving the overall accuracy of the 

computational prediction.  Given the recent increases in computing power, this type of novel 

methodology may be applied to other GPCRs.  

Transition from inactive state to active state is observed in WAY-267,464-bound system: The 

homology model of OTR built in the present study is based on the inactive conformation of the 

nociception receptor; therefore, its default configuration is an inactive state. The transition from 

inactive state to active state requires the binding of an agonist, which results in more structural 

deviation/residual fluctuation to aid in this conformational shift. This trend was observed in our 

data; the ligand RMSF mean value was over twice larger for agonist WAY-267,464-bound 

system (2.67 Å) than for the antagonist WAY-Methylated-bound system (1.05 Å).  Overall, the 

protein RMSF values for the agonist-bound OTR were larger than that of the antagonist-bound 

OTR by 0.54 Å. The structural data from both complexes showed that the most significant 

changes occurred around TM6, intracellular loop 3, and extracellular loop 3. Comparing between 

the two complexes, the mean RMSF values of WAY-267,464 were larger than those for WAY-

Methylated by 1.19 Å, 5.65 Å, and 1.28 Å for TM6, I3, and E3, respectively. These structural 

aberrations can be better understood based on our secondary structure data, which showed that, 

the WAY-Methylated complex induced more helix formation in the receptor by 14.95%, mainly 

in TMs 6 and 7. This increase in secondary structure may have aided in stabilizing the receptor 
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and decreasing fluctuations. The methylation of the resorcinol moiety in WAY-267,464 

increased the hydrophobicity of the ligand, which may help explain why WAY-Methylated 

bound deeper into the binding pocket than WAY-267,464 did. The OTR’s response was 

stabilizing the initial inactive conformation by decreasing fluctuations and increasing the total 

secondary structure composition. On the other hand, the agonist WAY-267,464 induced 

fluctuations, specifically in TM6, I3, and E3, from the default inactive state to an active state to 

enable the receptor to interact with downstream proteins to result in cellular responses. A 

previous study by our group showed that agonists for the opium receptor induce larger 

fluctuations compared with antagonist [75].   

OTR can be considered a 'nonselective' vasopressin receptor [76]. The OTR has equal 

affinity for vasopressin and oxytocin, whereas the V1R has a 30-fold higher affinity for 

vasopressin than for oxytocin [77]. WAY-267,464 was initially reported to have 100-fold greater 

selectivity for the OTR relative to the V1AR [30]. WAY-267,464 was later shown to function as a 

V1AR antagonist while having only relatively weak OTR agonist actions in vitro [78].  Here, 

even though there are no MD simulation data on V1AR available to allow for meaningful 

comparison of ligand-induced conformational changes, consistent with the in vitro study, our 

findings suggest that the WAY-267,464-bound OTR may be in a state of partial activation.  

 

Dynamics network analysis identify possible signal transduction pathways: Molecular switches 

enable signal flow from the agonist binding site, usually located close to the extracellular 

surface, to the intracellular part of the receptor. The switches are usually associated with 

conserved TM motifs [79]. We examined 3 canonical molecular switches in both simulated 

complexes. The tyrosine toggle switch is on in the antagonist WAY-Methylated system, 



38 
 

suggesting inactivation; and off in the agonist WAY-267,848 system, suggesting activation. This 

difference was due the complete flipping of Tyr329 in the WAY-267,464 system, but this change 

was not seen in the WAY-Methylated system. However, even though movement of TM6 towards 

TM5 was observed at the transmission switch, the torsion angle profile of Trp297 did not show a 

large difference between the two systems. Similarly, contrary to the known format of class A 

GPCR activation [71], the ASP136-Lys270 ionic lock switch was found to be broken in both 

systems. Furthermore, as successfully applied recently [80], we employed dynamic network 

model to identify critical residues and determine potential signal transduction pathways from the 

ligand binding site to each of these molecular switches. The critical residues were then cross-

referenced with the experimentally determined mutagenesis data. We found a total of 6 residues 

unique to agonist WAY-267,864-bound system that overlap with in vitro mutation data: Asn57 

[81], Met78 and Met315 [82], Asp85 and Try209 [83] and Pro197 [84]. For WAY-Methylated 

system, 2 critical residues overlap with in vitro mutation data: Met123 [82] and Asp136 [18], 

whereas only Phe284 [83] was found to be in common to both systems. This higher number of 

critical residues identified in the agonist WAY-267,464 system may help explain the transition 

between the two states of the receptor, thereby further supporting our conformational dynamics 

model. 

 

Conclusions  

Non-peptide ligands of OTR have promising potential as therapeutic agents with improved 

pharmacological properties.  Interestingly, non-peptide OTR agonist WAY-267,464 becomes a 

partial antagonist when the resorcinol moiety is methylated. Here, we utilized positional 

constraints to probe alternative binding poses of these non-peptide ligands and computed their 
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MM-GBSA binding energy following an extended 2µS MD simulation. The added methyl 

groups enhanced hydrophobicity, resulting in a flipped binding pose deeper in the binding 

pocket.  Stabilization of the initial inactive conformation, decreasing fluctuations by increasing 

the overall secondary structural composition were the response to the methylation. WAY-

267,464 induced larger fluctuations to allow the receptor to change from the default inactive 

state to an active conformation. Molecular switch examination and network analysis identified 

critical residues which overlap with in vitro mutagenesis data. These findings may further 

support our conformational dynamics models explaining the opposing activities of these 

structurally related ligands.  
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Supporting Information 

The sequence with genetic numbering of the human OTR and the built model of OTR; the atoms 

used in the positional constraint for DGV; WAY-267,464, and WAY-Methylated; the RMSD 

plots for XP and PC docked WAY-267,464 and WAY-Methylated in the short initial MD 

simulations; the complex structures chosen for the longer MD simulations; the representative 

complex structures for each cluster of the extended simulations; the protein residue-ligand 

interaction plots and contact histograms for the short initial MD simulations; Molecular switches 

profiles; and suboptimal paths of communication between WAY-267,464 and WAY-Methylated 

binding sites and molecular switches are also provided.  
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