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ABBREVIATIONS 

∆Q  Transmembrane potential 

ACPs  Anticancer peptides 

AI  Artificial intelligence 

AFPs  Antifungal peptides 
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aSMD  Adaptive steered molecular dynamics 
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CCVs  Clathrin-coated vesicles 
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DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPS  1,2-dioleoyl-sn-glycero-3-phospho-L-serine 

DPPC  1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
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IMM  Implicit membrane models 

K-FGF  Kaposi fibroblast growth factor 

KOR  κ-opioid receptor 
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Leu9  Nona-leucine 
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MAPs  Membrane active peptides 

MD  Molecular dynamics 

MFI  Median fluorescence intensity 

MOR  μ-opioid receptor 
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Figure 1. Molecular 2D schemes of representative lipid components of the cell membrane, indicating their 
main parts. 

Figure 2. Molecular representation of the cell membrane structure, which separates the extracellular and 
intracellular spaces. The membrane consists of a phospholipid bilayer containing cholesterol and diverse 
types of proteins. 

Figure 3. Types of membrane actives peptides. 

Figure 4. Total number of entries each year in CPPSite3.0. The label indicates the number of new entries 
added to the database per year. 

Figure 5. Classification of CPPs according to their physicochemical properties, nature, and structural 
characteristics. 

Figure 6. Energy-independent mediating the direct entry of CPPs into the cell. 

Figure 7. Endocytic pathways involved in the internalization of CPPs into the cell. 

Figure 8. Mechanisms for DynA interaction with the membrane. 

Figure 9. Summary of the computational techniques used in CPP translocation study. Membrane in the IMM 
model is shown more transparent to indicate the use of an implicit membrane, while in the CG-MD model it 
is represented differently to indicate a coarse-grained membrane. 

Figure 10. PMF calculation in (A) forward and backward aSMD simulations and (B) different pulling speed 
simulations. (A) PMF has been calculated forwards (normal, blue) and backwards (return, orange) to 
calibrate the system and test that the bilayers’ energy barriers were comparable. The effect of normal and 
return aSMD has been computed for the three membrane compositions. (B) To test the best pulling velocity, 
aSMD has been simulated at two different speeds: 10 Å/ns (orange) and 1 Å/ns (blue). The effect of pulling 
speed has been done in DPPC membrane. 

Figure 11. Initial and final snapshots of the aSMD process. Starting (A) and final (B) snapshots of the aSMD 
for the three CPPs and the three membrane compositions. 

Figure 12. PMF barrier of peptides with respect to the membrane composition.  The values indicated 
correspond to the last value (highest energy) of the PMF analysis. PMF profiles of the three membrane 
compositions are shown. PMF profiles of all replicas are shown with a transparency of 10%. 

Figure 13. Illustrative representation of the peptide location in the 3 membrane compositions after the 100 ns 
of conventional MD (relaxation). Peptides are coloured as: Arg9 in dark green, MAP in rose, TP2 in gold. 
The polar heads of phospholipids in both the upper and lower bilayers are illustrated in darker and lighter 
shades of grey, respectively, while the lipid tails are portrayed in transparent white. Peptide colours are 
maintained in the following figures. Waters are omitted for clarity. 

Figure 14. Pore size, lipid order parameter, membrane thickness and area per lipid analyses. The analyses 
have been performed for the last 80 ns of the cMD part of the DPPC, DPPC:DOPC:CHOL and 
DPPC:DOPC:DPPS:DOPS:CHOL membrane simulations. Lipid Order Parameter has been computed for 
the lipid tails and results are shown for carbon number 2 to 16. 
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Figure 15. Secondary structure. The secondary structure analysis has been performed for each peptide in the 
cMD part of the DPPC, DPPC:DOPC:CHOL and DPPC:DOPC:DPPS:DOPS:CHOL membrane 
simulations. 

Figure 16. Residue occupancy by the polar head of the phospholipids in the upper and lower leaflets. Polar 
heads corresponding to PC (phosphatidylcholine) occupancy is shown for DPPC, DPPC:DOPC:CHOL and 
DPPC:DOPC:DPPS:DOPSCHOL membranes. For the third membrane, PS (phosphatidylserine) occupancy 
is also shown. The occupancy analysis refers to the first replica. 

Figure 17. Occupancy of the lipid tails and the cholesterols. PA refers to the lipid tail present in DPPC/DPPS 
lipids, namely palmitic acid. OL refers to the lipid tail in DOPC/DOPS, namely oleic acid. CHL refers to 
cholesterol. These are the lipid names provided by the AMBERFF14SB forcefield. 

Figure 18. Graphical representation of CompEL initial configuration. Initial structure of Arg9, MAP, TP10, 
TP2 and Leu9, as well as the membrane used are shown. The number of lipids and waters are indicated, and 
the electron density ratio plot of the system is shown. The circle and the peptide coloured in orange indicate 
the peptide starting position in the computational electrophysiology (CompEL) simulation. Peptides are 
represented as Van der Waals spheres, and coloured as: Arg9 in cornflower blue, MAP in green, TP10 in 
orange, TP2 in purple, Leu9 in red. The polar heads (phosphate and choline groups) of the phospholipids 
are represented as surface, and the lipid tails are represented as licorice. The inner and outer membrane are 
coloured in dark and light grey, respectively. Waters are coloured in cyan and represented as licorice. 
Hydrogens are hidden for clarity. These colours are maintained throughout the study. 

Figure 19. Results in CompEL simulations with one peptide. (A) Illustrative summary of behaviours seen 
throughout the CompEL simulations in each transmembrane potential (∆Q). We differentiate between peptide 
partitioning, insertion, and translocation. The results represent the ratio of behaviours in the two (∆Q 0, 8, 
12, 24) and three (∆Q 16) replicas conducted. (B) Summary of the outcomes in the simulations of ∆Q 16 
divided by peptide. (C) Molecular representation of the final snapshot in the ∆Q 16 CompEL simulations: 
top pose (upper image) and side pose (lower image). Two behaviours are observed: translocation of Arg9, 
MAP, and TP10, and insertion with pore formation of TP2 and Leu9. Peptides are coloured in its own colour, 
inner membrane in white, outer membrane in grey and waters in cyan. Peptides are depicted as spheres, 
membrane and waters as licorice. Only waters pertaining to the pore are shown in the top pose. Hydrogens 
are omitted for clarity. A scale bar is added for size clarity. The black box indicates the peptide starting 
position. 

Figure 20. Potential (left) and field (right) calculated throughout the simulation box in the control simulations 
(without peptides). Only the first 10 ns were used for the analysis. The analysis has been centred to the 
membranes. The transmembrane potentials shown are: ∆Q 0, 8, 12, 16, and 24. 

Figure 21. Lipid occupancy. Occupancies are differentiated by each peptide residue, divided by inner and outer 
membrane contacts, and by interaction with the polar heads or lipid tails. Residue occupancy is defined as 
the ratio of simulation time that a residue is in contact with the lipid. The average values for the three replicas 
are represented. 

Figure 22. Secondary structure analysis of the five peptides. The analysis has been done through a tcl script 
that employed VMD Secondary Structure tool. The arrow indicates the time in which the peptide got inserted 
in the membrane. 

Figure 23. Hydrogen bond analysis. The lines represent the average values across the three replicas, while the 
shaded areas indicate the standard deviation. Hydrogen bonds are shown as intrapeptide (purple), peptide–
lipid (orange), and peptide–water (cyan) interactions. 

Figure 24. Ordering of the sn-1 chain of POPC illustrated by the deuterium lipid order parameter (SCD) 
analyses in CompEL ∆Q 16 simulations. Simulations without peptides are shown as a control. 
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Figure 25. Results of CompEL ∆Q 16 simulations with 8 peptides. (A) Number of behaviours observed. Only 
relevant (i.e., translocation and insertion) results are shown. A complete depiction of the results can be seen 
in Figure 26. The values include the results in the three replicas. (B, C, D, E, F) Molecular representation of 
the system at the end of the 500 ns of simulation. The peptides represented are Arg9, MAP, TP10, TP2, and 
Leu9, respectively. Peptides are shown as Van der Waals spheres (left) or cartoon (right). Surface of the polar 
heads is shown, differentiating between inner (white) and outer (grey) leaflets. Water molecules are shown 
as licorice, representing in bigger size the water residues in the pore. Hydrogens are omitted for clarity. A 
scale bar is added for size clarity. 

Figure 26. Results in ∆Q 0, 8, 12, and 16 in CompEL simulations with 8 peptides. 

Figure 27. RMSD analysis of the ∆Q 16 CompEL simulations with 8 peptides. RMSD of the system, the 
membrane and the peptides are shown. 

Figure 28. Secondary structure of the 8 peptides in CompEL ∆Q 16 simulations with 8 peptides. The average 
of the 3 replicas is displayed. 

Figure 29. Hydrogen bond analysis of the CompEL ∆Q 16 simulations with 8 peptides. The average H bond 
ratios between protein-protein (purple), protein-lipid (orange), and protein-water (cyan) are shown as lines. 
The shaded areas represent the standard deviation across replicas. 

Figure 30. Pore molecular representation. Only peptides that get stabilized inserted in the membrane or in 
pores are shown (Arg9 does not get stabilized in the membrane and is, thus, not shown). Peptides are shown 
as cartoon and the sidechain as licorice, with C atoms in the peptide colour, N atoms in blue and O in white. 
Polar heads and water residues are represented as surface, and coloured as white (inner), grey (outer), and 
cyan (waters). A scale bar is added for size clarity. 

Figure 31. 1. Arg9 translocation procedure in CompEL ∆Q 16 simulation with 8 peptides. Representative 
snapshots illustrate the structural organization of the membrane during the translocation process, portraying 
the key steps: (A) simulation start, some peptides adsorb to the bilayer surface, (B) pore initiation, with water 
molecules entering in contact, (C) pore construction, the polar heads from both bilayers interact, (D) pore 
maturation, with polar heads connected, resulting in a larger pore; a peptide gets attracted to the pore and 
starts the insertion, (E) one peptide gets inserted into the pore, (F) the peptide reaches the lower leaflet, 
causing pore deconstruction, with no more interactions between polar heads, and (G) the peptide finalizes 
the translocation and stabilizes into the outer leaflet, leading to pore dissolution. 2. Leu9 insertion procedure 
in CompEL ∆Q 16 simulation with 8 peptides. (H) Start of the simulation, (I) Pore initiation, and peptide 
insertion, (J) Pore construction, (K) Pore maturation, (L) More peptides insertion, and (M) Eight peptides 
insertion. Arg9 and Leu9 peptides are coloured in cornflower blue and red respectively, and represented as 
Cartoon, while showing the sidechain atoms (C in cornflower blue or red, respectively, N in darker blue, O 
in white). The polar heads surface is shown and coloured based on the bilayer: inner in white, outer in grey. 
Water molecules are shown as transparent cyan surface. Lipid tails are omitted for clarity 

Figure 32. Outcome of CompEL ∆Q 16 simulations with 8 peptides of K-FGF (left) and Dynorphin A wild type 
(WT, right). In average for the three replicas, 7 K-FGF and 2 DynA WT peptides get inserted in the membrane. 
K-FGF (yellow/orange) and Dynorphin A (green) peptides are shown as cartoon. Lipid polar heads residues 
are represented as surface and coloured as white (inner water compartment) or grey (outer water 
compartment). Waters are represented as licorice and coloured in cyan, with larger water molecules 
representing the waters present in the pore channel. 

Figure 33. System set-up. (A) Molecular representation of the starting point of the membranes. The polar heads 
for POPC (coloured in light blue), POPG (in green), and POPS (in purple) are shown as QuickSurf, whereas 
lipid tails are represented as lines. Cholesterol (yellow) is shown as QuickSurf, and the peptides (red) are 
represented as NewCartoon. Water residues are shown as licorice (cyan). Inner and outer leaflets for both 
membranes are indicated. Peptides starting point in all simulations is the inner water compartment. (B) 
Electron density analysis. The density values have been normalized for each individual species. 
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Figure 34. POPC:POPG CompEL 16 ∆Q 500 ns simulation with 8 MAP peptides results. (A) Representative 
molecular configuration at the end of the 500 ns CompEL simulation. 2 peptides achieve insertion, whereas 
the other 6 peptides are partitioning with the inner leaflets. Lipid polar heads are represented in QuickSurf 
and coloured in light blue (POPC) or green (POPG). Peptides are represented as NewCartoon and coloured 
in red. Water molecules are shown as licorice and coloured in cyan, whereas larger water residues are used 
for the water molecules in the pore. Lipid tails are omitted for clarity. (B) Secondary structure evolution 
throughout the simulation. The average between the three replicas is shown. (C) Average number of hydrogen 
bonds formed during the simulation. (D) Average residue occupancy by POPC (left) or POPG (right). The 
occupancy is differentiated between upper and lower leaflets, and between lipid heads (darker blue) or tails 
(lighter blue).(E) Liposome leakage assays monitored by HPTS fluorescence quenching. Fluorescence traces 
are shown for liposomes in the absence of peptide (control, grey) and after addition of MAP (5 µM, purple). 

Figure 35. POPC:POPG:CHOL MAP CompEL ∆Q 16 500 ns simulation results. (A) Representative molecular 
configuration of the CompEL system at the end of the simulation. One peptide is inserted, whereas the 
remaining 7 peptides are partitioning. The peptides are shown as cartoon and coloured in red, the polar 
heads in QuickSurf in light blue (POPC) or green (POPG), cholesterol lipids are shown as orange licorice, 
and water residues as licorice and coloured in cyan. Lipid tails are omitted for clarity. (B) Secondary 
structure of the 8 MAP peptides during the 500 ns of CompEL simulation. (C) Number of H bonds formed by 
peptides, lipids and waters throughout the simulation. (D) Occupancy of the peptide residues by POPC or 
POPG lipids. The occupancy is differentiated between upper and lower leaflets, and lipid head or tails. 
Cholesterol occupancy is shown in Figure S1. (E) Results of liposome leakage experiments. Fluorescence 
levels compare liposomes without peptide (control, grey), and with peptide addition (5 µM, orange). 

Figure 36. Peptide residues occupancy by cholesterol. Occupancies are differentiated between upper and lower 
leaflets. 

Figure 37. POPC:POPS MAP CompEL ∆Q 16 500 ns simulation results. (A) Representative molecular 
configuration of the POPC:POPS CompEL system, with one insertion and one translocation. Polar heads 
are shown as QuickSurf in light blue (POPC) or purple (POPS). Peptide is shown as NewCartoon in red. 
Water molecules are shown as licorice in cyan. (B) Evolution of the peptide angle throughout the simulation. 
The peptide that translocates (upper plot) and the peptide that gets inserted (lower) are shown. (C) Secondary 
structure throughout the simulation. The average among the three replicas is shown. (D) Average residue 
occupancy by POPC and POPS lipids. (E) Results of internalization and viability assays. Data compare 
untreated controls with samples exposed to MAP. The complete internalization and viability results are in 
Figure 38. 

Figure 38. (A) Internalization and viability experiments of the Carboxytetramethylrhodamine (TAMRA) 
fluorescent dye. (B) Internalization and viability results of MAP coupled with TAMRA dye. 

Figure 39. (A) Internalization and viability experiments of the Carboxytetramethylrhodamine (TAMRA) 
fluorescent dye. (B) Internalization and viability results of MAP coupled with TAMRA dye. 

Figure 40. (A) Potential (left) and field (right) in the system in the ∆Q 16 CompEL POPC:POPG simulation. 
(B) Membrane thickness (left) throughout the 500 ns of CompEL POPC:POPG simulation, and lipid order 
parameters (right) of the sn-1 (palmitoyl) segment of the POPC lipid. POPC has been chosen as 
representative lipid to indicate the membrane ordering since it is present in all three membrane compositions. 

Figure 41. (A) Potential (left) and field (right) in the system in the ∆Q 16 CompEL POPC:POPG:CHOL 
simulation. (B) Membrane thickness (left) throughout the 500 ns of CompEL POPC:POPG:CHOL 
simulation, and lipid order parameters (right) of the sn-1 (palmitoyl) segment of the POPC lipid. 

Figure 42. Peptide insertion and translocation. (A) Process of pore formation, insertion, and translocation in 
POPC:POPS. The simulation start (0 ns), pore start (100 ns), start of insertion (105 ns), full insertion (110 
ns), translocation start and insertion of another peptide (140 ns), and end of translocation (200 ns) steps are 
shown. Polar heads are represented as QuickSurf in light blue (POPC) or purple (POPG). The peptides are 
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shown as NewCartoon, the side chain is shown as licorice and coloured in red. Waters are shown as 
transparent QuickSurf and coloured in cyan. (B) Comparison of MAP insertion extent across membranes. 
The results from four membranes are shown: POPC (from our previous study), POPC:POPG, 
POPC:POPG:CHOL, and POPC:POPS. The starting point is represented in the inner leaflet, with insertion 
in POPC:POPG, and POPC:POPG:CHOL, and translocation to the outer leaflet in POPC and POPC:POPS 
membranes. 

