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Computational Details – Refinement of the 3,000 candidates through MD simulations and 

binding energy calculations  

As the rigid-body protein-protein docking through ZDOCK 3.0.2 program were not able to 

account for the conformational flexibility of the ligand and receptor proteins, and for the purpose 

to select more reasonable hDAT-Tat binding structures from the 3,000 candidates, we performed 

structural optimization and binding energy calculations by using the Amber 12 software package1 

and the MM-PBSA method.2 To reduce the possibility of missing any reasonable candidates of the 

hDAT-Tat binding structure, our computational screening of the 3,000 candidates were performed 

for four steps as described below. 

Step 1. To relax the candidates of the binding complexes from the initial rigid docking, and 

to perform a rough but quick screening for HIV-1 Tat binding with hDAT, energy minimization 

was performed with implicit solvent model (OBC2 model,3 igb=5) implemented in the PMEMD 

module of the Amber 12 package,1 with geometrical constraints using a force constant of 30 

kcal/mol on the backbone atoms of HIV-1 Tat and all the atoms of hDAT except for the atoms on 

the side chains of residues within the extracellular region of hDAT. The energy minimization was 

performed first for 5,000 steps by using the steepest descent method and then for 5,000 steps by 

using the conjugated gradient method. Next, the geometrical constraints were kept on all atoms of 

hDAT except for the atoms of residues within the extracellular region of hDAT, and 10,000 steps 

of energy minimization were performed. After these steps of energy minimization, MM-PBSA 

module of the Amber 12 was used to calculate the binding energies for all the candidates of the 

hDAT-Tat binding structure. This led to a selection of top-256 candidates of the hDAT-Tat binding 

structures according to the ranking of the binding energies, geometrical matching quality, and 

whether HIV-1 Tat was in unfavorable contacts with any residues inside the vestibule near the 

extracellular end of hDAT. Among these 256 candidates of the hDAT-Tat binding structures, 139 

are associated with the outward-open state of hDAT, 102 associated with the outward-occluded 

state of hDAT, and 15 associated with the inward-open state of hDAT. 

Step 2. Further MD simulations with the implicit solvent model were performed on the top-

256 candidates of the hDAT-Tat binding structures to optimize the protein-protein binding 

structures and then probe stable binding mode of the hDAT-Tat complex. These protein-protein 

binding systems were heated to 300 K by applying Langevin dynamics for 2 ns (for equilibration). 

The lengths of covalent bonds involving hydrogen atoms were fixed with the SHAKE algorithm,4 
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enabling the use of a 2-fs time step to numerically integrate the equations of motion. A geometrical 

constraint with a force constant of 30 kcal/mol was applied on all residues of hDAT except those 

within the extracellular region of hDAT during the simulation. The second-round of calculations 

were performed to calculate the binding energies by using the MM-PBSA module of the Amber 

12. After this round of MM-PBSA calculations, top-32 candidates of the hDAT-Tat binding 

structures were selected according to the ranking of the hDAT-Tat binding energies, the visual 

checking of geometrical matching quality, and whether HIV-1 Tat had unfavorable contacts with 

residues within the vestibule near the extracellular end of hDAT. As visually checked, top-32 

candidates of the hDAT-Tat binding structures are all associated with the outward-open state of 

hDAT. Thus, all candidates for HIV-1 Tat binding with either the outward-occluded state of hDAT 

or the inward-open state of hDAT were ignored in the subsequent steps of screening for the most 

favorable hDAT-Tat binding structure. 

