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1. Supplemental Methods 

1.1 Software and tools 

For the present work, the following software/tools were used: AutoDock Vina (Trott & Olson, 2010; 

Eberhardt et al., 2021), SWISS-MODEL (Bienert et al., 2016), UCSF ChimeraX (Pettersen et al., 

2004), PDBfixer (Eastman et al., 2017), OpenBabel (O’Boyle et al., 2011), MGLTools 1.5.6 (Morris 

et al., 2009), PyMOL (Schrödinger & DeLano, 2020), ChemAxon (https://chemaxon.com/) and 

BIOVIA Discovery Studio Visualizer (BIOVIA, Dassault Systèmes, Discovery Studio, v. 

21.1.0.20298, San Diego: Dassault Systèmes, 2021). 

1.2 Protein preparation for docking analysis 

The structures of the Homo sapiens (human) transporter PepT1 (HsPepT1) selected for this study 

were obtained from Protein Data Bank (Berman et al., 2003). The PDB files, identified by their PDB 

codes: 7PN1, 7PMX and 7PMW, represented the apoprotein (Apo) HsPepT1 in the outward facing 

open conformation, HsPepT1 bound to Ala-Phe in the outward facing open conformation, and the 

HsPepT1 bound to Ala-Phe in the outward facing occluded conformation, respectively. These 

structures represent the conformation of the human transporter in three subsequent moments of its 

transport cycle (Killer et al., 2021). 

To prepare structures for docking simulations, the three Protein Data Bank files were processed 

through PDB fixer (online server), which is able to: i) add missing heavy atoms; ii) add missing 

hydrogen atoms; iii) build missing loops; iv) convert non-standard residues to their standard 

equivalents; v) select a single position for atoms with multiple alternate positions listed; vi) delete 

unwanted chains from the model; vii) delete unwanted heterogens. Afterwards, the prepared 

structures were uploaded in the AutoDockTools of MGLTools, a phyton-based graphical interface, 

useful to the preparation of the PDB format files for following Autodock Vina docking analysis. 

Lastly, by means of the Autodock plugin (Seeliger and de Groot, 2010) available in PyMOL, it was 

possible to build the docking simulation box for each (i.e., 7PN1, 7PMX and 7PMW) protein model. 

1.3 Ligands preparations 

For this bioinformatic analysis, the following dipeptides, namely L-Ala-L-Phe (Ala-Phe), Gly-L-Gln 

(Gly-Gln), L-Asp-Gly (Asp-Gly), Gly-L-Asp (Gly-Asp), Gly-Lys (Gly-Lys), L-Lys-Gly (Lys-Gly), 

L-Met-L-Lys (Met-Lys) and L-Lys-L-Met (Lys-Met), were downloaded (sdf format) from the 

PubChem database (Kim et al., 2023). These eight molecules were identified by the following access 

numbers: Ala-Phe, 96814; Gly-Gln, 123913; Asp-Gly, 151148; Gly-Asp, 97363; Gly-Lys, 3080576; 

Lys-Gly, 7022320; Met-Lys, 7016112; Lys-Met, 7016114. 

https://chemaxon.com/


 

 

We used the ‘Protonation’ feature online tool available in ChemAxon to calculate pKa and the 

protonation state of each dipeptide molecule at pH 7.5. On the basis of the calculated values, each 

dipeptide was modified (by using the BIOVIA Discovery Studio Visualizer) in order to have the 

model of the most represented charged form at pH 7.5 (for details, see Supplemental Table 1). These 

forms were used for the following molecular docking simulations. 

1.4 Protein-ligand complexes and molecular docking simulation 

The evaluation of interactions between the HsPepT1 transporter and the selected ligands (Ala-Phe, 

Gly-Gln, Gly-Asp, Asp-Gly, Gly-Lys, Lys-Gly, Met-Lys, Lys-Met) via molecular docking analysis 

was carried out by using AutoDockVina. To start the simulations, AutoDock Vina requires that both 

protein targets and ligands are converted into a digital file format called “pdbqt” (Rizvi et al., 2013), 

which is a modified protein data bank format containing atomic charges, atom type definitions and, 

for ligands, topological information (rotatable bonds). Specifically, we run simultaneous multiple 

ligands docking for each protein by using a PERL script. In particular, we created a .conf file for Vina 

with an Exhaustiveness of 64 repetitions and an energy maximum range of 4 kcal/mol between the 

first, lower energy, pose to the tenth, higher energy, pose. All the results were collected for final 

evaluation of the results. 

1.5 Evaluation of the results 

After docking analysis, we used the software ChimeraX to generate the ligand-protein complexes of 

all the best ten docking score interaction for each ligand. For each complex, we generated a graphic 

representation of the molecular surface of the ligand in the binding pocket of the proteins and the 

whole ligands in a single complex. All these images are summarized in Supplemental Figure 1 (for 

details, see Supplemental Figure 1A). To visualize and compare the different binding energies of 

the ligands to the different conformations of the proteins, all docking binding affinity scores, 

expressed in Kcal/mol, were recorded into GraphPad Prism software, version 4.02 (GraphPad 

Software Inc., San Diego, CA, USA). Data are summarized in Supplemental Figure 1 (for details 

see, Supplemental Figure 1B). 

 



 

 

A 

 
 

 



 

 

 

 

B 

 
Supplemental Figure 1. (A) ChimeraX analysis of protein-ligand complexes as obtained by molecular docking simulation of Ala-Phe, Gly-Gln, Asp-Gly, Gly-Asp, 

Gly-Lys, Lys-Gly, Met-Lys and Lys-Met on the human PepT1 transporter in three structural conformations [i.e., the apoprotein (Apo) in the outward facing open 

conformation, 7PN1, the protein bound to the peptide in the outward facing open conformation, 7PMX, and the protein bound to the peptide in the outward facing 

occluded conformation, 7PMW]. The figure shows the different positions of the ligands after the calculation of the lower binding energy states in the molecular 



 

 

docking simulation. (B) AutoDock Vina results of the binding affinity (expressed in Kcal/mol) for each predicted ligand-protein complex. Lower energy values 

indicate a better stability of the ligand-protein complex. 

 



 

 

Supplemental Table 1. Percentage of positively, negatively and/or zwitterionic microspecies present at pH 6.5 and 7.6 for each tested dipeptide (see 

below for details). 

  pH 6.5 pH 7.6 

3-letter code 1-letter code +2 +1 0 -1 -2 +2 +1 0 -1 -2 

Gly-Gln GQ - - 97.6% 2.3% - - - 77.6% 22.4% - 

Met-Lys MK 0.2% 98.5% 1.2% - - - 86.5% 13.2% + 0.2% - - 

Lys-Met KM 0.2% 98.6% 1.2% - - - 87.1% 12.6% + 0.2% - - 

Gly-Lys GK 0.2% 97.5% 2.3% - - - 77.4% 22.3% + 0.2% - - 

Lys-Gly KG 0.2% 98.7% 1.2% - - - 87.2% 12.6% + 0.2% - - 

Gly-Asp GD - - 3.6% 94.0% 2.2% - - 0.2% 77.4% 22.3% 

Asp-Gly DG - - - 98.9% 1.0% - - - 89.4% 10.6% 
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(Statistical Summary Documents) 
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