Figure 43. Liposome leakage experiments. POPC liposomes in absence (grey) and presence of MAP (blue). 

Figure 44. Average RMSD analysis of the CompEL ∆Q 16 simulations. 

Figure 45. Initial (A) and final (B) snapshots of the adaptive Steered Molecular Dynamics (aSMD) simulation 
of DynA WT and its three clinical variants: L5S, R6W, R9C. The timesteps in the three membrane 
compositions are shown. Peptides are coloured as: DynA WT in light green, L5S in purple, R6W in cornflower 
blue, and R9C in orange. The polar heads of phospholipids in both the upper and lower bilayers are 
illustrated in darker and lighter shades of grey, respectively. The lipid tails are portrayed in transparent 
white. Peptide colours are maintained in the following figures. Waters are omitted for clarity. 

Figure 46. Potential of Mean Force (PMF) of peptides with respect to the membrane composition. Size and 
colour indicate energy. The values indicated correspond to the last value (highest energy) of the PMF 
analysis. PMF profiles and the PMF of all the replicas are shown in Figure 47. 

Figure 47. PMF across all membranes of all replicas. The PMF of the replica chosen as start point for the next 
step has a thicker line width. Each peptide is depicted using the same colour as in main manuscript figures: 
DynA WT in green, L5S in purple, R6W in blue, R9C in orange. The PMF of all other replicas are shown in 
transparent. PMF values are shown in kJ·mol-1 (A) and kcal·mol-1 (B). 

Figure 48. Illustrative representation of the peptide location in the 3 membrane compositions after the 100 ns 
of conventional MD (relaxation). Top (top) and side (bottom) poses are shown for each case. The colour code 
is the following: DynA WT in light green, L5S in purple, R6W in cornflower blue, and R9C in orange. The 
polar heads of phospholipids in upper and lower bilayers are illustrated in darker and lighter shades of grey, 
respectively, while the lipid tails are portrayed in transparent white. Waters are omitted for clarity. 

Figure 49. Last snapshot of the water molecules in the (A) adaptive Steered Molecular Dynamics (aSMD) and 
(B) conventional Molecular Dynamics (cMD) simulations. The scale bar is shown for size clarity. 

Figure 50. Analysis of pore size, lipid order parameter, membrane thickness, and area per lipid in the cMD 
simulations for all membrane configurations. Peptide colours are kept the same as in previous figures. 

Figure 51. Residue occupancy of the lipid tails and cholesterol in the three membrane compositions. PA refers 
to the lipid tail present in DPPC lipids, namely palmitic acid. OL refers to the lipid tail in DOPC/DOPS, 
namely oleic acid. CHL refers to cholesterol. These are the lipid names provided by the AMBERFF14SB and 
Amber Lipid21 forcefields. 

Figure 52. Occupancy of the DynAs residues by the polar head of the lipid bilayer in upper and lower leaflets. 
Polar heads pertaining to PC lipids are shown for the three bilayers. PS interaction is also shown for 
DPPC:DOPC:DOPS:CHOL. The most representative replica analyses are shown for all simulations. 

Figure 53. Final position and orientation of the peptide in the different bilayer compositions. The peptides are 
coloured from N to C-terminal with a gradient from gold to its respective colour: (A) DynA WT in green, (B) 
DynA L5S in purple, (C) DynA R6W in cornflower blue, (D) DynA R9C in orange. The bilayer is represented 
in grey, and darker shades of grey represent higher bilayer complexity: DOPC in light grey, 
DPPC:DOPC:CHOL in grey, DPPC:DOPC:DOPS:CHOL in dark grey. The white lines differentiate between 
upper/outer part of the bilayer, hydrophobic core and lower/inner part of the bilayer. The ratios in DynA L5S 
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DOPC and R9C DPPC:DOPC:DOPS:CHOL indicate the ratio of behaviours seen in replicas. If ratios are 
not shown, 100 % agreement between replicas is observed. 

Figure 54. Secondary structure of all peptides across all membranes. 

Figure 55. Final position of the peptide in each membrane composition: (A) DynA WT, (B) DynA L5S, (C) 
DynA R6W, (D) DynA R9C.. The peptides are coloured based on the residue type, following VMD scale, 
differentiating between non-polar residues (white), basic residues (blue), acidic residues (red) and polar 
residues (green). The ratios in DynA L5S DOPC and DynA R9C DPPC:DOPC:DOPS:CHOL indicate the 
ratio of behaviours seen in replicas. If the ratios are not shown, 100 % agreement between replicas is 
observed. The initial pose corresponds to the pose after the initial peptide modelling. 

Figure 56. Peptide’s final position in each bilayer composition: (A) DynA WT, (B) DynA L5S, (C) DynA R6W, 
(D) DynA R9C. The peptides are coloured based on ChimeraX lipophilicity scale: which ranges from dark 
cyan (most hydrophilic) to white to dark goldenrod (most lipophilic). The ratios in DynA L5S DOPC and 
DynA R9C DPPC:DOPC:DOPS:CHOL indicate the ratio of behaviours seen in replicas. If the ratios are not 
shown, 100 % agreement between replicas is observed. The initial pose corresponds to the pose after the 
initial peptide modelling. 

Figure 57. Schematic representation of the procedure involved in aSMD + cMD and CompEL techniques. 

Figure 58. Graphic representation of the peptide orientation through the lipid bilayer translocation process. 

 

 



LIST OF TABLES 19 

LIST OF TABLES 

Table 1. Summary of the characteristics of the computational techniques used in CPP study. 

Table 2. Characteristics of the peptides used in this study. 

Table 3. Simulation results for all CPPs in the 3 membrane compositions. All replicas show the same 
behaviour, and the ratios are thus omitted for clarity. See Table 4 for small or large pores details. 

Table 4. Mean radius size (Å) of the last 80 ns of the simulation. 

Table 5. System configurations in the computational electrophysiology (CompEL) method, indicating the 
number of positive ions (K+), negative ions (Cl-) and water molecules in the different compartments. The 
composition is shown for the system without peptides (membrane control). When a peptide is added to the 
system (in the outer water compartment), the corresponding counterions were added (in the same water 
compartment). 

Table 6. Summary of the simulations and replicas run in this study. The columns differentiate the 
transmembrane potential through ion imbalance (∆Q), and the rows indicate the number of peptides. If not 
indicated otherwise, the simulations have been run for 250 ns. 

Table 7. Sequence and characteristics of the peptides used in this study. 

Table 8. Results of the behaviours of each peptide in the 250 ns CompEL simulations with one peptide for 
every transmembrane potential. The ratio (in brackets) indicates the occurrence of each result. 

Table 9. Average pore radius (Å) during the 250 ns of CompEL ∆Q 16 simulation. Standard deviation (SD) 
values are shown. The pore radius is averaged over all frames in the simulation. 

Table 10. Behaviours observed for the 8 peptides in ∆Q 16 simulations. 

Table 11. Average ratio of intra-peptide H bonds formed during the 3 replicas of 500 ns of CompEL ∆Q 16 
simulations with 8 peptides. Standard error of the mean (SEM) values are shown. 

Table 12. Average pore radius (Å) during the 500 ns of CompEL ∆Q 16 simulation with 8 peptides. SD values 
are shown. The pore radius is averaged over all frames in the simulation. (B) The second part of the table 
indicates the number of peptides involved in pore formation in each replica. 
(A) 

Table 13. Membrane compositions. 

Table 14. Ion composition in the different CompEL set-ups. 

Table 15. Peptide results for each CompEL ∆Q 16 simulation. 

Table 16. Average pore radius (Å) for the 3 membranes, differentiating by replica, and indicating the standard 
deviation. 

Table 17. Average pore radius in control simulations (without peptides). 

Table 18. Characteristics of the peptides used in this study. 



LIST OF TABLES 20 

Table 19. PMF values and simulation results for DynA variants in three lipid membrane compositions. 

Table 20. PMF values and simulation results for DynA variants in two additional lipid membrane 
compositions. 

Table 21. Characteristics of aSMD + cMD and CompEL techniques. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

 

 

 

 

 

 

 

 

 

 



 

 

 



INTRODUCTION: MEMBRANES 23 

1. INTRODUCTION 

1.1. Membranes 

Biological membranes represent the fundamental biochemical structure that delineate cells and 

subcellular organelles, forming the basis of compartmentalization and regulatory control over 

molecular transport and signal transduction1. Particularly, the cell membrane separates the cellular 

internal environment from the extracellular space, thus keeping cellular components inside and 

foreign substances outside. 

Membranes are primarily composed of lipid bilayers arranged in a dynamic and fluid mosaic2–4. 

This classical fluid mosaic model proposed by Singer and Nicolson in 1972 revolutionized the 

understanding of biological membranes by describing them as dynamic bilayers of lipids with 

embedded proteins capable of lateral mobility. Although visionary for its time, the original model 

provided a simplified view that underestimated both the density and the organizational complexity 

of membrane proteins. Subsequent refinements have highlighted that membranes are not uniform 

two-dimensional fluids but rather protein-crowded, heterogeneous, and dynamic environments 

with transient nanodomains and cytoskeleton-associated compartments3,5–7. Modern 

interpretations of the fluid mosaic model thus describe membranes as highly organized, 

multifunctional assemblies where protein–lipid and lipid–lipid interactions define local structure 

and function. 

Lipid bilayers are constructed from a diverse array of lipid species (Figure 1), predominantly 

glycerophospholipids (e.g., phosphatidylcholine –PC–, phosphatidylethanolamine –PE–, 

phosphatidylserine –PS–), sphingolipids (e.g., sphingomyelin), and sterols (e.g., cholesterol)1. 

Amphipathic phospholipids, with hydrophilic head groups and hydrophobic acyl chains, self-

assemble into two-dimensional structures that provide structural integrity and selective 

permeability to the membrane. 
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Figure 1. Molecular 2D schemes of representative lipid components of the cell membrane, indicating their 
main parts. 

At the molecular level, the arrangement of such lipids is driven by the hydrophobic effect, that 

leads the non-polar acyl chains to congregate away from the aqueous environment, thus forming 

the hydrophobic core. On the contrary, polar heads groups interface with water, consequently 

delimiting the lipid–water interface, and generating two leaflets in the bilayer, namely the upper 

or extracellular and the lower or intracellular leaflets (Figure 2)8. 

 

Figure 2. Molecular representation of the cell membrane structure, which separates the extracellular and 
intracellular spaces. The membrane consists of a phospholipid bilayer containing cholesterol and diverse 
types of proteins. 

The intrinsic fluidity, lateral mobility, and asymmetry of biological membranes are key 

determinants of their biochemical function, as they allow the dynamic redistribution of lipids and 
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proteins in response to physiological changes. Membranes are continuously remodelled during 

processes such as endocytosis, exocytosis, vesicle trafficking, lipid turnover, and domain 

reorganization, enabling cells to adapt their composition and structure to environmental and 

metabolic cues9–11. 

Cell membranes also act as protective barriers, regulating the passage of substances into and out 

of the cell. Small organic molecules with a proper hydrophobicity and hydrophilicity balance (for 

instance, small hydrophobic compounds) can cross the cell membrane passively. In contrast, 

charged or large molecules generally cannot, and typically require specific transport 

mechanisms12. Beyond their structural role, membranes are inherently interactive surfaces where 

a wide range of biochemical processes occur, acting as active platforms that coordinate cellular 

signalling, material exchange, and energy transduction13. 

Molecular interactions at membranes are governed by a complex interplay of forces, each 

contributing in distinct ways to the binding, insertion, and translocation of biomolecules14,15. 

Electrostatic interactions arise from the attraction between charged groups on biomolecules (e.g., 

positively charged residues in proteins) and oppositely charged regions of the membrane (e.g., 

negatively charged phosphate headgroups in phospholipids), which can drive the protein–

membrane interaction16. Conversely, hydrophobic interactions promote the insertion of nonpolar 

regions of proteins or small molecules into the lipid bilayer’s hydrophobic core, a key step in the 

integration of transmembrane helices during protein folding17. In addition, hydrogen bonding can 

form both between biomolecules and lipid headgroups, and within the molecules themselves, 

helping to stabilize defined orientations or docking arrangements18,19. This is exemplified by 

peripheral membrane proteins that recognize specifics headgroups. Last, van der Waals forces, 

even though are individually weak, can become significant when large surface areas are in close 

proximity, as occurs in the tight packing of lipid acyl chains around an inserted protein domain or 

drug molecule20. 

These forces are essential for normal cellular processes, including receptor-ligand recognition at 

the cell surface, signal transduction through conformational changes in membrane proteins, and 

enzyme activation in lipid-modifying pathways21. Importantly, the same principles are harnessed 

in therapeutic contexts. For instance, liposomal drug carriers rely on hydrophobic and electrostatic 

cues to merge with target cell membranes22,23. 
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One process in which these interactions are especially relevant is membrane disruption24, a 

phenomenon in which the integrity of the lipid bilayer is transiently or permanently altered. Such 

disruption can be caused by several mechanisms, including extreme environmental conditions 

(e.g., pH, heat, electric fields), exposure to detergents, the action of virulence factors produced by 

pathogenic organisms, or the action of peptides. Peptides, in particular, can possess a remarkable 

capacity to engage with membranes in diverse ways. In fact, the term membrane active peptides 

(MAPs) refers to short, typically cationic peptides that exert their biological activity primarily 

through interactions with the cell membrane25. MAPs belong to a broader group known as 

bioactive peptides (BPs)26, which are short amino acid sequences that can modulate physiological 

processes such as immune regulation, antioxidant defence, blood pressure control, and appetite 

modulation27. Together with proteins, BPs play key roles in the metabolic functions of living 

organisms28. Within MAPs, two principal groups are recognized (Figure 3): antimicrobial peptides 

(AMPs) and cell-penetrating peptides (CPPs)25. 

 

Figure 3. Types of membrane actives peptides. 

AMPs are short, typically cationic peptides with broad spectrum activity against a wide range of 

pathogens, including bacteria, viruses, fungi, and protozoa29. Their mechanism of action often 
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involves electrostatic interactions with negatively charged components of microbial membranes, 

leading to membrane disruption, destabilization, pore formation, and rapid cell lysis. In contrast, 

CPPs are also short, cationic peptides but differ fundamentally in the way they interact with 

membranes. Rather than causing permanent disruption, CPPs facilitate their own internalization 

by inducing temporary, localized perturbations of the lipid bilayer, allowing translocation into the 

cell without inflicting lasting membrane damage nor compromising cellular viability30. 

Nevertheless, CPPs and AMPs also share similarities, as AMPs use a CPP-like mechanism at low 

concentrations, whereas at high concentrations will cause membrane leakage31. 

In addition, there are other groups of peptides which also interact with certain membranes and can 

also be considered as MAPs (Figure 3). First, anticancer peptides (ACPs) are also short BPs, 

typically ranging between 5 and 50 amino acids, that exhibit selective cytotoxicity toward cancer 

cells while sparing normal tissues32,33. Their cationic and amphipathic nature enables them to 

preferentially bind to the negatively charged membranes of tumour cells, leading to membrane 

destabilization and cell death. ACPs have the therapeutic potential to be used in next-generation 

cancer treatments32,34. 

Second, antiviral peptides (AVPs) are BPs that inhibit viral infections through a variety of 

mechanisms, such as binding to viral envelope proteins, host cell receptors or via disrupting viral 

membranes through pore formation35,36. Owing to these capabilities, AVPs are attractive candidates 

for broad-spectrum antiviral therapies37. 

Third, antifungal peptides (AFPs) are molecules that target fungal pathogens with high specificity 

and minimal toxicity to mammalian cells38,39. Primarily, AFPs exert their antifungal action by 

disrupting fungal cell membranes and interfering with cell wall biosynthesis, leveraging the unique 

composition of fungal membranes (rich in β-glucans, chitin, and mannoproteins) to achieve 

selectivity. AFPs provide a strong basis for alternatives to traditional antifungal agents, especially 

in the context of rising drug resistance40. 

