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Methods 

Table S1. Details of the molecular dynamics simulations. 

Number of 

peptides 

Box vectors 𝓵 

[nm] 

Box angles [] Volume of the 

box [nm3] 

Water molecules 

per box 

Ions per box Simulation 

Times [ns] 

1 13.1 60 60 90 1611 52021 146 250 

2 13.5 60 60 90 1727 56784 156 250 

3 13.0 60 60 90 1538 50104 139 250 

4 13.0 60 60 90 1538 49898 139 250 

10 - 1 17.7 60 60 90 3903 127335 353 250 

10 - 2 20.7 60 60 90 6289 207356 568 100 

 

Table S2. Initial distance between peptides in the MD simulations. 

Number of peptides 
Distance between the centers of mass 

of the peptides [Å] 

Distance between the centers of mass of the 

closest residues  [Å] 

2 15.2 10.1 

3 25.9 11.0 

4 21.4 9.4 
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Decamer – Atomistic simulations 

 

Figure S1. The evolution of the secondary structure as a function of simulation time evidences the increment of beta content. The 

PPII structure is computed as a coil in this model. 

 

 

 

 

 

 

 

 

 

 

Figure S2.  Secondary structure per residue of 33-mer decamer extracted from the representative conformation of the first 100 ns of 

simulation, calculated with STRIDE. Beta-like structures: Isolated bridge (B), Extended strand (E) and Turn (T). The PPII structure (C) is 

computed in the coils group, as described in the Methods section (coils are all secondary structures which are not beta-like, alpha-

helices, 3-10 helices or pi-helices). 

We performed a second atomistic simulation of ten monomers in solution (Fig. 3S). The monomers formed an octamer, and 

two monomers remained isolated. The monomers remained elongated during the first nanoseconds. The formation of the 

octamer was stepwise, the first five monomers aggregate in the first nanoseconds, and a sixth monomer was included after 30 

ns. Meanwhile a dimer was also formed. The same dimer aggregated with the hexamer and formed an octamer. The number of 

H-bonds presents a lineal increase during the first 30 ns (Fig.3S-F), showing the evolution of the formation of the oligomers, 

which is also presented as a decrease in the SAS (Fig.3S-G). 
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Figure S3. (A) The first frame of the simulation presents the 10 monomers in elongated conformations. (B) In the first frames of the 

simulation, the monomers begin to interact with each other. (C) The first noticeable aggregation step is the formation of a pentamer 



and a dimer. (D) At 50 ns different aggregates can be found including a hexamer and a dimer. (E) At 80 ns an octamer is found 

together with two isolated monomers. (F) The lineal increase in the number of H-bonds is compatible with aggregation. (G) The SAS 

decreases in agreement with the oligomerisation process. 

Decamer – Coarse-Grained simulations 

The coarse-grained MD simulations were also performed with the GROMACS 4.6.5 package [1,2] using the SIRAH force 

field and the WT4 representation [3] of water molecules. The conditions of this simulation were the same as those 

specified for atomistic simulations except for the time step, which was increased to 20 fs and the use of V-rescale 

thermostat. The protocol consisted of energy minimization with Steepest Descent algorithm to a maximum force of 10 

kJ/mol.nm and then a 5 ns position restrained equilibration on the NPT ensemble. Finally a 1 s production simulation 

was performed. The results were analysed with SIRAH tools [4].   

 

In this simulation; a decamer was formed by the approach of the monomers in the first nanoseconds of the entire 

production run (1 s). The structure obtained for the aggregate was initially loose and elongated, and it eventually 

formed a more compact structure (Figure S4A). The solvent-accessible area showed a plateau after 300 ns, which 

accounts for the stability of the compaction of the aggregate (Figure S4B). Moreover, during this simulation, the PPII 

content decreased to lower values until it reached about 50% of the total secondary structures (Figure S4C). Thus an 

increase of the  structure is observed. 

 

The implementation of a CG scheme on the aggregation of peptides has been employed and reviewed, particularly for 

smaller peptides [5,6]. However, the comparison of these results with the atomistic approach requires careful 

interpretation. Firstly, the beads used to represent groups of atoms retain only the main features of the residues. 

Secondly, the resulting structures with simplified interactions, also have fewer degrees of freedom than the atomistic 

simulations. Therefore the conformational space explored is not the same. Finally, it is hypothesised that, at this scale, 

aggregates do not exist in a single form, but instead present different structures compatible with further aggregation. 

This would account for the differences between the atomistic and coarse-grained decamers. 

 

 



 

Figure S4. (A) Final structure of the decamer obtained from 1 s coarse-grained MD simulations. (B) The Solvent Accessible Surface 

decreased due to the formation of the decamer. (C) The beta content was increased during the simulation, while the percentage of 

coil structures diminished until both reached ~50%. PPII structure is computed as a coil in this model. 

Monomer 

Table S3. Variation of the electrostatic energy with pH of 33-mer monomer. 

pH Average Electrostatic energy (104 kJ/mol) 

7 2.20  0.05 

2 2.27  0.05 

9 2.25  0.04 

 

 



 

 

Figure S5. Structural evolution of the monomer showing the three stages of folding through the radius of gyration.  

