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Supporting Information for METHODS

Molecular Docking

To obtain the initial binding mode of 4 studied SSRIs (fluoxetine, sertraline, paroxetine 

and escitalopram) to hSERT, molecular docking was carried out using Glide software1, with 

default settings of standard precision mode. The 3D structures of these 4 SSRIs were 

retrieved from the PubChem database. Then, structures of 4 SSRIs were preprocessed by the 

LigPrep2 using OPLS-2005 force field3 and resulted in a low energy conformation. The 

ionized state was assigned by Epik4 at a pH value of 7.0 ± 2.0.

To prepare hSERT structure for docking, the Protein Preparation Wizard module in 

Maestro5 was used to add hydrogen atoms, assign partial charges using OPLS-2005 force 

field, assign protonation states and minimize the structure. The minimization was terminated 

when the root mean square deviation reached the maximum value of 0.30 Å. Site-directed 

mutagenesis study showed that Tyr95, Asp98, Ile172, Asn177, Phe341 and Ser438 of hSERT 

are critical for SSRIs' binding6. Therefore, a docking grid box was defined using the Receptor 

Grid Generation tool in Glide by centering these six residues in the modeled structure of 

hSERT. In molecular docking, 5000 poses were generated during the initial phase of the 

docking calculation, out of which best 400 poses were chosen for energy minimization by 

100 steps of conjugate gradient minimizations.

Cross-Docking

To test the effectiveness of molecular docking, the X-ray structures of LeuBAT in 

complex with fluoxetine, sertraline and paroxetine (PDB codes 4MM8, 4MM5 and 4MM4) 

were used for cross-docking by Glide software1. The ligands and proteins were firstly 

prepared in the same way as described above. Then, the docking grid boxes were defined by 

centering on fluoxetine, sertraline or paroxetine in LeuBAT using the Receptor Grid 

Generation tool in Glide1. Finally, the prepared fluoxetine, sertraline and paroxetine were 

cross-docked into the corresponding fluoxetine, sertraline and paroxetine bound LeuBAT 

structures using the same parameter settings for 4 SSRIs' molecular docking.

Protein-Ligand/Membrane System Setup

Coordinates of four obtained SSRIs-hSERT structures were pre-oriented in OPM7 with 

respect to the Membrane Normal which is defined by the Z-axis. Then SSRIs-hSERT 

complexes were embedded into the explicit POPC lipid bilayer using the Membrane Builder 
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module of CHARMM-GUI8-11.

The TIP3P water12 of  thickness was placed above and below the membrane and the 20Å

salt concentration was kept at 0.15M by adding  and . The overall system contained 𝑁𝑎+ 𝐶𝑙 ‒

a total of ~96000 atoms per periodic cell. The box size was set as .83Å × 83Å × 127Å

MD simulation

MD simulation was performed within the AMBER1413 using GPU-accelerated PMEMD 

on 16 cores of an array of two 2.6GHz Intel Xeon E5-2650v2 processors and 4 pieces of 

NVDIA Tesla NVIDIA Tesla K20C graphics card.

AMBER force field ff14SB14 and Lipid1415 were used for protein and lipids, respectively. 

The ions parameters for TIP3P water are collected from Joung & Cheatham16. The force field 

parameters for fluoxetine, sertraline, escitalopram, paroxetine and cholesterol were described 

by the General AMBER Force Field17 and the charges were assigned using Restrained 

Electrostatic Potential partial charges18 with Antechamber19. Geometry optimization and the 

electrostatic potential calculations were performed with Gaussian09 at the HF/6-31G* level20.

Prior to MD simulation, the prepared systems were subjected to initial energy 

minimization by two steps. The first step is to apply harmonic restraints with a force constant 

of 10.0 kcal/(mol·Å2) to the lipid and solute atoms, and the second step is to allow all atoms 

to move freely. In each step, energy minimization was performed by the steepest descent 

method for the first 5000 steps and the conjugated gradient method for the subsequent 5000 

steps. After the initial minimization, the system was heated through two sequential runs to 

310K while keeping the lipid and solute atoms fixed over 100ps in the NVT ensemble. Firstly, 

the system is heated to 100K and then gradually to 310 K. Subsequently, 10 times 

unconstrained equilibration (5ns) at 310K were performed to equilibrate the system’s 

periodic boundary condition. Finally, 150ns MD simulation was conducted in NPT ensemble 

under a temperature of 310K and a pressure of 1 atm. Temperature is controlled here using 

Langevin dynamics while pressure is controlled using the anisotropic Monte Carlo barostat 

included in AMBER14.