In addition, pore-forming toxin peptides (PFTs) are peptides secreted predominantly by pathogenic 

bacteria that compromise host cell integrity by forming transmembrane pores41,42. The formation 

of such pores disrupts cellular ion gradients by permitting unregulated flux of ions and small 

molecules, ultimately leading to cell lysis or apoptosis. PFTs are important virulence factors and, 

thus, potential targets for therapeutic intervention43.
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1.2. CPPs 

1.2.1. CPP history 

Early studies on MAPs revealed that certain naturally occurring sequences possess intrinsic 

membrane-disrupting capabilities. Among the first described were melittin44, the major component 

of bee venom, alamethicin, a voltage-gated pore-forming peptide45, and magainin46, an AMP 

isolated from amphibian skin, both capable of permeabilizing or destabilizing lipid bilayers 

through distinct mechanisms. These peptides, characterized during the 1980s, can permeabilize or 

destabilize lipid bilayers through distinct mechanisms, typically involving pore formation, rather 

than non-cytotoxic translocation across membranes. This distinction laid the conceptual 

groundwork for the later identification of CPPs. 

The first observation of cell-penetrating behaviour is attributed to the trans-activator of 

transcription (TAT) protein of human immunodeficiency virus (HIV)-1 in 1988. TAT was shown 

capable of crossing cellular membranes without causing detectable damage to the lipid bilayer, 

enabling trans-activation of the HIV-1 promoter47,48. This unexpected ability was later attributed 

to a short, highly basic amino acid sequence within the TAT protein, which is particularly rich in 

lysine and arginine residues49. 

Shortly after, in 1991, a similar phenomenon was reported for the Antennapedia protein from 

Drosophila melanogaster, a transcription factor essential for regulating morphological 

differentiation50. Researchers determined that its membrane-translocating activity resided in the 

third α-helix of the protein, a segment later named penetratin51. Like TAT, penetratin is enriched 

in lysine and arginine residues, suggesting that electrostatic interactions with membrane 

phospholipids and glycosaminoglycans play a key role in facilitating cellular uptake. 

These initial discoveries of TAT and penetratin established that CPPs can cross cell membranes 

either alone or carrying cargo. In the following years, new CPPs were identified in both natural 

and synthetic forms, many based on poly-arginine designs. The field has since grown rapidly 

(Figure 4), with current databases, such as CPPSite3.052, one of the most comprehensive CPP 

databases, containing thousands of entries with diverse sequences and delivery capabilities. 
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Figure 4. Total number of entries each year in CPPSite3.0. The label indicates the number of new entries 
added to the database per year. 

1.2.2. Classification 

Naturally occurring peptides and proteins have evolved mechanisms to interact with and 

sometimes cross biological membranes. Inspired by these processes, researchers have designed 

CPPs that exploit similar physicochemical principles. These peptides can be categorized based on 

their factors such as their nature, structure, or physicochemical properties (Figure 5). While some 

CPPs are derived directly from natural proteins, others are rationally designed to respond to 

environmental cues such as electric fields, temperatures, or pH, conditions that can drastically alter 

membrane organization and peptide behaviour. 
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Figure 1. Classification of CPPs according to their physicochemical properties, nature, and structural 
characteristics. 

Based on their physicochemical properties, CPPs are classified into four main groups: cationic, 

amphipathic, hydrophobic, and stimuli-responsive CPPs. Cationic CPPs (such as polyarginine–

Arg9–53, TAT, or penetratin) are characterized by a high content of positively charged amino acids, 

predominantly arginine and lysine, which facilitate electrostatic interactions with the negatively 

charged cell membranes. These peptides often utilize their positive charge density for cell entry54, 

but other residues can be important too, as exemplified by penetratin, where a mutated tryptophan 

substantially diminishes cellular uptake55. 

Amphipathic CPPs, such as model amphipathic peptide–MAP–56,57, transportan 10–TP10–58, or 

Pep-159, possess both hydrophilic and hydrophobic regions, allowing them to interact with both 

the aqueous environment and the lipid bilayer of cell membranes. 
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These can be further divided into primary, secondary α-helical, secondary β-sheet, and proline-

rich subclasses. Primary amphipathic CPPs possess an intrinsic distribution of hydrophobic and 

hydrophilic amino acids, whereas secondary CPPs are unstructured in solution but gain α-helix or 

β-sheet structure upon membrane interaction60. Last, proline-rich CPPs have a high content of 

proline residues in their sequence, which can lead to the formation of the left-handed polyproline 

helix (PPII), with 3.0 residues per turn, as opposed to the 3.6 of the right-handed conventional α-

helix61. Further, PPII helices are particularly well-suited to protein-protein and protein-nucleic acid 

interactions, often acting as recognition motifs and facilitating peptide heterotypic interactions62–

64. 

Hydrophobic CPPs are composed mainly of nonpolar amino acid residues and are less extensively 

studied than the other categories, relying on hydrophobic motifs for membrane traversal. Despite 

being the least studied group, they have notable examples such as Kaposi fibroblast growth factor 

(K-FGF)65 or translocating peptide 2 (TP2)54. Hydrophobic peptide sequences were found to 

directly translocate the cell, which can be helpful because they are directly available in the cytosol 

and eliminate the risk of endosomal entrapment66. 

Stimuli-responsive CPPs become membrane-active only under acidic conditions, enabling 

activation within tumour regions. Examples include pH-(low)-insertion-peptide67,68 and the 

histidine-rich designer peptide LAH4-L169. Such pH-responsiveness enhances tumour selectivity 

and allows for targeted cargo release at the disease site70. 

CPPs can also be categorized by their nature. Here, three groups are differentiated: natural, those 

that are derived from natural proteins; chimeric, those created by combining sequences from 

different CPPs or proteins; and synthetic, CPPs that are designed from scratch. For instance, TAT 

and penetratin are examples of naturally derived CPPs, while transportan and Pep-1 are considered 

chimeric or synthetic. 

Despite their many promising features, CPPs also face important limitations, such as poor stability 

under in vivo conditions, cytotoxicity, and restricted permeability across certain membrane 

systems. To overcome these drawbacks, researchers have developed structural modifications that 

not only enhance CPP stability and delivery efficiency but also minimize their adverse effects71. 

These modifications have, in turn, given rise to another mode of classification, in which CPPs are 

categorized according to their structural design. 
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Most CPPs are linear, but cyclic, stapled and dendrimeric have also been designed in order to 

improve resistance to protease activity72,73. Cyclic CPPs have been shown to enhance the 

penetrating properties compared to their linear counterparts, which, together with their reduced 

cytotoxicity and higher stability, make cyclic CPPs a promising new tool74–76. Stapled CPPs also 

increase proteolytic degradation and enhance cell permeability77. Similarly, branched dendritic 

peptides, with a branched, tree-like structure, enhance cellular uptake and improve stability78. 

The classification of CPPs is not always rigid, as some peptides can exhibit properties of more 

than one group, and their behaviour can be influenced by factors such as cargo, concentration, and 

experimental conditions. Understanding these classifications is crucial for predicting their 

interactions with cell membranes and their effectiveness in drug delivery applications. 

1.2.3. Mechanism of entry 

The mechanism by which CPPs breach the cellular barrier has been–and still is– the subject of 

intense investigation and debate79, with multiple pathways proposed to account for their diverse 

behaviours. Mainly, CPPs utilize two primary mechanisms to enter cells: energy-independent 

direct translocation across the plasma membrane (Figure 6) and energy-dependent endocytosis 

(Figure 7)80. 

1.2.3.1.Energy-independent pathways 

Direct penetration mechanisms are energy–independent processes, with proposed mechanisms 

involving inverted micelle formation, carpet model, membrane thinning and pore formation, such 

as the barrel-stave and toroidal pore models. The initial step in the internalization process is the 

establishment of electrostatic interactions between the peptide and the cellular membrane, thereby 

influencing the lipid supramolecular organization. 

In the inverted micelles model, the electrostatic interactions may result in alterations in the 

membrane curvature, including invaginations81. These membrane curvatures or invaginations can 

facilitate the formation of inverted micelles that encapsulate the peptide82–84. Subsequently, the 

micelle undergoes destabilization, leading to the release of the peptide-cargo complex into the 

cytoplasm. Inverted micelle model has been proposed for TAT and oligoarginines into vesicles 

with an important negative charge component85. 
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Similarly, the membrane perturbation caused by CPP interaction can also lead to translocation via 

pore formation, including the barrel-stave and the toroidal model. In the former, the peptides form 

bundles upon membrane interaction, which have channels in their centre, and these can be used by 

other CPPs to enter the cell86. In the latter, CPPs are able to form α-helices when interacting with 

the membrane, causing membrane bending and creating a pore through the interaction with the 

lipid polar heads87,88. Oligoarginines, TP10 and TAT are believed to be able to enter through these 

methods89–91. 

In the carpet model, peptides align parallel to the membrane surface, where their positively charged 

residues interact with the negatively charged phospholipid headgroups, while their hydrophobic 

regions make contact with the lipid bilayer’s hydrophobic core. This arrangement, first proposed 

by Pouny and colleagues92, resembles a ‘carpet’ covering the membrane. When a sufficient peptide 

density is reached, this carpet-like organization disrupts membrane packing, leading to local 

destabilization and facilitating CPP internalization. 

 

Figure 2. Energy-independent mediating the direct entry of CPPs into the cell. 

1.2.3.2.Energy-dependent pathways 

Endocytosis is an energy-dependent pathway that involves the formation of vesicles to internalize 

CPPs. In endocytosis, the positive charges on many CPPs play a central role in their initial 

interaction with the negatively charged molecules on the cell surface, resulting in a process that 

draws the peptide-cargo complex into the cell inside vesicular compartments. Several different 

mechanisms have been described as endocytic mechanisms involved in CPP entry: 
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macropinocytosis, clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CvME) 

and clathrin- and caveolae-independent endocytosis93. 

First, macropinocytosis is a rapid, lipid raft-dependent and receptor-independent form of 

endocytosis 93. It is triggered by growth factors or other stimuli that induce actin-driven membrane 

protrusions in many cell types. Unlike receptor-mediated uptake, macropinocytosis does not 

involve the engulfment of ligand-coated particles. Instead, it relies on large, actin-supported 

membrane protrusions that collapse back onto the cell surface, fusing with the plasma membrane 

to generate large vesicles known as macropinosomes. This leads to an increase in fluid-phase 

uptake and allows non-selective internalization of extracellular material, including CPPs. 

Arginine-rich peptides like TAT often exploit macropinocytosis, especially at higher 

concentrations. 

Second, CME is one of the best-characterized and most common pathways for CPP 

internalization80. CME is a receptor-dependent, clathrin-mediated, and dynamin-required process 

that occurs virtually in all mammalian cells94. CME begins with the strong binding of a ligand—

such as a CPP or a nutrient—to a specific cell surface receptor, which triggers the recruitment and 

assembly of clathrin into a polyhedral lattice on the cytosolic side of the plasma membrane. The 

recruitment of clathrin leads to the formation of shallow, clathrin-coated pits that progressively 

invaginate into dome-like structures. As invagination continues, the pits form spherical buds 

connected to the membrane. Dynamin, a GTPase, is then required to mediate the scission of the 

vesicle from the membrane. The resulting clathrin-coated vesicles (CCVs) are rapidly uncoated 

and delivered to early endosomes. These may mature into late endosomes and eventually fuse with 

lysosomes95. CME has been proposed as one of the mechanisms employed by arginine-rich CPPs 

for cellular entry. 

Third, CvME96 is a clathrin-independent, dynamin-dependent pathway that uses caveolae–small, 

flask-shaped membrane invaginations around 50-100 nm in diameter–for internalization. These 

structures are rich in cholesterol, sphingolipids, and the protein caveolin, and are especially 

abundant in endothelial and adipose cells. Often considered a type of lipid raft–dynamic 

assemblies of proteins and lipids that freely float within the liquid-disordered bilayer of cellular 

membranes–, caveolae serve as sites for signalling and endocytosis. In CPP uptake, CvME 
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provides a route that may bypass lysosomal degradation, facilitating more efficient intracellular 

delivery. 

Last, clathrin- and caveolae-independent endocytosis refers to a group of endocytic mechanisms 

that are less understood and function independently of clathrin, caveolin, and can be dynamin-

dependent or independent. There are several types, including the CLIC/GEEC mechanism97, the 

Arf6-dependent pathway98, and the flotillin-mediated endocytosis (FME)99. 

 

Figure 3. Endocytic pathways involved in the internalization of CPPs into the cell. 

The specific mechanism employed can depend on three factors: the CPP (e.g., properties and/or 

concentration), the cargo characteristics, and the membrane composition. For instance, penetratin, 

TAT, and Arg9 use endocytic mechanisms, primarily including macropinocytosis, CME and 

CvME100. In fact, endocytosis may be responsible for the majority of CPP internalization, but direct 

penetration does also occur at high peptide concentration101. Nonetheless, penetratin is an 

exception to this rule, since it crosses the membrane in an energy-independent manner at low 

concentration but uses endocytosis at higher concentrations102. Therefore, the mechanism and even 

the extent to which they use each mechanism can also vary depending on the CPP involved100, as 

amphipathic CPPs can occur preferentially through the more dynamic membrane regions, whereas 

arginine-rich CPP largely depend on proteins present in membrane surface103–106. 
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1.2.4. Applications 

CPPs have broad and versatile applications in biomedical research and therapy due to their unique 

ability to transport various cargoes across cell membranes. A primary use is in drug delivery, where 

CPPs facilitate the intracellular transport of small molecule drugs, peptides, proteins, and nucleic 

acids. Consequently, CPPs enhance the efficacy and increase the cellular uptake, which is 

especially useful for molecules that typically cannot cross membranes efficiently by themselves79. 

In gene therapy, CPPs offer a non-viral means of delivering genetic materials for the treatment of 

inherited disorders, and they are continually explored as safer alternatives to viral vectors due to 

reduced immunogenicity107–109. CPPs also have a prominent role in cancer therapy, enabling 

targeted delivery of chemotherapeutics and biologics, minimizing systemic toxicity, overcoming 

multidrug resistance, and even acting as tumour-targeted imaging agents71. 

Moreover, CPPs are being studied for vaccine development in order to improve cellular uptake, 

processing and presentation of exogenous antigens to induce more potent immune responses110. 

Additional applications involve treating inflammatory conditions (e.g., through transdermal 

delivery), antimicrobial therapy, and use in advanced nanocarrier systems, such as liposomes, 

nanoparticles, dendrimers, and exosomes, to further improve targeting and therapeutic outcomes79. 

Furthermore, several CPPs can be used as based therapeutics or diagnostic agents. For instance, 

CPP p28 can bind to a DNA binding domain, leading to inhibit cancer cell proliferation, or 

fluorescent-tagged CPPs to differentiate tumorous cells during surgery and resulting in improved 

precision of tumour resection111,112. 
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1.2.5. Challenges 

While CPPs offer great promise as delivery vehicles, they also have some significant drawbacks 

and limitations that hinder their clinical and research applications. A primary concern is their lack 

of target specificity, since most CPPs can penetrate almost any cell type without distinction. This 

non-selectivity can result in off-target effects and toxicity to healthy tissues, which is particularly 

problematic in applications such as cancer therapy where precise delivery is crucial. Efforts to 

enhance specificity, such as conjugation with targeting ligands, remain an active area of research 

but are not yet fully resolved79. 

Another major issue is cytotoxicity at high concentrations. CPPs, especially cationic and 

amphipathic varieties, may disrupt cell membrane integrity at higher concentrations, leading to 

dose-dependent cellular damage or immune responses. This issue can be related to the AMP 

mechanism, with CPP-like or membrane-leakage mechanisms at low or high concentrations, 

respectively, suggesting a tight relation between two types of MAPs. To overcome this limitation, 

CPPs can be administered subcutaneously, which reduces the immune response113, or incorporate 

a compound to reduce the cytotoxicity114. 

Additionally, CPPs are susceptible to rapid enzymatic degradation by proteases present in serum 

and tissues, resulting in poor in vivo stability and short plasma half-life. Strategies mentioned 

above to enhance their properties, such as structural modifications, cyclization, and PEGylation 

can improve stability but may simultaneously reduce membrane penetration or introduce new 

immunogenicity concerns115. 

CPPs often face challenges related to intracellular trafficking. A substantial proportion of CPP-

cargo complexes can become entrapped and subsequently degraded in endosomal or lysosomal 

compartments, limiting cytoplasmic delivery of therapeutic payloads. While modifications or 

adjuvants to enhance endosomal escape are being developed, these can increase overall toxicity116. 

Additional limitations include difficulties in large-scale production, high cost, and the need for 

extensive toxicological evaluation for each new CPP or CPP-cargo combination117. Besides, 

analytical detection of CPPs at low concentrations in biological samples is also technically 

challenging and can increase the cost of the process115. 
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Despite decades of research on CPPs and MAPs, their translation into robust clinical or 

biotechnological applications remains limited. Early studies revealed their remarkable ability to 

traverse or disrupt biological membranes, highlighting their potential as antimicrobial agents, drug 

delivery vectors, and therapeutic modulators. However, practical implementation has been 

hindered by several challenges, including limited stability and specificity, cytotoxicity at elevated 

concentrations, and an incomplete mechanistic understanding of peptide-membrane interactions. 

