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Methods
1 DFT calculations

Molecular geometry optimizations and vibrational analyses of the compounds in a vacuum were 
carried out using the M06-2X function1 associated with the def2-TZVP2 basis set. Confirming the 
absence of an imaginary frequency validated the achievement of local geometric minima. 

The Multiwfn 3.8 program3 facilitated all wavefunction analyses, and Visual Molecular Dynamics 
(VMD) software4 generated isosurface maps for various orbitals and real space functions, utilizing files 
exported from Multiwfn. Gaussian 09 packages5 were employed to complete all calculations. 
2 In silico studies

2.1 Molecular docking
All computational modeling utilized the Schrodinger Suite, Version 12.4, Release 2021–2 

(Schrodinger, LLC, New York, NY). Crystal Structures of the NMDA receptor (PDB ID: 5WEJ), histone 
deacetylase (HDAC, PDB ID: 4QA0), and Human σ1 receptor (PDB ID: 5HK1) were obtained from the 
Protein Data Bank. All proteins were prepared using the default settings in the Protein Preparation 
Wizard. Ionization states for side chain heteroatoms were applied using Epik at pH 7.4. Ligands were 
built in Maestro and prepared for docking using LigPrep with protonation states assigned using Epik. 
Conformational search and minimization utilized Macromodel the OPLS4 force field, and molecular 
docking was performed with the Glide program with standard precision.

2.2 Molecular dynamics simulations
Molecular dynamics simulations of 200 ns were conducted on the selected complexes to evaluate the 

stability of the complexes. GROMACS 2022.5 software6 with the Amber99sb-ILDN force field7 was 
selected for performing simulation studies. The Sobtop tool8 was used to generate ligands topology files 
under the Gaff force field and the RESP2 charges were calculated by the Multiwfn3 and Gaussian 09 
software5. The docked complexes were solvated in a cube box using a transferable intermolecular 
potential 3P (TIP3P) water model9. The gap between the protein chain and the edges of the box was fixed 
to be 1 Å. The appropriate number of ions was added to neutralize the respective systems. The steepest 
descent algorithm performed energy minimization to remove the undesirable steric clashes. Long-range 
electrostatic interactions within the cut-off of 1.2 nm were calculated using Particle Mesh Ewald (PME) 
approximation10. Short-range columbic and Van der Waals interactions with the cut-offs of 1.2 nm were 
selected. The Linear Constraint Solver (LINCS)11 technique was used to compute the covalent bond 
constraints. NVT and NPT ensembles performed the position restraint equilibration for 1 ns each. During 
simulation, the constant temperature (310K) was maintained using the Berendsen algorithm12, and the 
constant pressure (1 bar) was maintained by employing Parrinello-Rahman Barostat13. Subsequently, the 
production run of 200 ns was conducted on the docked complexes at the NPT ensemble using the same 
parameters mentioned above. For the analysis, the coordinates of the simulated complexes were captured 
every 2 fs time-frame. The converged complexes were subjected to free energy calculations using the 
MM-PBSA method. The hydrogen bond frequency was calculated by MDAnalysis.14

2.3 Binding free energy calculations
The molecular mechanics-based Poisson-Boltzmann surface area (MM-PBSA) continuum solvation 
model was used to calculate the binding free energy for the simulated protein-ligand complex. The 
gmx_MMPBSA package15 was used to calculate the various components of binding free energy, like 
electrostatic energy, van der Waals interaction energy, and solvation-free energy (polar + non-polar). 
Based on the RMSD plots, the last 20000 frames were selected to cover the most stabilized 
conformational states generated during the simulation run of 200 ns.
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Table S1. Structure parameters of compound 1 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.560 1 2 3 89.992

1 4 1.560 1 2 6 90.018

1 5 1.560 1 4 3 90.001

2 3 1.560 1 4 8 90.016

2 6 1.560 1 5 6 90.021

3 4 1.560 1 5 8 89.999

3 7 1.560 2 1 4 90.002

4 8 1.560 2 1 5 89.976

5 6 1.560 2 3 4 90.006

5 8 1.561 2 3 7 89.990

6 7 1.560 2 6 5 89.985

7 8 1.560 2 6 7 89.995

3 2 6 90.007

3 4 8 89.994

3 7 6 90.008

3 7 8 89.985

4 1 5 89.998

4 3 7 90.013

4 8 5 89.987

4 8 7 90.008

5 6 7 90.032

6 5 8 89.974

6 7 8 89.982
　

5 8 7 90.012
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Table S2. Structure parameters of compound 2 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.534 1 2 3 109.339

1 6 1.533 1 2 7 109.355

2 3 1.534 1 6 5 109.363

2 7 1.533 1 6 10 109.334

3 4 1.534 2 1 6 109.702

4 5 1.533 2 3 4 109.717

4 9 1.534 2 7 8 109.703

5 6 1.534 3 2 7 109.385

6 10 1.534 3 4 5 109.351

7 8 1.534 3 4 9 109.330

8 9 1.534 4 5 6 109.724

8 10 1.533 4 9 8 109.756

5 4 9 109.315

5 6 10 109.369

7 8 9 109.324

7 8 10 109.358

9 8 10 109.353

6 10 8 109.700
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Table S3. Structure parameters of compound 3 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.548 1 2 3 103.224