Step 3. In order to explore the stability of the top-32 candidates of the hDAT-Tat binding 

structures under the physiological environment, we inserted each of these 32 candidates into the 

pre-equilibrated palmitoyloleoyl phosphatidylcholine (POPC) phospholipid bilayers and solvated 

by solvent water (TIP3P) on each side of the bilayers at physiological pH 7.4. The force-field 

parameters for atoms of phospholipid molecules were directly adopted from the Amber Lipid11 

force field included in Amber 12 software package. For each system containing the hDAT-Tat 

binding complex + phospholipid molecules + solvent water molecules, a set of 12 Cl- ions were 

added to the solvent as counter ions to neutralize the system. The finally formed system for each 

of top-32 candidates of the hDAT-Tat binding structures reached a typical size of 120 × 117 × 109 

Å. The total number of atoms for each system was about 151,124 atoms, including 350 POPC 

molecules and about 31,422 water molecules. The whole system was subjected to multiple steps 

of energy minimization by using the Amber 12 program package. The energy minimization was 

performed first for 30,000 steps using the steepest descent method, and then 30,000 steps using 

the conjugated gradient method implemented in the Amber 12 program package. In order to 

prevent possible steric hindrance between the protein and the environment (including the 

phospholipid molecules, counter ions, and water molecules), a force constant of 30 kcal/mol was 

first used to constrain all atoms of the two proteins and the phospholipid molecules while the 

positions of the water molecules and counter ions were energy-minimized. The constraints were 

then applied only to the atoms of HIV-1 Tat and hDAT, while the remaining atoms were energy 
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minimized. Then, the constraints were applied only to the backbone atoms of HIV-1 Tat and hDAT, 

while the atoms on the side chains of the proteins and the atoms of the environment were energy 

minimized. Finally, the whole system was energy minimized without any constraints, and the 

simulations reached the convergence criteria of energy gradient of 10-4 kcal/mole Å-1.  

After the energy minimizations, MD simulations were performed for each of the top-32 

systems by using the PMEMD module of the Amber 12 program. Each system was gradually 

heated to 300 K by applying Langevin dynamics to be equilibrated for 1 ns. During the MD 

simulations, a cutoff of 10.0 Å non-bonded interaction and a cutoff of 2.0 Å non-bonded list 

updating were used. The motion for the mass center of the system was removed every 1,000 steps. 

The particle-mesh Ewald (PME) method was used to treat long-range electrostatic interactions. 

The lengths of covalent bonds involving a hydrogen atom were fixed with the SHAKE algorithm, 

enabling the use of a 2-fs time step to numerically integrate the equations of motion. For MD 

simulations on each of the top-32 membrane-containing systems, a constant surface tension (15 

dyne/cm) with interfaces in the X-Y plane was applied. The production MD simulations were kept 

running for 5 ns with a periodic boundary condition in the NTP (constant temperature and pressure) 

ensemble at T = 300 K. Based on the trajectories of the 5-ns MD simulations for each of the top-

32 systems, top-10 candidates were selected according to the ranking of third-round calculations 

on the binding energies calculated using the same MM-PBSA method as described above. The 

selection of top-10 candidates of the hDAT-Tat binding structures was also checked for the 

geometrical matching quality and whether HIV-1 Tat had unfavorable contacts with residues 

inside the vestibule near the extracellular end of hDAT. Interestingly, the top-10 candidates of the 

hDAT-Tat binding structures actually reflect the same binding mode.  

Stage 4.  The selected top-10 candidates for the hDAT-Tat binding structures were subjected 

to further MD simulations for a longer time, in order to further relax the binding interface between 

the two proteins and the whole binding structures. The MD simulations were performed in the 

same way as described in Step 3. The production MD simulations for each of these 10 binding 

structures were kept running for a total length of 10 ns. Finally, all the MD trajectories were 

analyzed, and the last snapshots of MD trajectories for all these 10 systems were energy-minimized 

and the binding energies were evaluated in the similar ways as described in the above steps. Based 

on the finally calculated binding energies, the simulated hDAT-Tat binding structure with the 

lowest binding energy was ranked #1. In fact, all of the 10 MD trajectories represent the same 
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hDAT-Tat binding mode, without significant difference in consideration of the reasonable 

dynamic fluctuations.  

 

 
Figure S1. Amino acid sequence for B-type HIV-1 Tat (Tat Bru) protein. Different regions of 

Tat Bru are labeled under the sequence. 
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