These limitations emphasize the need for deeper molecular-level insight and rational design 

strategies. By elucidating the physicochemical determinants of these interactions, it becomes 

possible to identify sequence and structural features that enhance selectivity, efficacy, and stability, 

ultimately guiding the development of more effective CPPs and MAPs for biomedical applications. 

Collectively, these issues underscore the necessity of sustained optimization and careful design in 

the development of CPP-based delivery systems. The objective is to engineer CPPs characterized 

by reduced cytotoxicity, enhanced delivery efficiency, and high target specificity. Beyond their 

direct biomedical applications, understanding CPPs is also crucial for elucidating fundamental 

physiological and pathophysiological processes, as cells naturally harbour numerous peptide 

sequences with CPP-like properties118. Gaining a comprehensive understanding of CPP 

internalization mechanisms therefore not only advances the fields of targeted therapies, precision 

medicine, and molecular diagnostics but also enriches our broader understanding of core cellular 

processes. Continued research in this area is essential to overcome current barriers and realize the 

full clinical and biological potential of CPPs. 
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1.3. Dynorphins 

Another group of BPs are opioid peptides28, such as dynorphins. Dynorphins are one of the most 

positively charged peptides in our body119, and are an important family of endogenous opioid 

peptides. Dynorphins are derived from the larger prodynorphin (PDYN) precursor120, which is 

cleaved at positively residues yielding Big Dynorphin (BigDyn, 32 residues). BigDyn is further 

processed by cutting the K-R hinge region, resulting in Dynorphin A (DynA, 1-17 residues), and 

Dynorphin B (DynB, 20-32) peptides121,122. Dynorphins serve as principal agonists for κ-opioid 

receptors (KOR) and μ-opioid receptor (MOR) (Figure 8), contributing to analgesia, stress 

responses, and addiction behaviours123. 

 

Figure 4. Mechanisms for DynA interaction with the membrane. 

Besides, several studies have revealed that DynA possesses a second, less classical mode of 

activity: the disruption of lipid membranes through direct peptide–lipid interactions that occur 

independently of receptor activation124–128. These non-opioid effects have been implicated in the 

pathogenesis of neurological disorders such as spinocerebellar ataxia (SCA23)129,130. Importantly, 

mutations in the PDYN gene are directly associated with SCA23 and result in altered peptide 

properties126,131,132. Hence, DynA can suffer three coding mutations, which result in four clinically 

relevant DynA variants: the wild type (WT) peptide, L5S (serine-to-leucine substitution at position 

5), R6W (arginine-to-tryptophan substitution at position 6), and R9C (arginine-to-cysteine 

substitution at position 9). 
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Research indicates that DynA and its clinical variants interact differently with membrane based on 

lipid composition, on peptide structure and function. DynA exhibits CPP-like behaviour, capable 

of translocating across plasma membranes124,133. In neutral membranes, DynA can form ion 

channel-like pores and exhibit direct translocation, distinct from its behaviour in charged 

membranes128. Specifically, DynA and BigDyn induce calcium leakage from negatively charged 

phospholipid vesicles, suggesting DynA–mediated membrane perturbation125,126,134. The R6W 

clinical variant is associated with increased neurotoxicity and resistance to degradation, shows a 

stronger tendency to insert into lipid bilayers and forms more stable pores in neutral and negatively 

charged membranes compared to WT131,135. Further, R6W and R9C demonstrate increased 

degradation resistance, potentially contributing to their heightened toxicity132,135. Experimentally, 

DynA L5S is the peptide that has been found to have the least membrane disruption and increased 

degradation, correlating with lower neurotoxicity131,135. 

In this thesis also focuses on the computational study of dynorphins, a subset of endogenous BPs 

with strong potential for redesign into CPPs or AMPs with therapeutical potential. We aim to 

investigate the interactions of dynorphins with lipid bilayers using the same techniques as 

presented for CPPs, characterizing the impact of membrane composition and single-point 

mutations on DynA’s effect.
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1.4. Computational techniques 

Experimental techniques such as spectroscopy, microscopy, and biochemical assays provide 

valuable insights into the structure, behaviour, and membrane interactions of CPPs136,137. Yet, these 

methods can be limited in their ability to capture atomic-level details or fully resolve the dynamic 

processes underlying CPP–membrane interactions. Computational techniques address these 

challenges by enabling atomic-level resolution investigation of CPP structure, dynamics, and 

interactions with membranes. Through molecular simulations, researchers can rationally design 

CPPs with improved efficiency and selectivity, advancing the development of targeted drug 

delivery systems, particularly for intracellular applications. In this way, computational tools 

complement experimental studies, offering predictive insights and guiding hypothesis-driven 

research in CPP-based therapeutics. 

Here, we focus on the use of molecular dynamics (MD) simulations138,139 to explore how CPPs 

adopt specific conformations, interact with lipid bilayers, and respond to changes in environment 

or sequence modifications. MD simulations make use of Newton’s equations of motion and the 

use of force fields (a set of equations and parameters) to calculate the movement of atoms and 

molecules over time. Thus, a trajectory that describes the movement of all the atoms in the system 

is generated. 

In this field, MD simulations can be used to study the peptide interaction with the membrane. 

However, the process of translocation takes from seconds to minutes and is, therefore, unfeasible 

to observe in a conventional molecular dynamics (cMD) study, which is currently limited to the 

microsecond scale due to hardware constraints140. Therefore, different strategies including 

enhanced sampling techniques have been presented in order to study CPP interaction and 

translocation (Figure 9). 

First, steered molecular dynamics (SMD) applies an external force (or steering potential) to a 

group of atoms to move them along a specified path. In this case, SMD is used to accelerate the 

movement of the peptide across the membrane, while allowing to compute the cost of translocation 

or potential of mean force (PMF)140,141. However, a long path can lead to large errors and several 

trajectories largely deviating from the original path. Therefore, adaptive steered molecular 

dynamics (aSMD)142,143 was presented as a modification of SMD that offers greater efficiency for 
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systems in which the group of atoms is dragged through a long non-linear path. In aSMD, the 

steering path is divided in several steps, with multiple replicas run at each step. From these, the 

trajectory that remains closest to the predefined path is selected and used as the starting point for 

the next step. This iterative procedure ultimately enables PMF calculation143. This technique 

allows for the calculation of PMF in longer paths while reducing statistical error and noise through 

the use of replicas. 

Second, metadynamics (MetD) enables the reconstruction of the free energy surface using a limited 

number of collective variables (CVs)144,145. This is achieved by guiding the system to avoid 

previously explored regions and to sample the unfavourable areas of the free energy landscape 

through a history-dependent bias potential along the CVs. 

Third, umbrella sampling (US) divides the reaction coordinate (here, the peptide path to 

translocation) into overlapping windows, each restrained by a biasing potential to force the system 

to sample even high-energy regions 146. US approach also yields accurate PMF calculations. 

Fourth, replica exchange molecular dynamics (REMD) is a method that runs multiple replicas of 

the same system simultaneously, with occasional exchanges between replicas which allows to 

overcome high-energy barriers147. REMD is typically not used directly for PMF calculations but 

can be combined with US (RE+US) to increase sampling of a US simulation148. 

In addition, weighted ensemble (WE)149,150 method partitions the configuration space into bins and 

runs many parallel simulations with assigned statistical weights to enhance sampling of rare 

events. WE method splits those steps that reach important regions (the ones where the peptide 

reaches deep within the membrane) and merges the others. This way, it efficiently explores the 

pathways and kinetics of rare but important transitions. 

Other techniques explore the use of alternative options to facilitate peptide translocation. For 

instance, high-temperature MD (HT-MD) entails the simulation of systems at increased 

temperature, which speeds up the kinetics and allows larger membrane disruption151. Another 

possibility is to increase the membrane tension (hereafter referred to as MT-MD), which increases 

permeability and also leads to increased membrane disruption31,152. 

Furthermore, coarse-grained molecular dynamics (CG-MD) techniques have been used, for 

instance, to study linear and cyclic Arg9153. CG-MD simulations154 reduce the system resolution 



INTRODUCTION: COMPUTATIONAL TECHNIQUES 43 

by grouping atoms into larger beads, sacrificing atomic detail for greatly enhanced computational 

efficiency and access to longer timescales and system sizes. Then, CG-MD can be run for longer 

timescales, although the observation of translocation is not guaranteed. Thus, CG-MD has been 

coupled with other techniques such as US or SMD to further increase sampling of the system155,156. 

An alternative approach is the utilization of an implicit membrane model (IMM), which strives to 

account for the influence of lipids and water through the solvation-free energy term in the energy 

function. This approach offers several advantages, including rapid speed, rapid equilibrium, and 

extensive exploration of configurational space. Lazaridis et al. developed IMM1, a method that 

can be used to determine the minimum energy pathway and the energy of the CPP transition states 

throughout the membrane157. In this method, the peptide is positioned at various depths within the 

membrane and oriented at different angles, after which short MD simulations are performed to 

enable PMF calculation. 

 

Figure 5. Summary of the computational techniques used in CPP translocation study. Membrane in the IMM 
model is shown more transparent to indicate the use of an implicit membrane, while in the CG-MD model it 
is represented differently to indicate a coarse-grained membrane. 

However, all these techniques have inherent limitations (Table 1). For instance, in SMD or US, an 

external bias is applied to drive peptide translocation across the bilayer, making them primarily 

suited for PMF calculation. CG-MD approaches offer reduced resolution, and peptide insertion or 

translocation is not guaranteed, whereas IMM1 is restricted to α-helical secondary structure, and 
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peptide–membrane interactions cannot be explicitly observed. Moreover, HT-MD assumes that the 

force fields are still valid at high temperatures, and MT-MD applies non-physiological tension to 

the membrane. Last, the WE method strongly depends on the selection of reaction coordinates. 

Furthermore, most of these techniques are not ideal entry-level options, as they require prior 

expertise, particularly in defining reaction coordinates, and are computationally demanding. 

Table 1. Summary of the characteristics of the computational techniques used in CPP study. 

Technique Resolution 
PMF 

calculation1 

Peptide 

translocation 

Entry-

level 

Computational 

requirements 

cMD Atomic No No Yes Low 

SMD Atomic Yes Yes No Moderate 

aSMD Atomic Yes Yes No Intensive 

MetD Atomic Yes Yes No Moderate 

US Atomic Yes Yes No Intensive 

HT-MD Atomic No Yes Yes Moderate 

RE + US Atomic Yes Yes No Intensive 

WE Atomic Yes Yes No Intensive 

MT-MD Atomic No Yes No Moderate 

CG Beads No Yes/No No Low 

IMM 

Atomic, but  

without membrane 

and waters 

Yes No No Low 

1Even though the technique does not allow for PMF calculation, they can be combined with techniques that do 

so. 
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Therefore, this thesis is intended to present new tools that can be used for the study of CPPs, and 

MAPs in general, while overcoming the limitations of the already available methods. 

In the first chapter, a new method is presented, which combines aSMD with cMD. Here, we 

conduct the study with three canonical CPPs in three different membrane compositions. 

In the second chapter, another method, computational electrophysiology (CompEL) is repurposed 

to be used in CPPs and MAPs field. In this case, the experiments are conducted with five peptides, 

four CPPs and one non-CPP, in one membrane composition. 

In the third chapter, CompEL is expanded to different membrane compositions, and the study is 

limited to one peptide to reduce the computational time requirement. 

In the fourth chapter, the technique presented in the first chapter, aSMD in combination with cMD, 

is used in the study of DynA and its clinical variants, to discuss the CPP-behaviour of each peptide. 
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2. OBJECTIVES 

The main objective of this thesis is to expand the range of computational tools available for 

studying peptide–membrane interactions, particularly for CPPs and MAPs. We intend to describe 

the principal interactions that dictate peptide partitioning, insertion, and translocation. Secondly, 

we apply the computational tools that we have presented in the case study of dynorphins, peptides 

that have presented potential for use as CPPs or AMPs. 

We differentiate between the general and specific objectives. 

The general objectives of this thesis are: 

1. Expand the range of computational tools for studying peptide–membrane interactions, with 

a focus on CPP-mediated membrane disruption, using MD simulations to provide atomistic 

insights. 

2. Elucidate the processes of peptide partitioning, insertion, and translocation across model 

membranes. 

3. Establish a standardized, entry-level computational approach for investigating CPP–

mediated membrane disruption that is broadly applicable to peptide–membrane interaction 

studies. 

4. Extend computational methods to study dynorphin A and its clinical variants, 

characterizing their membrane interactions and comparing computational results with 

experimental data. 

Besides, the specific objectives are: 

1. Investigate the role of protein–lipid interactions in CPP internalization, including how 

specific amino acid residues affect partitioning, insertion, passage through the hydrophobic 

core, and inner leaflet interactions facilitating translocation. 

2. Quantify peptide–membrane interactions using structural and dynamic descriptors such as 

peptide orientation, secondary structure, pore formation probability and extent, and rate of 

peptide–lipid contact events, to create a comparative framework for CPPs, dynorphins, and 

MAPs. 
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3. Assess how membrane composition (e.g., cholesterol-rich or negatively charged 

membranes) influences peptide internalization, free-energy cost of translocation (PMF), 

and likelihood of specific molecular interactions. 

4. Examine how peptide-to-lipid (P:L) ratio affects membrane perturbation, aggregation 

behaviour, cooperative effects, and the free-energy profile of translocation. 

5. Evaluate whether the computational methodologies can be generalized to other biologically 

relevant peptides, such as AMPs, to broaden applicability to MAPs and membrane–

interacting biomolecules. 
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3. RESULTS 

 

 

 

 

 

 

 

 

3.1. Chapter I: computational insights into membrane disruption by 

cell penetrating peptides using adaptive steered molecular dynamics in 

combination with conventional molecular dynamics 

In this chapter, we present aSMD in combination with cMD to study peptide-membrane 

interactions. Here, we use aSMD in combination with cMD to study general objectives 1, 2, 3, and 

specific objectives 1, 2, 3, 4. 
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3.1.1. Introduction 

The lipid fraction of biological membranes is mostly composed of phospholipids, which accounts 

for selective permeation, such as the cell membrane, a highly selective and dynamic barrier that 

encloses the contents of all living cells, responsible for cellular structural integrity, and intra- and 

extracellular homeostasis. Cell-penetrating peptides (CPPs) are small peptides that can be found 

in nature and are capable of efficiently crossing the cell membrane. CPPs optimal and efficient 

design to transport cargo molecules into the cell is of paramount importance30,158. CPPs have 

emerged as powerful tools with promising outcomes in fields such as drug delivery159, diagnosis 

of diseases 160, and therapeutics161. For instance, CPPs have been used as therapeutic agents 

targeting specific cell types162, or coupled with anticancer molecules targeting tumour tissue, while 

healthy tissue remains unharmed163–165. 

CPPs translocate across cellular membranes via diverse mechanisms that can be classified into 

energy-independent and energy-dependent pathways166. Energy-dependent translocation involves 

three types of endocytosis, namely macropinocytosis, caveolae-mediated, and clathrin-mediated 

endocytosis167. Energy-independent penetration includes the pore formation168, the carpet-like 

model (through membrane destabilization without pore formation)92, the membrane thinning 

model169, and inverted micelle formation170. However, direct validation of these energy-

independent models has only been obtained for inverted micelles171, and the other translocation 

methods have not yet been completely described. 

Based on their physicochemical properties, CPPs have been classified172 into cationic, such as 

nona-arginine (Arg9)53; hydrophobic, such as Kaposi fibroblast growth factor (K-FGF)65 or 

Translocating peptide 2 (TP2)54; and amphipathic, such as Transportan 10 (TP10)58 or model 

amphipathic peptides (MAP), a group of peptides derived from the α-helical amphipathic model 

peptide, designed in 1991, and here referred to as MAP30,57. Besides, amphipathic CPPs can be 

further divided as primary amphipathic (defined by their hydrophobic domains), secondary 

amphipathic (forming α-helices with one hydrophilic and one hydrophobic faces), β-sheet (that 

have a hydrophobic stretch and a hydrophilic stretch), proline-rich, and histidine-rich54,173. 