In the MD simulations, periodic boundary conditions were employed and direct space 

interaction was calculated by considering the long range electrostatic interaction (cutoff = 

10.0Å) using particle-mesh Ewald method21. Here, the dimension of periodic box was 

measured using VMD 1.9.122. All bonds involving hydrogen atoms were constrained with the 
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SHAKE algorithm23 allowing an integration time step of 2 fs.

All MD trajectories analysis, such as the root mean square deviation between structure 

pairs and the extraction of representative structures from trajectories, were performed using 

cpptraj24 as implemented in AMBER14. Visualization of structures was performed with 

PyMOL25.

Binding Free Energy Calculation

The relative binding free energies of SSRIs on the wild type and mutant hSERT were 

calculated using the single-trajectory based MM/GBSA method26, 27. The mm_pbsa.pl under 

AMBER14 was used to carry out the MM/GBSA calculation. A total of 500 snapshots were 

taken from the last 50 ns equilibrium trajectory of each complex. For each snapshot, all of the 

ions (except for the functional ions in the binding site), lipid, and water molecules were 

removed. The MM/GBSA binding free energy ( ) calculated by excluding entropic ∆𝐺𝑀𝑀/𝐺𝐵𝑆𝐴

contribution is given by

              (1)∆𝐺𝑀𝑀/𝐺𝐵𝑆𝐴 = ∆𝐸𝑣𝑑𝑊 + ∆𝐸𝑒𝑙𝑒 + ∆𝐺𝑝𝑜𝑙 + ∆𝐺𝑛𝑜𝑛𝑝𝑜𝑙

In Eq. (1),  and  represent the van der Waals and electrostatic components in ∆𝐸𝑣𝑑𝑊 ∆𝐸𝑒𝑙𝑒

gas phase, and  and  stand for polar and non-polar solvent interaction energies. ∆𝐺𝑝𝑜𝑙 ∆𝐺𝑛𝑜𝑛𝑝𝑜𝑙

 and  were calculated using the AMBER force field ff14SB, and the electrostatic ∆𝐸𝑣𝑑𝑊 ∆𝐸𝑒𝑙𝑒

free energy of solvation ( ) were calculated by the modified GB model (igb = 2) ∆𝐺𝑝𝑜𝑙

developed by Onufriev et al.28. The solute and solvent dielectric constants were set to 2 and 

80, respectively. The nonpolar solvation free energy ( ) was calculated from the ∆𝐺𝑛𝑜𝑛𝑝𝑜𝑙

solvent accessible area (SASA) using the linear combination of pairwise overlaps (LCPO) 

method ( ). SASA here was determined with probe radii of 1.4 ∆𝐺𝑛𝑜𝑛𝑝𝑜𝑙 = 0.0072 × ∆𝑆𝐴𝑆𝐴

Å29.

Per-residue Free Energy Decomposition Analysis

To quantitatively evaluate the contribution to SSRIs' binding, the total binding free 

energy was decomposed on a per-residue basis, which including contributions from the van 

der Waals term ( ), electrostatic term ( ), polar term ( ) ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑣𝑑𝑊 ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑒𝑙𝑒 ∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑝𝑜𝑙

and nonpolar term ( ) for the ligand and each residue, as shown in Eq. (2):∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑛𝑜𝑛𝑝𝑜𝑙

   (2)∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑀𝑀/𝐺𝐵𝑆𝐴 = ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑣𝑑𝑊 + ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑒𝑙𝑒 + ∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑝𝑜𝑙 + ∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑛𝑜𝑛𝑝𝑜𝑙
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where ,  and  were calculate using the same ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑣𝑑𝑊 ∆𝐸𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑒𝑙𝑒 ∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑝𝑜𝑙

approach in "Binding Free Energy Calculation" section, while the non-polar term was 

estimated as  based on the recursive approximation of a ∆𝐺𝑝𝑒𝑟 ‒ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑛𝑜𝑛𝑝𝑜𝑙 = 0.0072 × ∆𝑆𝐴𝑆𝐴

sphere around an atom, starting from an icosahedron (ICOSA)13.
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Table S1. Comparison between the calculated and experimental binding free energies for 4 SSRIs to the wild type and mutant hSERT (All energies 
are in kcal/mol, all Ki values are in nM, and mutation induced 10-fold shift in the inhibitory potency (Ki) for SSRIs binding)≥