 

 

Figure S6. Different views of the molecular surface of the folded monomer (100 ns) coloured by the electrostatic potential. It shows 

the amphiphilic characteristic of this peptide. Blue surfaces correspond to 1kBT/e (4.3 10-21 J/e) and red surfaces to - 1kBT/e. 



Dimer 

Table S4. A network of H-bonds stabilizes the structure of the most representative conformation of the dimer (81 ns). 

Donor Acceptor 

LEU 1.A N PHE 33.B O2 

LEU 3.A N GLN 31.B O 

GLN 4.A NE2 PRO 28.B O 

GLN 10.A NE2 TYR 20.B OH 

LEU 11.A N PRO 9.A O 

TYR 13.A N LEU 11.A O 

GLN 15.A N TYR 13.A O 

GLN 15.A NE2 TYR 27.B OH 

GLN 17.A N GLN 15.A OE1 

GLN 17.A NE2 LEU 25.B O 

LEU 18.A N PRO 23.B O 

GLN 22.A N LEU 18.B O 

GLN 22.A NE2 PRO 23.A O 

GLN 24.A N GLN 17.B OE1 

GLN 31.A N PRO 5.B O 

GLN 2.B NE2 PHE 33.A O2 

GLN 10.B N PRO 26.A O 

GLN 15.B NE2 PRO 14.B O 

GLN 17.B N GLN 15.B O 

LEU 18.B N GLN 22.A O 

LEU 25.B N PRO 16.A O 

GLN 31.B N LEU 3.A O 

PHE 33.B N LEU 1.A O 

Table S5. A network of H-bonds stabilizes the structure of the representative conformation of the dimer in the second 
cluster (227 ns). 

Donor Acceptor 

LEU 3.A N GLN 31.B O 

GLN 4.A NE2 TYR 27.B OH 

LEU 18.A N PRO 23.B O 

GLN 24.A N TYR 13.B O 

GLN 24.A NE2 GLN 15.B O 

GLN 24.A NE2 GLN 17.B OE1 

GLN 2.B N PHE 33.A O2 

GLN 10.B N PRO 26.A O 

TYR 13.B N GLN 24.A O 

GLN 15.B N GLN 22.A O 

GLN 17.B N GLN 22.A OE1 

LEU 18.B N GLN 22.A OE1 

LEU 25.B N PRO 16.A O 



TYR 27.B OH PRO 5.A O 

GLN 31.B N LEU 3.A O 

PHE 33.B N LEU 1.A O 

 

 

Figure S7. H-bonds increased during the simulation of the dimer as a consequence of the oligomerization process.  

  

 

Figure S8. The radius of gyration of the MD simulations of the dimer show the initial approach of the monomers, the formation of 

the dimer and then the different degrees of elongation. 

 

 



 

Figure S9. Views from different orientations of the molecular surface of the dimer at 100 ns coloured by the electrostatic potential. 

The dimer retains its amphiphilic characteristic. 

 

Trimer 

 



Table S6. A network of H-bonds stabilizes the structure of the representative conformation of the stabilised trimer 
(203 ns). 

Donor Acceptor Donor Acceptor 

LEU 3.A N GLN 31.B O TYR 20.B OH PRO 32.C O 

GLN 10.A N GLN 10.C OE1 GLN 22.B N GLN 2.C O 

GLN 10.A NE2 LEU 11.C O GLN 24.B N GLN 4.C O 

LEU 18.A N PRO 23.B O LEU 25.B N PRO 16.A O 

GLN 22.A N LEU 18.B O GLN 31.B N LEU 3.A O 

GLN 24.A N GLN 17.B OE1 PHE 33.B N LEU 1.A O 

TYR 27.A OH PRO 30.C O GLN 2.C N GLN 22.B OE1 

GLN 29.A N GLN 17.C OE1 GLN 4.C N GLN 22.B O 

GLN 29.A NE2 GLN 17.C OE1 PHE 6.C N GLN 24.B O 

GLN 31.A N PRO 5.B O GLN 15.C N GLN 8.B O 

GLN 2.B N GLN 24.C OE1 TYR 20.C N GLN 29.A OE1 

GLN 4.B N LEU 25.C O GLN 24.C N GLN 4.B OE1 

GLN 4.B NE2 GLN 31.A O LEU 25.C N GLN 2.B O 

GLN 4.B NE2 TYR 20.C OH TYR 27.C N GLN 4.B O 

GLN 8.B N GLN 15.C OE1 GLN 31.C NE2 GLN 22.A OE1 

GLN 17.B N GLN 22.A O GLN 31.C NE2 PRO 19.B O 

LEU 18.B N GLN 22.A O   

 

 

Figure S10. The trimer is stabilised by an increasing number of H-bonds formed during the oligomerisation process.  

 

 



 

Figure S11. The radius of gyration of the MD simulations of the trimer shows the initial approach of the monomer and dimer, the 

formation of the trimer and the stability of the obtained structure after 30ns. 