Therapeutic applications of these CPPs include its use in drug delivery, anticancer or anti-

inflammatory treatments, among others65,174–178. Nonetheless, CPPs encounter limitations such as 

instability, since they are prone to proteolytic degradation; lack of selectivity, which could provoke 
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toxicity or side effects and limited efficacy, given that some CPPs only show powerful penetrating 

activity at high micromolar concentrations (> 10 μM)179. From the computational perspective, 

translocation of any CPP is a relatively slow process and computationally too demanding to be 

observed in a conventional molecular dynamics (cMD) simulation180. In this study, we examine 

the membrane disruption potential as an early step of the internalization process. We use adaptive 

steered molecular dynamics (aSMD) by applying an external potential followed by cMD to assess 

whether an equilibrium has been reached (i.e. the CPPs have overcome the bilayer energy barrier 

to cross) or not, as well as to analyse the bilayer-peptide interactions of CPPs. In order to represent 

the main three blocks, we decided to study a cationic CPP (Arg9), a hydrophobic CPP (TP2), and 

an amphipathic CPP (MAP). 

3.1.2. Computational methods 

3.1.2.1.Systems preparation 

Peptides were initially modelled with ColabFold notebook181, using AlphaFold182 model for 

monomer prediction, and were relaxed in an explicit solvent system at 310.15 K. AMBER20 

program was used to perform the simulations183. The AMBER ff14SB184 force field and periodic 

boundary conditions were applied, and the SHAKE algorithm185 was used to restrain the hydrogen 

atoms, allowing for a 2 fs timestep. Besides, the Monte Carlo method was used to add 150 mM 

KCl ions and water TIP3P molecules to solvate the system. A short minimization (5,000 cycles) 

and NVT equilibration (125 ps) were run with a restraint force of 1 kcal·mol-1·Å-2 on the peptide, 

before the unrestrained cMD simulation of 100 ns. 

A peptide-bilayer system was built in CHARMM-GUI186–192 for each relaxed peptide and 

membrane composition combination, amounting for a total of 12 systems (3 control membranes, 

without peptide, 1 for each bilayer, plus 9 peptide systems: 3 membrane compositions for 3 

peptides). Here, a single peptide was placed at approximately 10 Å from the centre of mass (COM) 

of the upper leaflet bilayer membrane. The N-terminus or C-terminus of the peptides were not 

modified at any extent. 

Three symmetric membrane compositions were defined. Firstly, one constituted of 1,2-

Dipalmitoyl phosphatidylcholine (DPPC), a neutral, simple bilayer model commonly used in 

biophysical studies. Besides, it has been used in previous CPPs studies142 and can be used to 
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compare the results obtained. Secondly, following the same study142, we also used a more complex 

membrane, namely DPPC:DOPC:CHOL -where DOPC stands for Dioleoyl phosphatidylcholine 

and CHOL for cholesterol-, with the addition of cholesterol and a lipid with an unsaturated tail. 

Thirdly, we expanded the study of CPP behaviour by adding negatively-charged lipids, that is, 

DPPC:DOPC:DPPS:DOPS:CHOL membrane –where DPPS stands for Dipalmitoyl 

phosphatidylserine and DOPS for Dioleoyl phosphatidylserine–. To avoid bias, the molar ratio of 

lipids was kept balanced in the 2 heterogeneous bilayer systems. Moreover, to avoid membrane 

deformation artifacts in this pulling experiment, we used 150 lipids per leaflet which, according to 

Hub et al.193–195, prevents such artifacts since the bilayers are large enough. The exact composition 

of each membrane is the following: DPPC (150 DPPC lipids); DPPC:DOPC:CHOL (50:50:50 

lipids, respectively); DPPC:DOPC:DPPS:DOPS:CHOL (30:30:30:30:30 lipids, respectively). The 

same conditions as in the peptide relaxing simulations were used. For the membrane lipids, the 

Amber Lipid21196 force field was selected. 

Thereafter, the systems were energy minimized for 5,000 steps and equilibrated during 3.5 ns, 

starting in the NVT ensemble with positional restraints on the membrane atoms (restraint force of 

2.5 kcal·mol-1·Å-2), and changing to the NPT ensemble after 500 ps while lowering the positional 

restraints on the membrane throughout the NPT equilibration procedure (1, 0.5, 0.2, and 0 

kcal·mol-1·Å-2, respectively). Lastly, the membrane was relaxed for 100 ns of conventional 

molecular dynamics. During this step the peptide was kept restrained to avoid peptide-membrane 

interaction and allow for an unperturbed membrane relaxation (restraint force of 10 kcal·mol-1·Å-

2). 

3.1.2.2.Adaptive steered molecular dynamics (aSMD) 

Peptide translocation is a procedure computationally too expensive to observe in a conventional 

molecular dynamics simulation, as it commonly occurs in the scale of seconds to minutes180. 

Consequently, we accelerated that process by using steered molecular dynamics (SMD)197. SMD 

is a molecular dynamics enhanced sampling method where an external potential is applied to 

accelerate the movement of a specific group of atoms -in this case, the peptide- along a defined set 

of coordinates. The z direction -the membrane normal direction- was defined as the pulling 

coordinate of the peptide. The reaction coordinate was defined as the distance between the COM 

of the carbon alpha (CA) residues of the peptide and the COM of the lipids’ polar head in the lower 
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part of the bilayer, namely phosphate, nitrogen, oxygen, and the three main carbon atoms of this 

group. 

In SMD simulations, many simulations must be run to achieve convergence of  the potential of 

mean force (PMF). Adaptive steered molecular dynamics (aSMD)143,198 was introduced to alleviate 

this problem. In aSMD, the reaction coordinate -here, the distance between the COM of peptide’s 

CA atoms and membrane lower leaflets polar head’s COM-, is divided in different steps. Then, 

separate SMD simulations are performed in each of these stages. In this case, the membrane length 

(ca. 40 Å) was divided in 8 stages of 5 Å and 25 replicas were run for each step (with a constant 

force of 10 kcal·mol-1), thus using aSMD, as utilized in previous studies142,199–201. Briefly, after 

each step, the Jarzynski average141,202,203 across all replicas was calculated, and the last frame of 

the closest replica was used as input for the following step. Each aSMD step was run at 1 Å per ns 

(5 ns per replica), discussed below. An aSMD step totalled 125 ns per step and 1,000 ns per aSMD 

simulation. Altogether, ~9 μs were run for the aSMD simulations of all 3 peptides. 

To calibrate the system for aSMD and to determine that the membrane bilayer systems were 

comparable in terms of energy barrier, we performed a set of forward-backward simulations in all 

three bilayer systems using a single Arg residue (Arg1, Figure 10A). 
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Figure 6. PMF calculation in (A) forward and backward aSMD simulations and (B) different pulling speed 
simulations. (A) PMF has been calculated forwards (normal, blue) and backwards (return, orange) to 
calibrate the system and test that the bilayers’ energy barriers were comparable. The effect of normal and 
return aSMD has been computed for the three membrane compositions. (B) To test the best pulling velocity, 
aSMD has been simulated at two different speeds: 10 Å/ns (orange) and 1 Å/ns (blue). The effect of pulling 
speed has been done in DPPC membrane. 

The reaction coordinate used was the same as in previously described aSMD simulations (distance 

between COM of the peptide’s CA atom and COM of the lipids’ polar head in the lower part of the 

bilayer). Forward and backward PMF values for Arg1 are within the same energy interval, thus the 

model membranes are valid to be used in this study. It is important to state that the higher 

heterogenicity in the bilayer composition, the higher the differences in the elastic/viscoelastic 

behaviour in the forward/backward pathways, as happens in real biological systems. In parallel, in 

order to choose the pulling velocity, the aSMD simulations were performed at different pulling 

speeds. Park and Schulten studied SMD with two pulling velocities: 100 Å/ns and 10 Å/ns. Since 

they concluded that the lower the pulling velocity, the more accurate the PMF calculation141,204, 

we decided to use 10 Å/ns. Besides, we compared it to the velocity used in more recent 

studies142,205, 1 Å/ns. Therefore, the pulling speeds chosen are 10 Å/ns and 1 Å/ns (Figure 10B). 

The results show that with a slower velocity, the lipids had more time to adjust, leading to a lower 
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and more accurate PMF141,204. Consequently, we decided to use the slowest pulling speed (1 Å/ns) 

for subsequent simulations. 

3.1.2.3.PMF calculation 

The Potential of the Mean Force is computed by employing the Jarzynski equality203. The 

Jarzynski equality is a powerful relationship that connects the non-equilibrium work performed 

during SMD simulations to the free energy difference between two states (A and B), as seen in 

Equation 1: 

𝐺! = 𝐺" −
1
𝛽 ln

〈𝑒#$%!→#〉" 

where β is the Boltzmann constant multiplied by the temperature (kB·T) and the tangled brackets 

indicate averaging over multiple trajectories. 

In this study, after each aSMD step, the replica with the closest work value to the Jarzynski average 

was selected as the starting point for the next simulation step. This approach helps remove the 

trajectories that minimally contribute to the overall PMF and significantly reduces the number of 

simulations required for convergence183. 

3.1.2.4.Conventional molecular dynamics (cMD) 

Lastly, starting from the last frame of the aSMD simulation last step (where the distance between 

peptide and lower leaflet COMs is 0 Å), a 100 ns of unbiased cMD (also referred to as relaxation 

step) was run with the purpose of allowing the system to relax after an external potential addition. 

The same simulating conditions were used as in the previous cases. A total of ~3 μs were run for 

the final relaxation part, accounting for 100 ns for each of the simulations (100 ns x 3 peptides x 

3 membrane compositions x 3 replicas). Besides, the 3 control systems (without peptide) were run 

following the same equilibration and production protocol. 

3.1.2.5.Data analysis 

Trajectory visual analysis was performed with Visual Molecular Dynamics (VMD)206, CPPTraj 

and PyTraj207. PyLipID208 and LiPyPhilic209–212 were used to analyse the simulations. An in-house 

script was used to analyse lipid order parameter. Lipid order parameter, typically denoted as SCD, 
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measures the orientation of the C-D bond in lipid acyl chains relative to the bilayer normal213. It is 

calculated using Equation 2: 

𝑆&' = 〈
3 cos( 𝜃 − 1

2
〉 

Where θ is the (time dependent) angle between the C-D bond and a reference axis. The angular 

brackets represent an ensemble average over time and lipid molecules. Lipid order parameter value 

of -0.5 indicates a perfectly ordered acyl chain214. Per convention, -SCD is plotted, so values closer 

to 0.5 indicate aligning respect to the bilayer normal215. An in-house Python script was 

implemented to compute the pore size distribution, calculating the minimum pore size in the z axis 

of the membrane. This script calculates the maximum distance of the water residues per each 

membrane z-stack and outputs the minimum distance of all the z-stacks per each simulation frame. 

Matplotlib216 and Seaborn217 were used for graphics plotting, and UCSF ChimeraX218,219 for 

molecular graphics. For the membrane analyses, only the last 80 ns of the cMD simulation were 

taken into account. 

For benchmarking purposes, all simulations and analysis have been performed in a single GPU-

based (RTX-3080Ti) workstation, running at an average of 80 ns/day accounting for a total of 150 

days of computation time. 

3.1.3. Results 

3.1.3.1.Bilayer resistance to steered peptide crossing 

The simulation protocol includes two sets of simulations: aSMD for 40 ns divided in 8 steps and 

25 replicas per step to move the peptide across the bilayer defining a non-equilibrium state, 

followed by 3 replicas of the relaxation step, consisting of 100 ns of cMD each. This experimental 

design was applied to investigate the behaviour of 3 canonical CPPs (Arg9, MAP, and TP2, see 

Table 2) in 3 different membranes (Figure 11A). GRAVY score is calculated using the Kite-

Doolittle scale220. 
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Table 2. Characteristics of the peptides used in this study. 

Peptide Length Sequence Type 
Net 

charge 

GRAVY 

score 

Arg9 9 RRRRRRRRR Cationic +9 -4.5 

MAP 18 KLALKLALKALKAALKLA Amphipathic +5 0.99 

TP10 21 AGYLLGKINLKALAALAKKIL Amphipathic +4 0.93 

TP2 13 PLIYLRLLRGQWC Hydrophobic +2 0.42 

K-FGF 17 AAVALLPAVLLALLAP Hydrophobic 0 2.42 

 

 

Figure 7. Initial and final snapshots of the aSMD process. Starting (A) and final (B) snapshots of the aSMD 
for the three CPPs and the three membrane compositions. 

As a simplification of a complex cellular bilayer, a CPP, when internalizing into the cell, first 

encounters the extracellular leaflet, rich in neutral polar headgroups, which can be related to the 

DPPC system. Secondly, the CPP enters in contact with the hydrophobic core of the bilayer, with 

cholesterol and unsaturated lipid tails, as in the DPPC:DOPC:CHOL system. Thirdly, the CPP 

needs to break the interaction with the hydrophobic core and interact with the intracellular leaflet, 

richer in negatively charged polar headgroups, as in the DPPC:DOPC:DPPS:DOPS:CHOL system. 
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In short, we have modelled simplified systems for each bilayer phase, being DPPC system the 

equivalent to the extracellular leaflet, DPPC:DOPC:CHOL to the hydrophobic core, and 

DPPC:DOPC:DPPS:DOPS:CHOL to the intracellular leaflet, respectively. 

After the aSMD simulation, the molecular distribution is similar for all cases (Figure 11B): the 

peptide has been steered into the lower part of the bilayer and is in contact with the polar heads of 

the lipids in the lower part of the bilayer. Some polar heads of the upper leaflet have been dragged 

along with the peptide during the steering process, in agreement with the previously described 

“Defect Assisted by Charge” (DAC) phenomenon221, and the polar heads of the upper bilayer 

contact those of the lower bilayer. As seen in Figure 11B, on average, MAP causes the highest and 

TP2 the lowest membrane disturbance (DAC). This means that the DAC caused is related, but not 

directly proportional, to the peptide charge, as discussed by Elber221. The author stated that, when 

working with a CPP, there is a higher number of degrees of freedom, and charge plays a lesser 

role. Conversely, for small molecules, charge plays an important part in the DAC created. Besides, 

for CPPs, the peptide length seems to be an important aspect, since MAP (18 residues, net charge 

+5) produces more DAC than Arg9 (9 residues, net charge +9) even though it has smaller net 

charge.  

PMF values are indicative of the resistance opposed by the bilayer during the peptide crossing, 

showing that bilayer complexity is, on average, positively correlated with higher PMF values 

(Figure 12). In the DPPC membrane, peptides exhibit, on average, the lowest energy requirement 

to traverse the bilayer, indicated by a mean PMF barrier of 181.52 ± 20.33 kcal·mol-1. The 

introduction of cholesterol to the membrane results in an overall increase in the mean PMF barrier 

to 200.91 ± 13.87 kcal·mol-1. Cholesterol has been associated with reduced efficiency in CPP 

translocation, a phenomenon previously discussed by Pae et al. 102. Addition of unsaturated fatty 

acids (DOPC) should enhance the internalization of CPPs and lower the PMF100, but this effect 

seems to be counterbalanced by the influence of cholesterol. Finally, in the 

DPPC:DOPC:DPPS:DOPS:CHOL membrane, we observe the highest resistance to bilayer 

crossing, with a mean PMF barrier of 225.65 ± 17.40 kcal·mol-1. This PMF increase can be related 

to the effect of increased adsorption in the upper leaflet when negative lipids are present222, 

requiring higher energy to break these lipid-peptide interactions. 
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Figure 8. PMF barrier of peptides with respect to the membrane composition.  The values indicated 
correspond to the last value (highest energy) of the PMF analysis. PMF profiles of the three membrane 
compositions are shown. PMF profiles of all replicas are shown with a transparency of 10%. 