Systems ΔEele
a ΔEvdW

a ΔGpol
a ΔGnonpol

a ΔGMM/GBSA
a ΔGexp

b Ki
c

Wild Type -19.65 ± 0.19 -39.79 ± 0.11 23.53 ± 0.16 -5.61 ± 0.0054 -41.52 ± 0.10 -9.00 255 ± 61
Tyr/Ala95 -16.83 ± 0.14 -38.22 ± 0.10 23.95 ± 0.10 -5.35 ± 0.0071 -36.44 ± 0.10 -7.58 2830 ± 177Fluoxetine
Ile/Met172 -21.93 ± 0.18 -39.14 ± 0.11 27.95 ± 0.14 -5.63 ± 0.0076 -38.74 ± 0.097 -7.32 4304 ± 929
Wild Type -16.74 ± 0.22 -41.99 ± 0.12 19.43 ± 0.15 -5.02 ± 0.0067 -44.32 ± 0.12 -9.03 242 ± 33Sertraline Ser/Thr438 -27.35 ± 0.17 -37.55 ± 0.12 26.51 ± 0.14 -5.04 ± 0.0062 -43.43 ± 0.10 -7.08 6551 ± 1435
Wild Type -31.98 ± 0.20 -47.66 ± 0.11 36.67 ± 0.17 -6.24 ± 0.0058 -49.21 ± 0.12 -10.23 32 ± 1
Tyr/Ala95 -18.04 ± 0.17 -51.17 ± 0.11 27.96 ± 0.15 -6.30 ± 0.0058 -47.55 ± 0.10 -8.72 408 ± 54
Asp/Glu98 -22.01 ± 0.18 -48.53 ± 0.11 29.20 ± 0.13 -6.24 ± 0.0058 -47.57 ± 0.11 -8.29 856 ± 117
Ile/Met172 -22.30 ± 0.18 -46.61 ± 0.10 28.41 ± 0.14 -6.10 ± 0.0062 -46.59 ± 0.11 -6.63 13946 ± 3167
Phe/Tyr341 -31.87 ± 0.16 -42.62 ± 0.12 34.67 ± 0.14 -6.20 ± 0.0067 -46.02 ± 0.11 -7.88 1691 ± 208

Escitalopram

Ser/Thr438 -17.40 ± 0.22 -49.11 ± 0.10 25.08 ± 0.19 -6.39 ± 0.0054 -47.82 ± 0.11 -6.98 7693 ± 874
Wild Type -45.05 ± 0.16 -45.93 ± 0.13 46.10 ± 0.14 -6.27 ± 0.0058 -51.14 ± 0.12 -10.40 24 ± 6
Tyr/Ala95 -33.35 ± 0.14 -46.58 ± 0.13 37.09 ± 0.11 -6.04 ± 0.0067 -48.88 ± 0.12 -7.85 1759 ± 306
Asp/Glu98 -28.49 ± 0.16 -49.78 ± 0.12 33.83 ± 0.13 -6.29 ± 0.0044 -50.72 ± 0.12 -9.16 195 ± 37
Phe/Tyr341 -42.43 ± 0.14 -47.68 ± 0.12 44.88 ± 0.12 -6.23 ± 0.0058 -51.45 ± 0.11 -8.37 741 ± 73

Paroxetine

Ser/Thr438 -24.47 ± 0.14 -52.23 ± 0.12 30.65 ± 0.12 -6.28 ± 0.0049 -52.33 ± 0.12 -7.56 2885 ± 559
a Calculated binding free energy in this work.
b Estimated binding free energy based on Ki values using .∆𝐺𝑒𝑥𝑝 =‒ 𝑅𝑇𝑙𝑛(𝐾𝑖)
c Experimental value from Sørensen's work30.
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Table S2. The calculated contributions of hot spot residues for fluoxetine's bindinga