1 10 1.545 1 2 6 102.621

1 11 1.528 1 10 4 107.377

2 3 1.531 1 10 9 102.982

2 6 1.576 2 1 10 100.592

3 4 1.525 2 1 11 104.407

4 8 1.563 2 3 4 100.745

4 10 1.556 2 6 5 102.626

5 6 1.548 2 6 7 111.759

5 9 1.545 3 2 6 111.758

5 11 1.527 3 4 8 112.095

6 7 1.530 3 4 10 104.572

7 8 1.525 4 8 7 112.093

8 9 1.556 4 8 9 89.905

9 10 1.558 4 10 9 90.096

5 6 7 103.217

5 9 8 107.372

5 9 10 102.986

6 5 9 100.596

6 5 11 104.401

6 7 8 100.746

7 8 9 104.572

8 4 10 89.905

8 9 10 90.094

9 5 11 103.541

10 1 11 103.541

1 11 5 94.984
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Table S4. Structure parameters of compound 4 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.558 1 2 3 113.940

1 6 1.524 1 2 8 90.007

1 7 1.557 1 6 5 109.957

2 3 1.524 1 7 8 89.992

2 8 1.557 1 7 12 114.022

3 4 1.523 2 1 6 113.939

4 5 1.558 2 1 7 90.008

4 10 1.557 2 3 4 109.956

5 6 1.523 2 8 7 89.992

5 11 1.557 2 8 9 114.021

7 8 1.558 3 2 8 113.865

7 12 1.523 3 4 5 113.939

8 9 1.523 3 4 10 114.021

9 10 1.524 4 5 6 113.939

10 11 1.558 4 5 11 89.992

11 12 1.524 4 10 9 113.865

4 10 11 90.008

5 4 10 89.992

5 11 10 90.008

5 11 12 113.864

6 1 7 113.864

6 5 11 114.022

7 8 9 113.939

8 7 12 113.940

8 9 10 109.956

9 10 11 113.940

10 11 12 113.939

7 12 11 109.957
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Table S5. Structure parameters of compound 5 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.553 1 2 3 113.359

1 6 1.562 1 2 7 89.881

1 11 1.456 1 6 7 89.879

2 3 1.522 1 6 10 113.261

2 7 1.562 1 11 5 111.902

3 4 1.522 2 1 6 90.074

4 5 1.553 2 1 11 112.068

4 8 1.562 2 3 4 108.778

5 9 1.562 2 7 6 90.073

5 11 1.456 2 7 12 116.450

6 7 1.553 3 2 7 113.262

6 10 1.522 3 4 5 113.359

7 12 1.456 3 4 8 113.262

8 9 1.553 4 5 9 90.074

8 12 1.456 4 5 11 112.068

9 10 1.522 4 8 9 90.073

4 8 12 116.450

5 4 8 89.881

5 9 8 89.879

5 9 10 113.261

6 1 11 116.448

6 7 12 112.068

6 10 9 108.782

7 6 10 113.357

8 9 10 113.357

9 5 11 116.448

9 8 12 112.068

7 12 8 111.903



S7

Table S6. Structure parameters of compound 6 calculated at M06-2X/def2-TZVP level.
Atoms Distance (Å) Atoms Angle (°)

1 2 1.554 1 2 3 113.071

1 6 1.554 1 2 7 89.524

1 11 1.414 1 6 7 89.522

2 3 1.520 1 6 10 113.077

2 7 1.554 1 11 5 113.101

3 4 1.520 2 1 6 90.361

4 5 1.554 2 1 11 114.489

4 8 1.554 2 3 4 107.884

5 9 1.554 2 7 6 90.363

5 11 1.413 2 7 12 114.495

6 7 1.554 3 2 7 113.079

6 10 1.520 3 4 5 113.067

7 12 1.413 3 4 8 113.080

8 9 1.554 4 5 9 90.360

8 12 1.413 4 5 11 114.492

9 10 1.520 4 8 9 90.364

4 8 12 114.494

5 4 8 89.524

5 9 8 89.523

5 9 10 113.075

6 1 11 114.491

6 7 12 114.490

6 10 9 107.886

7 6 10 113.071

8 9 10 113.071

9 5 11 114.493

9 8 12 114.490

7 12 8 113.098
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Table S7. Solvation free energy (kcal/mol) of compounds 1-6 calculated at M06-2X/def2-TZVP level.

Table S8. Dipole and quadrupole of compounds 1-6 calculated at M06-2X/def2-TZVP level.
Compounds Dipole (log D) Quadrupole (a.u.)

1 -3.70 1.91

2 -3.43 2.04

3 -1.57 2.06

4 -5.11 2.10

5 -3.36 2.09

6 -4.06 2.09

Compounds Water Ethyl acetate Cyclohexane

1 -0.73 -6.07 -6.57

2 1.32 -4.86 -5.04

3 0.50 -5.82 -6.04

4 0.83 -5.91 -6.16

5 -8.61 -8.43 -6.36

6 -6.14 -7.74 -6.31



S9

Figure S1. Pictorial representation of the redocked pose, crystallised pose and RMSD values of a) 
NMDA, b) HDLP and c) σ1 receptor.



S10

Figure S2. Predicted binding mode of Series 1 and 2.
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Figure S3. 2D interaction diagrams of Series 1 and 3.
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Figure S4. Graphical representation of the protein-RMSF plot of chain A for protein of Series 1.

Figure S5. Graphical representation of the protein-RMSF plot of chain B for protein of Series 1.
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Figure S6. Graphical representation of the protein-RMSF plot of Series 2.

Figure S7. Graphical representation of the protein-RMSF plot of Series 3.
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Figure S8. Graphical representation of the ligand-RMSD plot of Series 1.

Figure S9. Graphical representation of the ligand-RMSD plot of Series 2.
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Figure S10. Graphical representation of the ligand-RMSD plot of Series 3.
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