Arg9 in DPPC and in DPPC:DOPC:CHOL shows a similar PMF value (~190 kcal·mol-1, and ~220 

kcal·mol-1, respectively, as seen in Figure 12) to previously published data142. Besides, the energy 

required to move Arg9 into the middle of the DPPC membrane (from 40 to 20 Å) is similar to the 

energy obtained in a previous study using neutral lipids 223. Taking into consideration all three 

CPPs and the three bilayer systems (Figure 12), TP2 and Arg9 partition more efficiently in the 

upper leaflet (DPPC) compared to MAP. The transition energy from the water-bilayer interface to 

the hydrophobic core (DPPC to DPPC:DOPC:CHOL) is lower for MAP and TP2, and slightly 

higher for Arg9. Finally, from the hydrophobic core to the lower leaflet 

(DPPC:DOPC:DPPS:DOPS:CHOL) all peptides require higher energy for the transition, 

especially MAP. 

aSMD has demonstrated PMF value accuracy calculation for peptides143,198,199,224 and the relative 

trends shown for the peptides studied here are qualitatively coherent and considered as a measure 

to compare each peptide in the three bilayer compositions. This is of paramount importance in 

CPPs, where sequences differ significantly in amino acid composition, secondary structure 

propensities, length and physicochemical properties. Thus, quantitative assessment of PMF values 

should be interpreted with caution. For absolute quantitative output, computationally demanding 

methods with higher sampling such as, multi branched aSMD (MB-ASMD), full-relaxation aSMD 

(FR-ASMD)199, or adaptively biasing MD (ABMD)142, should be considered to obtain fully 

converging PMF profiles140, although the different nature among peptides should still pose a 

limitation. 
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3.1.3.2.Peptide release after aSMD 

At the end of the aSMD simulations, the peptide has been successfully transferred to the lower 

region of the lipid bilayer. It is important to determine whether this steered process has overcome 

the bilayer energy barrier reaching an equilibrium state (the energy of the process has been 

released) or not (the energy of the process is stored in the last step of the aSMD simulation). Thus, 

we performed three replicas (all with the same outcome) of cMD simulations relaxing the system 

to compare the peptides’ behaviour in each bilayer system. At this stage we observed four possible 

behaviours for the peptides: (1) “Lower leaflet equilibrium state”: after the aSMD simulation, the 

peptide has reached an energy minimum and stays at the lower part of the bilayer; (2) “Pore 

formation”: the energy stored in the process results in the peptide bouncing back towards the upper 

leaflet remaining in the hydrophobic core and leading to formation of pores of different radius in 

the membrane -we define a pore as a large defect in the membrane that allows for a continuous 

water flow between the upper and lower leaflets; (3) “Insertion”: the energy stored in the process 

results in the peptide bouncing back towards the upper leaflet remaining in the hydrophobic core 

of the bilayer without leading to pore formation; (4) “Return”: the energy stored in the process 

results in the peptide bouncing back to the upper part of the bilayer. For sake of clarity, a summary 

of these behaviours, observed across all peptides and membrane compositions, is presented in 

Figure 13 and Table 3. 

 

Figure 9. Illustrative representation of the peptide location in the 3 membrane compositions after the 100 ns 
of conventional MD (relaxation). Peptides are coloured as: Arg9 in dark green, MAP in rose, TP2 in gold. 
The polar heads of phospholipids in both the upper and lower bilayers are illustrated in darker and lighter 
shades of grey, respectively, while the lipid tails are portrayed in transparent white. Peptide colours are 
maintained in the following figures. Waters are omitted for clarity. 
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Table 3. Simulation results for all CPPs in the 3 membrane compositions. All replicas show the same 
behaviour, and the ratios are thus omitted for clarity. See Table 4 for small or large pores details. 

Peptide DPPC 
DPPC 

DOPC:CHOL 

DPPC:DOPC 

DPPS:DOPS:CHOL 

Arg9 
Lower leaflet 

equilibrium state 
Large pore Return 

MAP Small pore Return Insertion 

TP2 Insertion Return Insertion 

 

In the cMD simulation, Arg9 overcomes the imposed DPPC bilayer energy barrier since it stays in 

the lower leaflet for the 100 ns of simulation (equilibrium state), although the formation of a small 

transient pore is observed (Table 4 and Figure 14). The cMD simulation for Arg9 in 

DPPC:DOPC:CHOL shows a relaxation from a non-equilibrium state to a more stable state where 

Arg9 remains trapped in the bilayer hydrophobic core while forming a large-sized pore (Table 4 

and Figure 14 for pore details). In the DPPC:DOPC:DPPS:DOPS:CHOL membrane, the energy 

stored at the end of the Arg9 aSMD simulation is sufficient to take the peptide back to the upper 

leaflet. 

Table 4. Mean radius size (Å) of the last 80 ns of the simulation. 

Peptide DPPC DPPC:DOPC:CHOL DPPC:DOPC:DPPS:DOPS:CHOL 

Arg9 0.19 ± 0.03 6.30 ± 0.04 0 

MAP 0.71 ± 0.03 0 0 

TP2 0 0 0 
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Figure 10. Pore size, lipid order parameter, membrane thickness and area per lipid analyses. The analyses 
have been performed for the last 80 ns of the cMD part of the DPPC, DPPC:DOPC:CHOL and 
DPPC:DOPC:DPPS:DOPS:CHOL membrane simulations. Lipid Order Parameter has been computed for 
the lipid tails and results are shown for carbon number 2 to 16. 

The cMD simulation for MAP in DPPC shows the peptide bouncing back but remaining in the 

hydrophobic core of the bilayer forming a small pore. The cMD simulation for MAP in 

DPPC:DOPC:CHOL shows a relaxation of the peptide and an upper part reallocation. In the 

DPPC:DOPC:DPPS:DOPS:CHOL bilayer, the cMD simulation for MAP shows how the peptide 

returns to the upper bilayer but becomes inserted in the hydrophobic core. In average, MAP has 

the highest PMF values, indicating that an internalization process is not as favourable as in the 

other cases. This can be related to experiments where they observed that the internalization of 
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MAP requires, in a large amount, an energy-dependent pathway or vesicle transport 

event56,57,225,226. 

Similarly to MAP, TP2 has not reached an equilibrium in the lower part of the bilayer in any 

condition. In DPPC:DOPC:CHOL, TP2 releases all the stored energy and returns to the upper 

bilayer, indicating that cholesterol induced rigidity poses a high energy barrier for TP2 to remain 

in the bilayer. On the other hand, in DPPC and DPPC:DOPC:DPPS:DOPS:CHOL bilayers, we 

observe the insertion of TP2 in the hydrophobic core of the bilayer, but without leading to the 

formation of a pore. This behaviour can be related to the fact that TP2 in monomeric form enters 

the cell via spontaneous membrane translocation, rather than the pore formation mechanism66,227.  

Effects of the peptides on bilayer behaviour have been performed, namely lipid order parameter, 

membrane thickness and area per lipid (Figure 14). Membrane thickness and area per lipid 

fluctuate accordingly. DPPC membrane has the lowest area per lipid (~60.1 Å2 is the average value 

for all peptides over the simulation) and membrane thickness (average value of ~38.5 Å along the 

simulation), indicating that DPPC is the most compact membrane. The addition of cholesterol has 

been documented to decrease area per lipid228, but it seems that the addition of unsaturated lipids 

(DOPC) counterbalances cholesterol’s effect due to the kinks in its structure, and makes the bilayer 

less compact, showcasing higher area per lipid (average of ~75 Å2) and membrane thickness (~41.6 

Å). Thirdly, the addition of negatively charged lipids compacts the membrane (thickness of ~40.8 

Å), while lowering area per lipid (~65.6 Å2). Area per lipid and membrane thickness analyses can 

also be related to the fluctuations in PMF among membranes. Firstly, DPPC has the lowest average 

PMF value. DPPC:DOPC:CHOL is less compact, which should lower PMF values, but this effect 

is counterbalanced by cholesterol, which does not favour peptide crossing, as previously discussed. 

In DPPC:DOPC:DPPS:DOPS:CHOL membrane, negatively charged lipids tighten the membrane 

and strengthen interactions between peptide and membrane222, causing the highest increase in PMF 

values. 

Lipid order parameter values are in line with previously reported values214, showing that 

membranes are well organized, and thus indicating that the CPPs do not destabilize the membrane 

upon interaction and/or disruption. Furthermore, secondary structure analyses were conducted; 

however, the peptides do not exhibit any defined secondary structure (Figure 15). 
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Figure 11. Secondary structure. The secondary structure analysis has been performed for each peptide in the 
cMD part of the DPPC, DPPC:DOPC:CHOL and DPPC:DOPC:DPPS:DOPS:CHOL membrane 
simulations. 

Thus, we have focused on the occupancy of peptide residues by the polar heads of the 

phospholipids in upper and lower leaflets (Figure 16). 
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Figure 12. Residue occupancy by the polar head of the phospholipids in the upper and lower leaflets. Polar 
heads corresponding to PC (phosphatidylcholine) occupancy is shown for DPPC, DPPC:DOPC:CHOL and 
DPPC:DOPC:DPPS:DOPSCHOL membranes. For the third membrane, PS (phosphatidylserine) occupancy 
is also shown. The occupancy analysis refers to the first replica. 

3.1.3.3.Peptide-bilayer interactions 

Sequence composition, charge and the hydrophobicity index GRAVY score (Table 2) are key 

determinants driving peptide-bilayer interactions. The GRAVY score is a measure of peptide 

hydrophobicity based on the Kyte-Doolittle scale220, where the more negative the value the higher 

peptide hydrophilicity, and the more positive the value the higher the hydrophobicity. In this 

regard, Arg9 has a highly negative GRAVY score, indicating how Arg9 is more likely to interact 

with water and, in this case, with lipids’ polar heads. Thus, Arg9 shows 3 different modes: lower 

bilayer steady-state, upper part relocation or pore formation, but, in each of these, it stays in contact 

with the polar heads of the bilayer (in the two former cases) or with the waters (in the latter case). 

In the other two canonical CPPs, MAP and TP2, we see how they get inserted into the bilayer and 

stay in contact with the hydrophobic part of the membrane, which is related to the more 

hydrophobic nature indicated by the GRAVY score. The differences in GRAVY score explain why 



CHAPTER I 71 

MAP and TP2 can get inserted into the bilayer without pore formation, but Arg9 requires to be in 

contact with water and forces pore formation. In parallel, both MAP and TP2 have key positively 

charged residues (Table 2), which allows them to interact with the polar heads in the membrane. 

In Figure 16 we present the occupancy analysis regarding the lipids’ polar heads for every peptide 

in all membranes, such as, PC for phosphatidylcholine (in DPPC/DOPC) and PS for 

phosphatidylserine (in DPPS/DOPS). Occupancy is defined as the percentage of simulation time 

that a residue is in contact with a lipid. In Figure 17, we show the occupancy by the lipid tails and 

cholesterol. 

 

Figure 13. Occupancy of the lipid tails and the cholesterols. PA refers to the lipid tail present in DPPC/DPPS 
lipids, namely palmitic acid. OL refers to the lipid tail in DOPC/DOPS, namely oleic acid. CHL refers to 
cholesterol. These are the lipid names provided by the AMBERFF14SB forcefield. 

Regarding peptide-polar head interactions (Figure 16), we observe a higher interaction ratio for 

Arg9 (several residues have close to 100% occupancy), which can be explained due to the 

polycationic nature of this CPP, strongly attracted to the negatively charged polar heads of the 
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lipids. K/R neighbouring residues also show high occupancy in all three CPPs. MAP, which has 

alternating positive (K) and hydrophobic (L, A) residues, preferably interacts with the polar heads 

through positive residues, that is, K1, K5, K9, K12, and K16. TP2 contains only two charged 

residues, R6 and R9, which are prone to interact with the polar heads of the lipids and show high 

occupancy across the three bilayers. However, the N- and C-terminal parts are also interacting with 

the polar heads in three and two bilayers, respectively. In DPPC, the peptide is inserted in the 

membrane and stretched, thus interacting with a leaflet in each end. In the DPPC:DOPC:CHOL 

bilayer, R9 favours the lipid interaction of TP2 C-terminal residues. Besides, the N-terminal 

residues (specially P1) show high occupancy, which can be explained by the positive charge in the 

N-terminal residue. On the other hand, regarding the occupancies by lipid tails, Arg9 shows, in 

average, low occupancy, again, explained by its polycationic nature, whereas MAP and TP2 show 

high occupancy by the lipid tails, mainly interacting with the hydrophobic residues (L, A in MAP, 

and L, I, Y, W in TP2). 

In parallel, when comparing the occupancies across all three bilayers, there are noteworthy 

differences between: (1) the case where the peptide that has reached an equilibrium in the lower 

part of the bilayer, which has a higher occupancy in the lower leaflet (Arg9 in DPPC), (2) the 

peptides that form a pore and interact with the polar heads in upper and lower leaflets (MAP in 

DPPC, and Arg9 in DPPC:DOPC:CHOL), (3) the peptides that get inserted into the bilayer and 

also interact with both leaflets (TP2 in DPPC, MAP and TP2 in 

DPPC:DOPC:DPPS:DOPS:CHOL), and (4) the peptides that have been reallocated to the upper 

leaflet and are only interacting with the polar heads in the upper leaflet (MAP and TP2 in 

DPPC:DOPC:CHOL, Arg9 in DPPC:DOPC:DPPS:DOPS:CHOL). MAP in the first membrane 

composition generates a pore in the bilayer and only interacts with the lower leaflet with the first 

residue, indicating that it shows an extended conformation, perpendicular to the membrane229,230, 

stabilized by the hydrophobic interactions with the lipid tails and the hydrophilic interactions with 

water, with a similar distribution to the three cases of insertion. Interestingly, Arg9 in 

DPPC:DOPC:DPPS:DOPS:CHOL interacts rather with the polar heads in PS lipids than PC lipids, 

likely by the strong attraction between the side chains and the negatively charged lipids, as seen in 

previous studies231. 
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In short, specific phospholipid preferences can be extracted from this study. Arg9 has a preference 

for polar heads, and if both PC and PS heads are present, Arg9 favours the interaction with PS 

lipids. TP2 and MAP have a higher interaction with lipid tails, but they also interact strongly with 

PC heads, indicating that they have parts with a preference for heads and other parts that prefer to 

interact with lipid tails. No preference for cholesterol interaction has been seen, similar to the 

results seen for other CPPs 232. 

The cationic Arg9 seems to require pore formation to cross the bilayer233,234 as we observe for Arg9 

by either forming transient (in the DPPC bilayer) or more stable (in DPPC:DOPC:CHOL) pores, 

likely a mechanism to overcome the bilayer energy barriers. For MAP, the energy barrier could be 

lowered by the formation of a pore235, related to what we see in DPPC, but MAP also seems to 

require translocation through energy-dependent mechanisms56. TP2 may involve direct 

translocation (through a quick and transient pore or without pore formation as we observe here) of 

a monomeric peptide66,227, leading to a minimum leakage. 

There are other aspects, beyond the scope of this study, that could play a relevant role in the 

internalization process of CPPs and would require further investigation, such as secondary 

structure conversions, peptide organization, and/or peptide self-assembly152,221,223,231,236. 

3.1.4. Conclusions 

In conclusion, we have analysed the effect of neutral, saturated, and unsaturated lipids, cholesterol, 

and negatively charged lipids on the membrane disturbing potential of representative CPPs. As a 

general conclusion, the presence of cholesterol adds more stability to the membrane and increased 

thickness, which entails higher deformation resistance. Negatively charged lipids are not directly 

correlated with the internalization efficiency of CPPs. CPPs interactions with the upper leaflet 

strongly influence the ability of the peptides to interact with the lower leaflet and, consequently, 

their ability to form pores or to reach the lower leaflet. In cationic CPPs, such as Arg9, the peptide-

lipid and peptide-water interactions lead to larger disturbance of the bilayer and formation of large 

transient pores which would be key to overcome the energy barrier at the hydrophobic core layer. 

Hydrophobic CPPs, such as TP2, find a lower energy transition path across the bilayer, without 

requiring the formation of transient pores. Amphiphilic CPPs, such as MAP, find a limiting step in 
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the upper leaflet partitioning, requiring the formation of transient water pores to overcome 

energetic barriers opposed by the bilayer. 

In this study, due to computing restraints, we have focused on a representative peptide of the three 

main CPP groups (cationic, amphipathic, and hydrophobic) and studied against three simplified 

model membranes, to understand CPPs membrane disruption capacity. Further studies should 

consider the plethora of CPPs available, their physicochemical properties, the translocation 

mechanisms, and the specific lipid-peptide interactions in biological membranes. Better 

characterization and understanding of the diverse CPP mechanism are of paramount importance, 

which will lead to more efficient design and development of CPPs and their cargoes. Enhancing 

the CPPs targeting and internalization potential will lead to better and more personalized drug 

delivery systems, anticancer, antimicrobial, and/or antiviral therapies152,221,223,231,236. Despite the 

significant strides made in the understanding of CPP internalization, translocation, and pore 

formation, certain aspects remain elusive, which underscores the need for future investigation, as 

well as the need for out-of-the-box ideas to study such processes. 
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3.2. Chapter II: understanding cell penetrating peptide mechanisms 

using computational electrophysiology simulations 

In this chapter, we use computational electrophysiology (CompEL) technique to study peptide–

membrane interactions. Here, we focus on objectives 1,2,3 and specific objectives 1,2,4. 
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3.2.1. Introduction 

Cell-penetrating peptides (CPPs) represent a diverse class of molecules renowned for their ability 

to traverse biological membranes and facilitate the intracellular delivery of various cargoes without 

inducing cytotoxicity30,86,237. CPPs can internalize into cells coupled with various cargoes, such as 

proteins, DNA, RNA, nanoparticles or low molecular weight drugs115,162,238–241. Moreover, CPPs 

are currently being used for therapeutic purposes, such as cancer treatment, Alzheimer’s disease, 

and immunotherapy242–246. Nevertheless, the molecular mechanism of CPP translocation and 

internalization requires further investigation247, for controlled rational design of these 

biomedically relevant molecules. 