Systems
Drug hSERT

Residues Wild Type Tyr/Ala95 Ile/Met172 Asn/Ser177
Tyr/Ala95 -3.68 0.05 -3.38 -3.77
Ala96 -0.64 -0.69 -0.73 -0.63
Asp98 -2.75 -2.64 -2.61 -2.88
Ile/Met172 -2.85 -3.10 -2.91 -2.85
Ala173 -0.57 -0.53 -0.53 -0.53
Tyr176 -1.95 -2.05 -1.08 -1.86
Phe341 -0.94 -0.70 -1.26 -0.63
Asp437 -0.36 -0.52 -0.39 -0.40
Ser438 -1.44 -2.13 -1.08 -1.40
Thr439 -1.69 -1.62 -1.41 -1.64
Gly442 -0.89 -1.04 -0.95 -0.99
Leu443 -0.69 -0.78 -0.65 -0.75

a All values are given in kcal/mol.
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Table S3. The calculated contributions of hot spot residues for sertraline's bindinga

Systems
Drug hSERT

Residues Wild Type Ser/Thr438
Tyr95 -1.87 -2.66
Asp98 -2.13 -1.68
Ala169 -0.77 -0.89
Ile172 -2.2 -1.66
Ala173 -0.73 -0.49
Tyr176 -2.7 -1.36
Phe341 -1.84 -1.66
Asp437 -0.36 -0.35
Ser/Thr438 -1.3 -2.15
Thr439 -1.87 -1.47
Gly442 -1.14 -0.76
Leu443 -0.93 -0.98

a All values are given in kcal/mol.
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Table S4. The calculated contributions of hot spot residues for escitalopram's bindinga

Systems
Drug hSERT

Residues Wild Type Tyr/Ala95 Asp/Glu98 Ile/Met172 Asn/Ser177 Phe/Tyr341 Ser/Thr438
Tyr/Ala95 -2.36 -0.21 -3.36 -3.34 -3.61 -2.21 -3.23
Ala96 -0.43 -0.35 -0.57 -0.64 -0.54 -0.39 -0.57
Asp/Glu98 -1.83 -1.43 -0.93 -0.73 -1.81 -2.01 -0.99
Leu99 -1 -0.94 -0.11 -0.1 -0.13 -0.18 -0.07
Gly100 -0.51 -0.25 -0.01 -0.05 -0.06 -0.16 0.02
Trp103 -0.52 -0.13 -0.01 -0.01 -0.04 -0.15 0
Ile/Met172 -2.26 -2.17 -3.05 -2.6 -3.13 -2.3 -3.05
Ala173 -0.5 -0.34 -0.5 -0.61 -0.5 -0.58 -0.42
Tyr175 -0.5 -0.37 -0.5 -0.39 -0.7 -0.68 -0.4
Tyr176 -2.41 -2.25 -2.01 -2.01 -2.33 -1.99 -1.64
Phe334 -0.31 -0.97 -0.43 -0.32 -0.19 -0.27 -0.33
Phe335 -1.99 -2.19 -1.69 -1.69 -0.54 -1.94 -1.94
Ser336 -0.7 -0.7 -0.49 -0.5 -0.54 -0.57 -0.41
Gly338 -0.61 -0.7 -0.75 -0.59 -0.71 -0.56 -0.67
Phe/Tyr341 -1.86 -3.23 -1.11 -1.63 -1.06 -0.48 -1.62
Ser/Thr438 -2.08 -1.43 -0.95 -0.95 -0.94 -1.03 -1.17
Thr439 -1.06 -1.18 -1.33 -1.22 -1.46 -0.98 -1.29
Gly442 -0.2 -0.54 -0.73 -1.13 -1.11 -0.68 -1.21
Val501 -0.13 -0.11 -0.66 -0.5 -0.4 -0.29 -0.79

a All values are given in kcal/mol.
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Table S5. The calculated contributions of hot spot residues for paroxetine's bindinga