 

Figure S12. Views from different orientations of the molecular surface of the trimer at 100ns (in the converged region of the RMSD) 

coloured by the electrostatic potential. 

 

 



 

 

Tetramer 

Table S7. A network of H-bonds stabilizes the structure of the most representative conformation of the tetramer (152 
ns). 

Donor Acceptor Donor Acceptor 

GLN 2.A N PHE 33.D O2 GLN 24.B NE2 GLN 17.A OE1 

LEU 3.A N GLN 31.B O LEU 25.B N PRO 16.A O 

GLN 4.A NE2 TYR 27.B OH GLN 31.B N LEU 3.A O 

GLN 4.A NE2 PRO 28.B O PHE 33.B N LEU 1.A O 

GLN 10.A N GLN 10.C OE1 GLN 4.C N GLN 22.B O 

LEU 18.A N PRO 23.B O PHE 6.C N GLN 24.B O 

GLN 22.A N LEU 18.B O GLN 10.C NE2 TYR 20.B OH 

GLN 22.A NE2 PRO 30.C O GLN 15.C NE2 GLN 2.D O 

GLN 24.A N GLN 17.B OE1 TYR 20.C N GLN 29.A OE1 

GLN 24.A NE2 GLN 17.D OE1 GLN 24.C NE2 GLN 2.B OE1 

LEU 25.A N GLN 29.C OE1 TYR 27.C OH GLN 10.D O 

GLN 29.A N GLN 17.C OE1 GLN 29.C NE2 LEU 25.A O 

GLN 31.A N PRO 5.B O GLN 29.C NE2 TYR 27.A OH 

GLN 2.B N GLN 24.C OE1 GLN 31.C NE2 GLN 22.A OE1 

GLN 4.B NE2 TYR 20.C OH GLN 31.C NE2 PRO 19.B O 

GLN 8.B N GLN 15.C OE1 TYR 20.D N GLN 17.B O 

LEU 18.B N GLN 22.A O GLN 22.D NE2 PRO 19.A O 

TYR 20.B OH PRO 32.C O GLN 31.D N GLN 4.A OE1 

GLN 22.B NE2 GLN 2.C O PHE 33.D N GLN 2.A O 

GLN 24.B N GLN 4.C O 
  

 

 

Figure S13. The number of H-bonds in the simulation of a trimer and a monomer is another manifestation that aggregation into a 

tetramer has occurred. 



 

 

Figure S14. The radius of gyration of the MD simulations of the tetramer represents the fast oncoming of the trimer and monomer 

and the resultant stable tetramer. 

 

Figure S15. Views from different orientations of the molecular surface of the tetramer (at 100ns, after reaching the convergence of 

the simulation) coloured by the electrostatic potential. 

Evolution of the secondary structures 



 

Figure S16. The evolution of the secondary structure during the MD simulations shows a similar trend for all the oligomers. During 

the first 250ns in both atomistic and coarse-grained simulations coil structures represent around 70% of the total secondary 

structures. While the values for alpha-helices remained zero in all the MD simulations, the content of beta structures was increased. 

Dityrosines 

We selected from visual inspection of the trajectories of the MD simulations, those tyrosines that were 

close enough to form a dityrosine-bond potentially. The distances between the CZ atoms of the selected 

residues are plotted.  

 

Figure S17. Distance between CZ atoms of Tyr69 and Tyr76 of chains A and B in the dimer (A) and trimer (B).  
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Figure S18: Circular dichroism temperature-dependent spectra of 33-mer peptide at 50 µM in absence of the peroxidase enzyme under 

different experimental conditions. A) In 10 mM phosphate 150 mM NaCl pH 7.4; B) in 100 mM borate buffer pH 8.8. 
 

Determination of the molecular mass of the oligomers detected by gel electrophoresis. 

To determine the Molecular mass of the oligomers and define which are the species detected, we used 

Image J software. In this case, we compared the mobility of the molecular marker with the samples and by 

this analysis, we obtained which oligomers were present.  



 

Figure S19. (A) Table showing the molecular mass of the different proteins contained in the low molecular mass marker and the 

distance mobility of each band. (B) The plot of mass versus distance mobility obtained by the data presented in the A showing the 

values of the parameters obtained of the curve by linear fitting. (C) Table showing the molecular mass of the different proteins 

contained in the high molecular mass marker and the distance mobility of each band. (D) The plot of mass versus distance mobility 

obtained by the data presented in the C showing the values of the parameters obtained of the curve by linear fitting. The references 

used for the distance determination of both markers was lowest and finishing part of the gel. 



 

Figure S20.  Tables showing the distance, molecular mass and number of monomers estimated for the low mass oligomers detected 

using the data obtained with the markers showed in Figures S12 A and B .( A) Time 20 minutes and (B) Time 1 hour. (C) The same but 

analysing the bigger oligomers, using the high molecular mass marker presneted in S12 C and D.  

 



Figure S21. ESI-Mass Spectra of 33-mer gliadin peptide 

 



 

Figure S22. Accurate-Mass-analysis 
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