Many molecular mechanisms have been proposed, which can be classified into energy-dependent 

and energy-independent methods166. Energetic mechanisms entail endocytosis248,249, whereas 

energy-independent mechanisms include pore formation168, the carpet-like model (through 

membrane destabilization)92, the membrane thinning model169, and inverted micelle170. More 

recently, CPPs have been discovered to translocate across both the endosomal and plasma 

membranes by a vesicle budding and collapse (VBC) mechanism250,251. In fact, the diverse possible 

translocation methods lead to talk about a landscape of different internalization mechanisms252. In 

addition to these mechanisms, other variables, such as peptide concentration, can also affect the 

internalization dynamics253. 

CPPs exhibit a wide range of structural and biochemical characteristics, often classified based on 

their predominant physicochemical properties. Among these classifications, peptides can be 

categorized as cationic, hydrophobic or amphipathic54. Cationic peptides, such as Arg953 are 

characterized by an abundance of positively charged residues, such as arginine or lysine, which 

promote electrostatic interactions with negatively charged cell membranes. Hydrophobic peptides, 

such as TP266, and K-FGF254 possess a high proportion of hydrophobic residues, facilitating 

interactions with lipid bilayers. Amphipathic peptides, such as TP10255 or MAP30,57, can be further 

divided into primary amphipathic (featuring distinct hydrophobic and hydrophilic regions within 

their sequences), secondary amphipathic (which adopt amphipathic conformations upon 

interaction with lipid membranes), proline-rich, and histidine-rich54,173. Understanding the 

classification of CPPs based on these physicochemical properties is essential for elucidating their 

mechanisms of cell penetration and optimizing their utility in biomedical applications172. 



CHAPTER II 78 

Molecular dynamics (MD) simulations have been extensively used to investigate the 

internalization mechanisms, since it can provide meaningful insights of peptide-membrane 

interaction at atomic level256–258. In this study, we seek to study the insertion or translocation 

abilities of CPPs. Nonetheless, the translocation process takes from seconds to minutes140,259, and 

is too computationally demanding to be observed in a conventional Molecular Dynamics (cMD) 

simulation. In this regard, enhanced sampling techniques have been employed to explore a larger 

conformational space, such as Umbrella Sampling (US)146,235, Replica Exchange (RE)260,261, 

adaptive Steered Molecular Dynamics (aSMD)142, and Weighted Ensemble (WE)150. Besides, 

coarse graining techniques, such as MARTINI, have also been used to study the thermodynamics 

of CPP translocation153 (interested readers are redirected to the exhaustive review by Ouyang and 

colleagues 262). However, these methods have inherent limitations. For instance, US is primarily 

used to calculate free energy of translocation, aSMD requires powerful computational resources, 

and they are strongly biased methods requiring reaction coordinates, whereas coarse-grained 

simulation have lower resolution. Therefore, we repurpose computational electrophysiology 

(CompEL)259 to elucidate the key steps involved in CPP cell penetration. CompEL has been 

previously used to study membrane proteins, mainly ion channels (see the CompEL review in 

Ref.263), but, to the best of our knowledge, this is the first study to employ CompEL for the study 

of CPPs and their mechanism of action. 

Simulations at high temperatures (up to 500 K) have been performed to study membrane disruption 

of small molecules264, following the high kinetics rationale to enhance sampling 265. Following a 

parallel reasoning, in CompEL, we generate a difference in potential through ion imbalance using 

a double membrane configuration259, allowing for enhanced sampling and easier CPP-mediated 

membrane disruption. Through this approach, we seek to identify critical molecular events and 

kinetic barriers that dictate the efficiency of CPP internalization. We aim to provide a new 

possibility to unravel the interactions between CPPs and lipid membranes, shedding light on the 

processes governing their cellular uptake. 

In this regard, we chose four representative CPPs (Arg9, MAP, TP10, and TP2, to compare them 

with our previous study) and a negative control (Leu9, non-CPP) to conduct the study. First, we 

ran simulations with one peptide at different potentials to decide the appropriate transmembrane 

potential for this system setup. Then, we analysed the simulations at the chosen transmembrane 
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potential. Last, we simulated the systems with eight peptides to study and analyse CPP cooperation 

and aggregation.  

In this study, we aim to expand the computational toolkit for investigating membrane active 

peptides25,266, with a particular emphasis on CPPs. To this end, we employ CompEL –an entry-

level, rapid, and reproducible computational technique– to explore the molecular mechanisms 

underlying CPP internalization. Our objectives are to differentiate between CPP-like and non-CPP 

peptides, and to compare single- to multiple-peptide simulations. Our findings hold promise for 

guiding the rational design of CPP-based delivery systems and advancing targeted therapeutic 

interventions in biomedical research. 

3.2.2. Computational methods 

3.2.2.1.Systems preparation 

Peptides were initially modelled with ColabFold notebook181, which uses AlphaFold182 monomer 

prediction to model the peptides. 

3.2.2.2.Computational electrophysiology simulations 

In CompEL, a transmembrane potential triggered by charge imbalance (∆Q) is generated between 

one side and the other of the membrane. But, since PBC are applied, a double membrane 

configuration system must be designed to achieve the desired transmembrane potential. 

Simulations were run at 350 K. To prepare the system, we followed the methodology described in 

previous studies259,263,267. In this regard, we used GROMACS built-in gmx utilities: first, we 

duplicated the system, then, rotated the second system, doubled the box size, and concatenated 

both files into a single box with a double membrane configuration. After that, the desired 

transmembrane potential was achieved by ion imbalance between both membranes: a positive 

charge (K+ ions) was added to the inner water compartment, and a negative charge (Cl- ions) was 

added to the outer water compartment. Thus, water molecules were swapped with ions into the 

corresponding water compartment, done using gmx insert-molecules. In Table 5, we present the 

configurations for all the systems simulated in this study. When a peptide was added to the system 

–in the inner water compartment–, the corresponding counterions were inserted –in the same water 

compartment– following the same procedure as before. 
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Table 5. System configurations in the computational electrophysiology (CompEL) method, indicating the 
number of positive ions (K+), negative ions (Cl-) and water molecules in the different compartments. The 
composition is shown for the system without peptides (membrane control). When a peptide is added to the 
system (in the outer water compartment), the corresponding counterions were added (in the same water 
compartment). 

Transmembrane 

potential (∆Q) 

K+ in outer 

water 

compartment 

K+ in inner 

water 

compartment 

Cl- in outer 

water 

compartment 

Cl- in inner 

water 

compartment 

Water 

residues 

0 28 28 28 28 22850 

8 30 26 26 30 22820 

12 31 25 25 31 22831 

16 32 24 24 32 22839 

24 34 22 22 34 22832 

 

Thereafter, the system was minimized for 5 000 steps and equilibrated for approximately 2 ns (the 

different steps were of 125, 125, 125, 500, 500, 500 ps) while gradually lowering the positional 

restraints (1 000, 400, 400, 200, 40, 0 kJ·mol-1·nm-2, respectively). Last, a 250 ns simulation was 

run for each system. The ion number was kept constant in each water compartment through the 

whole duration of the simulation using computational electrophysiology protocol in GROMACS, 

which controls ion/water position exchanges (production files can be found at the GitHub 

repository). A summary of the number of simulations run can be found at Table 6 (see next section 

for explanation of simulation number and/or difference in simulation length), accounting for 31.5 

µs of simulation time (ca. 3µs for membrane only systems, ca. 14 µs for systems with one peptide, 

and 15 µs for systems with eight peptides). The simulations were run using a workstation with a 

GPU RTX3080Ti, at approximately 80 ns per day. 

Table 6. Summary of the simulations and replicas run in this study. The columns differentiate the 
transmembrane potential through ion imbalance (∆Q), and the rows indicate the number of peptides. If not 
indicated otherwise, the simulations have been run for 250 ns. 

Number of 
peptides 0 ∆Q 8 ∆Q 12 ∆Q 16 ∆Q 20 ∆Q 

1 2 replicas 2 replicas 2 replicas 3 replicas 2 replicas 

8 2 replicas 2 replicas 2 replicas 3 replicas 
(500 ns) - 
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3.2.2.3.Data analysis 

MD simulation analysis was executed in a Jupyter Notebook IDE268, used along with the 

MDAnalysis package in Python, and gmx utilities210,211,269–272. PyLipID was used to analyse lipid 

occupancy, which is a measure of the simulation time that a protein residue is in contact with the 

lipids208. Visual inspection and molecular graphics were performed in VMD206. Secondary 

structure was analysed in VMD using STRIDE program273. An in-house Python script was utilized 

to calculate the radius pore size, employing Scipy274. Basically, the script computes the maximum 

distance between water molecules in each membrane z-stack (2 Å thick) and outputs the minimum 

radius among all z-stacks, repeated for each simulation frame. SCD computes the orientation of the 

lipids with respect to the membrane normal213. SCD is calculated using Equation 1. Matplotlib216 

was used for plotting. 

3.2.3. Results 

3.2.3.1.∆Q benchmarking 

We decided to use 4 canonical CPPs: Arg9, MAP, TP10 and TP2 (Table 7). Besides, we chose 

Leu9 as a negative control, a peptide not expected to present CPP-like capacities due to its high 

hydrophobicity275. 

Table 7. Sequence and characteristics of the peptides used in this study. 

Peptide Length Sequence Type Net 
charge 

GRAVY 
score 

Arg9 9 RRRRRRRRR Cationic +9 -4.5 

MAP 18 KLALKLALKALKAALKLA Amphipathic +5 0.99 

TP10 21 AGYLLGKINLKALAALAKKI
L Amphipathic +4 0.93 

Dynorphin 
A 17 YGGFLRRIRPKLKWDNQ Amphipathic 4 -1.26 

TP2 13 PLIYLRLLRGQWC Hydrophobic +2 0.42 

Leu9 9 LLLLLLLLL Hydrophobic 0 3.8 

K-FGF 17 AAVALLPAVLLALLAP Hydrophobic 0 2.42 
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In parallel, we ran a simulation without a peptide, as a membrane only control. We chose POPC 

as membrane lipid, since it is extensively used owing to its biological relevance, reliability and 

stability in MD simulations, and relevance in physiological systems276. The starting configuration 

of the peptides and the membranes are presented in Figure 18, where the total number of membrane 

lipids and water residues are also displayed. Besides, the electron density plot is included, 

indicating membrane, water, and ions densities. 

 

Figure 14. Graphical representation of CompEL initial configuration. Initial structure of Arg9, MAP, TP10, 
TP2 and Leu9, as well as the membrane used are shown. The number of lipids and waters are indicated, and 
the electron density ratio plot of the system is shown. The circle and the peptide coloured in orange indicate 
the peptide starting position in the computational electrophysiology (CompEL) simulation. Peptides are 
represented as Van der Waals spheres, and coloured as: Arg9 in cornflower blue, MAP in green, TP10 in 
orange, TP2 in purple, Leu9 in red. The polar heads (phosphate and choline groups) of the phospholipids 
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are represented as surface, and the lipid tails are represented as licorice. The inner and outer membrane are 
coloured in dark and light grey, respectively. Waters are coloured in cyan and represented as licorice. 
Hydrogens are hidden for clarity. These colours are maintained throughout the study. 

In order to conduct the CompEL simulations, we created a series of systems with increasing ∆Q, 

starting from 0 (0 net charge in any of the two compartments) to 24, where the charge imbalance 

was obtained by placing ∆Q/2 K+ ions in the inner water compartment and the other half by placing 

∆Q/2 Cl- ions in the outer water compartment. We initially ran 4 sets of 250 ns simulations: at ∆Q 

0, 8, 16, and 24, with 2 replicas for each simulation. However, given the sudden change in 

simulation outcomes between ∆Q 8 and 16 (see below), we decided to add a new set of simulations, 

at ∆Q 12, to try to better describe the phenomena occurring. 

In Figure 19, we show the number of occurrences of each behaviour in every transmembrane 

potential simulation (Figure 19A). In ∆Q 16 is where the most different behaviours can be seen 

and, moreover, a similar occurrence ratio of each behaviour is observed, allowing to differentiate 

between peptides. Thus, we decided to carry on the analysis mainly with the simulation of ∆Q 16 

(Figure 19B). 
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Figure 15. Results in CompEL simulations with one peptide. (A) Illustrative summary of behaviours seen 
throughout the CompEL simulations in each transmembrane potential (∆Q). We differentiate between peptide 
partitioning, insertion, and translocation. The results represent the ratio of behaviours in the two (∆Q 0, 8, 
12, 24) and three (∆Q 16) replicas conducted. (B) Summary of the outcomes in the simulations of ∆Q 16 
divided by peptide. (C) Molecular representation of the final snapshot in the ∆Q 16 CompEL simulations: 
top pose (upper image) and side pose (lower image). Two behaviours are observed: translocation of Arg9, 
MAP, and TP10, and insertion with pore formation of TP2 and Leu9. Peptides are coloured in its own colour, 
inner membrane in white, outer membrane in grey and waters in cyan. Peptides are depicted as spheres, 
membrane and waters as licorice. Only waters pertaining to the pore are shown in the top pose. Hydrogens 
are omitted for clarity. A scale bar is added for size clarity. The black box indicates the peptide starting 
position. 



CHAPTER II 85 

Here, we differentiate between three possible behaviours. First, inner leaflet adsorption or 

partitioning: the peptide stays in the inner water compartment and interacts with the inner part of 

the membrane. Second, insertion and pore (Figure 19C: TP2, Leu9): the peptide gets in contact 

with the polar heads in the outer part of the membrane, but it is still in contact with the inner part 

of the membrane. Moreover, there is a flow of water molecules, defining a water pore, with a 

toroidal-like nature277,278. Third, outer leaflet stabilization or translocation (Figure 19C: Arg9, 

MAP, TP10): the peptide is able to cross the membrane and interact with the outer part of the 

membrane and the outer water compartment. 

The potential and field distributions were calculated using GROMACS built-in gmx potential tool 

(Figure 20). We see how the potential and field grow as the transmembrane charge imbalance 

increases, reaching to a voltage of approximately 2 V in CompEL ∆Q 16 simulations (the ones 

chosen to be analysed). Besides, the calculated field in one membrane averages to ca. 0.3 V/nm 

(considering both membranes, the field adds up to 0). Therefore, potential and field values are both 

in the normal range used in other biological studies279–281. 

 

Figure 16. Potential (left) and field (right) calculated throughout the simulation box in the control simulations 
(without peptides). Only the first 10 ns were used for the analysis. The analysis has been centred to the 
membranes. The transmembrane potentials shown are: ∆Q 0, 8, 12, 16, and 24. 
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3.2.3.2.CompEL simulations at 16 ∆Q 

3.2.3.2.1. Peptide analyses 

To increase the simulation set and achieve better sampling of the phenomenon with greater 

certainty, we ran a third replica of simulations in ∆Q 16. The results of all the simulations, divided 

by peptide, can be seen in Figure 19B (and Table 8). We see how the translocation is the most 

common result for TP10, whereas Arg9 and MAP partition in most cases, but they also have the 

ability to translocate the membrane. On the other hand, TP2 and Leu9 are the only peptides that 

do not show translocation capabilities and get inserted in the membrane in most cases. 

Table 8. Results of the behaviours of each peptide in the 250 ns CompEL simulations with one peptide for 
every transmembrane potential. The ratio (in brackets) indicates the occurrence of each result. 

∆Q Control Arg9 MAP TP10 TP2 Leu9 

0 - Partitioning 
(2/2) 

Partitioning 
(2/2) 

Partitioning 
(2/2) 

Partitioning 
(2/2) 

Partitioning 
(2/2) 

8 - 
Partitioning 

(2/2) 
Partitioning 

(2/2) 
Partitioning 

(2/2) 
Partitioning 

(2/2) 
Partitioning 

(2/2) 

12 - 
Partitioning 

(2/2) 
Partitioning 

(2/2) 
Partitioning 

(2/2) 

Partitioning 
(1/2) / 

Insertion 
with pore 

(1/2) 

Partitioning 
(1/2) / 

Insertion 
without pore 

(1/2) 

16 Pore 

Partitioning 
(2/3) / 

Translocation 
(1/3) 

Translocation 
(2/3) / 

Partitioning 
(1/3) 

Translocation 
(2/3) / 

Insertion 
(1/3) 

Insertion 
with pore 

(2/3) / 
Partitioning 

(1/3) 

Insertion 
with pore 

(3/3) 

24 Pore 

Partitioning 
(1/2) / 

Translocation 
(1/2) 

Translocation 
(2/2) 

Translocation 
(2/2) 

Translocation 
(2/2) 

Insertion 
with pore 

(2/2) 

 

These behaviours can be spotted in Figure 21, which shows the occupancy of the peptide residues 

by lipid molecules. Occupancy, analysed with PyLipID208, measures the simulation time in which 

a residue is in contact with a lipid. In short, Figure 21 shows how do peptides interact with POPC 

membranes. We differentiate between the inner and the outer part of the membrane, and between 

the interaction with the polar head and the hydrophobic tail of the lipids. 
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Figure 17. Lipid occupancy. Occupancies are differentiated by each peptide residue, divided by inner and outer 
membrane contacts, and by interaction with the polar heads or lipid tails. Residue occupancy is defined as 
the ratio of simulation time that a residue is in contact with the lipid. The average values for the three replicas 
are represented. 