Systems
Drug

hSERT
Residues Wild Type Tyr/Ala95 Asp/Glu98 Phe/Tyr341 Ser/Thr438
Tyr/Ala95 -3.31 -1.26 -3.84 -4.09 -3.97
Asp/Glu98 -2.38 -3.79 -1.81 -1.86 -1.10
Ala169 -0.78 -0.62 -1.01 -0.98 -1.16
Ile172 -2.74 -2.15 -2.92 -2.45 -2.82
Ala173 -0.86 -0.51 -0.45 -0.63 -0.45
Tyr176 -1.98 -1.57 -1.67 -1.34 -1.60
Phe334 -0.25 -0.87 -0.55 -0.15 -0.77
Phe335 -0.42 -0.53 -0.37 -0.47 -1.60
Ser336 -0.71 -0.33 -1.29 -0.68 -1.84
Gly338 -0.36 -0.91 -0.72 -0.50 -0.63
Phe/Tyr341 -1.74 -0.77 -0.62 -1.63 -2.03
Val343 -0.50 -0.47 -0.24 -0.75 -0.51
Ser/Thr438 -0.88 -1.21 -0.71 -0.87 -0.95
Thr439 -1.22 -0.89 -1.12 -1.36 -0.92
Gly442 -1.18 -0.99 -1.16 -1.15 -1.12
Leu443 -1.20 -0.94 -1.19 -1.43 -0.91
Thr497 -0.60 -1.09 -1.02 -0.54 -0.40

a All values are given in kcal/mol.
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Figure S1. Sequence alignment between hSERT (from Glu78 to Pro617) and dDAT (from 
Glu26 to Asp599) using ClustalW2 program31. The 12 transmembrane (TM1 to TM12) alpha 
helices are labeled above the sequence. Stars refer to the identical residues, the double filled 
periods refer to the conservative substitutions and the filled periods refer to the variable 
conservative substitutions.
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Figure S2. Structural superimposition between hSERT model and the crystal structure of 

dDAT (PDB code 4M48). hSERT and dDAT are shown in cartoon representation in light 

brown and gray, respectively.
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Figure S3. Ramachandran plot of the hSERT model.
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Figure S4. Docked poses of SSRIs fluoxetine, sertraline, paroxetine and escitalopram in the 

binding pocket of the modeled hSERT. hSERT is shown in ribbon representation in light 

brown. Fluoxetine, sertraline, escitalopram and paroxetine are shown as gray, green, yellow, 

and cyan sticks, respectively.
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Figure S5. Structural superimposition between the cross-docking poses (light brown) of 

fluoxetine, sertraline and paroxetine with its corresponding co-crystal pose (gray) in LeuBAT.
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Figure S6. Correlation of differences of energies calculated in this study ( ) and ∆∆𝐺𝑀𝑀/𝐺𝐵𝑆𝐴

estimated based on experiments ( ).∆∆𝐺𝑒𝑥𝑝
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Figure S7. Structural alignment of the docking poses of SSRIs-hSERT and their 

corresponding representative snapshots from equilibrated MD trajectories. SSRIs in the 

docked and MD simulated complexes are shown in green and cyan. For hSERT, the docking 

pose is represented by gray and the structure from MD is represented by light brown.
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Figure S8. Representative snapshots from MD simulation of 4 studied SSRIs (A) fluoxetine, 

(B) sertraline, (C) escitalopram and (D) paroxetine with hSERT. The SSRIs and their 

interacting residues are shown in stick representation, and the protein is shown in cartoon. 

Salt bridges and hydrogen bonds are depicted as blue and red dotted lines, respectively.
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Figure S9. Root mean square fluctuation (RMSF) of the backbone atoms versus residue 

number for SSRIs bound hSERT.
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Figure S10. Root mean square deviations of protein backbone atoms (A) and ligand heavy 

atoms (B) of mutant hSERT as a function of time in MD simulations.
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Figure S11. Structural superimposition of (A) sertraline binding to the wild type and 

Ser/Thr438 mutant hSERT, (B-E) escitalopram binding to the wild type and Tyr/Ala95, 

Asp/Glu98, Ile/Met172 and Ser/Thr438 mutant hSERTs, (F-I) paroxetine binding to the wild 

type and Tyr/Ala95, Asp/Glu98, Phe/Tyr341 and Ser/Thr438 mutant hSERT. Residues 

affected by mutations of hot spot residues and SSRIs are shown as a stick representation in 

wild type (light brown) and mutant (light blue) models. The mutation residues were 

highlighted in red dash line circle and font.
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Figure S12. Contribution changes in SSRI's binding by mutation on hot spot residues 

measured by the per-residue binding free energy corresponding to A-I in Figure S9. The 

mutation residues were highlighted in red font.
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