In this regard, TP10, the peptide that translocates in most cases, shows a higher occupancy in the 

outer part of the membrane, demonstrating the translocation behaviour. On the other hand, in the 

case of the other four peptides, we see a higher occupancy in the inner part of the membrane. 

Besides, TP2 and Leu9, the peptides that do not translocate in any replica, also show interaction 

with the outer leaflet, indicating that the insertion mechanism entails interaction with both leaflets. 

Observing the residues that show a higher occupancy, Arg9 and Leu9 show a homogeneous 

behaviour, with a similar occupancy for all residues, given that they are polychains of the same 

amino acid. Nonetheless, we see a clear difference in the occupancy of these two peptides: Arg9 
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preferably interacts with POPC polar heads, whereas Leu9 shows a higher interaction with the 

lipid tails. These behaviours are explained by the cationic polar nature of arginine, preferably 

interacting with the negative charge in the phosphate group, and the hydrophobicity of leucine, 

rather interacting with the hydrophobic lipid tails, respectively282,283. In parallel, in the cases of 

MAP, TP10 and TP2 we see how, in average, cationic (K, R) or -partly- polar (Y, N, Q) amino 

acids show a higher occupancy with the polar heads282 and, conversely, hydrophobic amino acids 

(L, I, W) preferably interact with the lipid tails. Interestingly, we see how W12 has a high 

occupancy with the lipid tails in TP2, which proves that this residue, together with L7-L8, are 

stabilizing the peptide in the hydrophobic core of the membrane and, therefore, hampering its 

translocation. In fact, tryptophan was found to strongly interact with the hydrophobic part in the 

interfacial region of the membrane284. 

In parallel, peptide secondary structure was analysed (Figure 22). We observe that Arg9 and MAP 

are mostly unstructured during the simulations, as seen in previous studies233,285, TP2 and TP10 

remain at a stable structure, and Leu9 is the only peptide where we see a drastic change during the 

simulation, reaching more than a 50% of α-helix structure when it gets inserted in the membrane, 

phenomena previously described in other studies286–288. TP2 is highly structured in the N-terminal, 

whereas TP10 shows higher α-helix percentage in the C-terminal part289. 
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Figure 18. Secondary structure analysis of the five peptides. The analysis has been done through a tcl script 
that employed VMD Secondary Structure tool. The arrow indicates the time in which the peptide got inserted 
in the membrane. 

Furthermore, the hydrogen bonds analysis (Figure 23) shows that Arg9 prefers to interact with 

lipids, predominantly polar heads as discussed before, which correlates with the lack of secondary 

structure. On the other hand, Leu9 or TP2 have the highest number of intrapeptide hydrogen bonds, 

owing to their higher hydrophobicity. Leu9 and TP2, together with TP10, show the highest 

percentage of secondary structure, again, correlated with higher number of intrapeptide H bonds290. 
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Figure 19. Hydrogen bond analysis. The lines represent the average values across the three replicas, while the 
shaded areas indicate the standard deviation. Hydrogen bonds are shown as intrapeptide (purple), peptide–
lipid (orange), and peptide–water (cyan) interactions. 

3.2.3.2.2. Membrane disruption analysis 

An interesting comparison is the pore that is formed in the membranes during the simulations. 

Transient, small pores are spontaneously formed in biological membranes291. In CompEL, owing 

to membrane stress292 caused by the ion imbalance, pores are also generated without the presence 

of a peptide (membrane control, Table 9)293,294, highlighting that peptides are not responsible for 

pore formation. Still, some of these peptides are able to translocate using the pre-formed pores, as 

seen in previous studies152,295–297. 

Table 9. Average pore radius (Å) during the 250 ns of CompEL ∆Q 16 simulation. Standard deviation (SD) 
values are shown. The pore radius is averaged over all frames in the simulation. 

# Replica Control Arg9 MAP TP10 TP2 
1 0 31.8 ± 6.7 0.6 ± 0.3 11.5 ± 2.8 4.7 ± 1.9 
2 24.8 ± 5.5 6.3 ± 2.1 8.2 ± 2.8 3.7 ± 0.6 10.6 ± 2.6 
3 21.2 ± 5.4 0 0.4 ± 0.2 9.3 ± 1.8 16.7 ± 3.4 

 



CHAPTER II 91 

SCD analyses have been performed to test the organization and orientation of lipids in the 

membrane. SCD calculates the angle between the carbon-hydrogen bond in the acyl chains of lipids. 

Here, we focused in the palmitoyl segment of POPC, the sn-1 tail (Figure 24). We see a similar 

results to the ones observed by Ferreira et al.298, and thus conclude that the lipids are well-oriented 

in the membrane. 

 

Figure 20. Ordering of the sn-1 chain of POPC illustrated by the deuterium lipid order parameter (SCD) 
analyses in CompEL ∆Q 16 simulations. Simulations without peptides are shown as a control. 

3.2.3.3.CompEL simulations at higher peptide:lipid ratio 

3.2.3.3.1. Peptide analyses 

Simulations with only one peptide are useful to test the method, but since CPPs do not cross a 

membrane as individual monomers299,300, we simulated the same POPC CompEL system with 8 

peptides, and 256 lipids (per bilayer), corresponding to a 1:32 protein:lipid (P:L) ratio, as in 

previous studies301. This P:L ratio showed full peptide binding in previous studies253, it was shown 

enough to create stable pore channels for melittin 302, and is close to the ratio used by Herce and 

Garcia231 in the study with TAT peptides (1:18). Besides, more peptides would require larger water 

compartments, and we wanted to keep the same system conditions as for one peptide. 
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Two replicas of CompEL 250 ns simulations were run for ∆Q 0, 8, 12, and 16. ∆Q 24 was discarded 

in order to reduce the electric field applied to the system. As in the CompEL simulations with one 

peptide, the ∆Q 16 simulations presented the possibility of observing peptide translocation and 

were, thus, used for simulation analysis (Figure 25). 

 

Figure 21. Results of CompEL ∆Q 16 simulations with 8 peptides. (A) Number of behaviours observed. Only 
relevant (i.e., translocation and insertion) results are shown. A complete depiction of the results can be seen 
in Figure 26. The values include the results in the three replicas. (B, C, D, E, F) Molecular representation of 
the system at the end of the 500 ns of simulation. The peptides represented are Arg9, MAP, TP10, TP2, and 
Leu9, respectively. Peptides are shown as Van der Waals spheres (left) or cartoon (right). Surface of the polar 
heads is shown, differentiating between inner (white) and outer (grey) leaflets. Water molecules are shown 
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as licorice, representing in bigger size the water residues in the pore. Hydrogens are omitted for clarity. A 
scale bar is added for size clarity. 

The global results seen for ∆Q 0, 8, and 12 can be seen in Figure 26 and Table S2. 

 

Figure 22. Results in ∆Q 0, 8, 12, and 16 in CompEL simulations with 8 peptides. 

Table 10. Behaviours observed for the 8 peptides in ∆Q 16 simulations. 

 

System stabilization was not achieved with 250 ns (as shown by the RMSD analysis, Figure 27), 

thus the ∆Q 16 simulations were extended to 500 ns. Besides, a third replica was run to improve 

statistical power.  

# Replica Arg9 MAP TP10 TP2 Leu9 

1 Translocation 1 
Partitioning 7 

Translocation 1 
Insertion 1 

Partitioning 6 

Insertion 3 
Partitioning 5 

Translocation 1 
Insertion 2 

Partitioning 5 

Insertion 7 
Partitioning 1 

2 Translocation 1 
Partitioning 7 

Translocation 1 
Insertion 1 

Partitioning 6 

Translocation 1 
Partitioning 7 

Insertion 3 
Partitioning 5 Insertion 8 

3 Translocation 1 
Partitioning 7 

Translocation 1 
Insertion 1 

Partitioning 6 

Insertion 2 
Partitioning 6 

Translocation 1 
Insertion 2 

Partitioning 5 

Insertion 7 
Partitioning 1 
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Figure 23. RMSD analysis of the ∆Q 16 CompEL simulations with 8 peptides. RMSD of the system, the 
membrane and the peptides are shown. 

As shown in Figure 27A and Table 10, the results reveal different translocation and insertion 

behaviours among the peptides. From a total of 8 peptides, 1 Arg9 peptide is able to translocate in 

each replica, achieving a total of 3 translocation events in total in the 3 replicas. MAP shows 1 

translocation and 1 insertion in each replica, with a total of 3 translocations and 3 insertions among 

the 3 replicas. Thus, Arg9 and MAP were the peptides with the highest translocation ratio. For 

TP10, only 1 TP10 translocates in one replica, whereas in the other two replicas, 2 and 3 TP10 

peptides get inserted in the membrane. For TP2, which showed no translocation capacity in 

simulations with one peptide, 1 TP2 peptide is now able to translocate in 2 replicas, with a total of 

2 translocation and 7 insertion events in the 3 replicas. Last, as in simulations with one peptide, 

Leu9 does not show translocation capacity, but it does show insertion behaviour, with 22 peptides 

getting inserted across the 3 replicas. In short, ∆Q 16 simulations demonstrate the CPP behaviour 

of the four CPPs used in the study, whereas Leu9, the negative control without CPP characteristics, 

can get inserted but has no translocation capacity. 

At the molecular level (Figure 25 B-F), Arg9 peptides show two possible behaviours: partitioning, 

where they get adsorbed to the inner leaflet and interact with the polar heads, or translocation, 
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where they cross the membrane and interact with the polar heads in the outer leaflet. In both cases, 

Arg9 interacts with POPC polar heads, owing to the positive charges in Arg9 structure and negative 

charges in the polar heads, as discussed previously. The opposite behaviour is seen for Leu9 

peptides, which mostly get inserted in the membrane, preferring the interaction with the 

hydrophobic lipid tails. The other 3 CPPs (MAP, TP10, TP2) have hydrophobic, polar, and charged 

amino acids in their structure and can, therefore, interact with the polar heads in the partition and 

translocation behaviours, or get inserted and interact with the aliphatic lipid chains. 

Regarding the secondary structure (Figure 28), we see similar results to the ones discussed for 

simulations with one peptide (Figure 22), with Arg9 mainly unstructured, most MAP peptides 

unstructured, even though some showed β-sheet structure, TP10 with a stable α-helix structure in 

the C-terminal, and Leu9 gaining secondary structure owing to the membrane insertion. Only TP2 

shows considerable differences, since it changes from β-sheet to α-helix, with most peptides 

unstructured during the simulation, which can be related to a higher partitioning or translocation 

behaviours and, therefore, lower insertion ratio, typically associated with α-helix formation, as 

seen for Leu9.  

 

Figure 24. Secondary structure of the 8 peptides in CompEL ∆Q 16 simulations with 8 peptides. The average 
of the 3 replicas is displayed. 
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Comparing the results to the simulation with one peptide, we see now more translocation or 

insertion events, demonstrating that peptide-peptide interactions are relevant for translocation 

capacity152,247,285. However, the high numbers affect differently for each peptide. As seen in Figure 

25B, Arg9 peptides do not show strong interaction among them233,297,303,304 and, instead, Arg9 

peptides primarily interact and form H bonds with lipids (Figure 29). 

 

Figure 25. Hydrogen bond analysis of the CompEL ∆Q 16 simulations with 8 peptides. The average H bond 
ratios between protein-protein (purple), protein-lipid (orange), and protein-water (cyan) are shown as lines. 
The shaded areas represent the standard deviation across replicas. 

Besides, Arg9 peptides form most of the protein-protein bonds within the same peptide (80 % 

intra-protein H bonds) (Table 11), indicating that Arg9 peptides are mostly present in the 

monomeric form. Conversely, the other four peptides do show cooperativity289, supported by a 

higher inter-peptide H bond ratio (Table 11). Specially, Leu9 and TP2 show the highest self-

assembly capacity to get inserted in the membrane305. Leu9 shows the highest self-assembly 

capacity, preferably interacting among them or with lipids tails. 
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Table 11. Average ratio of intra-peptide H bonds formed during the 3 replicas of 500 ns of CompEL ∆Q 16 
simulations with 8 peptides. Standard error of the mean (SEM) values are shown. 

H bonds Arg9 MAP TP10 TP2 Leu9 

Average 82.5 ± 0.7 60.7 ± 3.5 57.8 ± 4.2 51.7 ± 4.9 51.8 ± 1.9 

 

A closer look at the pore is seen in Figure 30, where we see how Leu9 peptides can stabilize the 

pore. In order to do so, Leu9 peptides present the polar atoms (N, O) oriented to the water 

molecules, whereas C atoms point to the aliphatic lipidic acyl chains. 

 

Figure 26. Pore molecular representation. Only peptides that get stabilized inserted in the membrane or in 
pores are shown (Arg9 does not get stabilized in the membrane and is, thus, not shown). Peptides are shown 
as cartoon and the sidechain as licorice, with C atoms in the peptide colour, N atoms in blue and O in white. 
Polar heads and water residues are represented as surface, and coloured as white (inner), grey (outer), and 
cyan (waters). A scale bar is added for size clarity. 
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3.2.3.3.2. Membrane disruption analysis 

Table 12 shows the pore analyses conducted for ∆Q 16 simulations with 8 peptides. Arg9 and MAP 

do not contribute to the pore persistence, but TP10, TP2, and, specially, Leu9 are able to stabilize 

it. 

Table 12. Average pore radius (Å) during the 500 ns of CompEL ∆Q 16 simulation with 8 peptides. SD values 
are shown. The pore radius is averaged over all frames in the simulation. (B) The second part of the table 
indicates the number of peptides involved in pore formation in each replica. 
(A) 

# Replica Arg9 MAP TP10 TP2 Leu9 

1 6.2 ± 1.5 
1 peptide 

6.2 ± 1.6 
1 peptide 

11.5 ± 2.2 
3 peptides 

4.7 ± 1.2 
2 peptides 

15.5 ± 2.3 
7 peptides 

2 5.3 ± 1.4 
1 peptide 

5.5 ± 1.4 
1 peptide 

5.7 ± 1.6 
1 peptide 

10.6 ± 2.1 
3 peptides 

20.1 ± 2.7 
8 peptides 

3 6.0 ± 1.5 
1 peptide 

5.7 ± 1.5 
1 peptide 

9.3 ± 1.8 
2 peptides 

16.7 ± 2.3 
3 peptides 

24.7 ± 3.8 
7 peptides 

Average 5.3 ± 0.5 5.8 ± 0.5 8.8 ± 0.9 10.7 ± 0.8 20.1 ± 1.6 

 

This behaviour is depicted in Figure 30, where we see how one MAP peptide is inserted in the 

bilayer, but does not allow water flow, opposite to TP10, TP2, and Leu9, which cooperate and are 

able to stabilize the pore through the formation of a barrel-stave-like pore278, with mostly peptides 

stabilizing the pore. The pore nature is different from the one seen for simulations with one peptide, 

where the polar heads played a higher part in pore formation.  

These simulations have also allowed us to observe lipid flip flop from upper to lower leaflet (Figure 

25B-F). Lipid flip-flop occurs at the same time as the peptide is translocating across the water 

channel233,247,301,306,307,  from the peptide-enriched to the peptide-free bilayers301. 

In Figure 31, snapshots of the translocation (A-G) and insertion (H-M) processes are shown. The 

phases of pore creation and annihilation are compared to those described by Levine & Vernier293. 

Taking the Arg9 simulations, we observe a 4-step process. First, pore formation starts with a water 

defect, resulting in the interaction of water molecules from both water compartments, defined as 

pore initiation (Figure 31B). As seen in the previous section, peptides are not responsible for this 

process. Second, pore construction (Figure 31C) takes place, where polar heads from both bilayers 
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enter in contact, which is followed by pore maturation (Figure 31D), characterized by a large 

number of waters and polar heads in the pore. In this step we can see how peptides get attracted to 

these pores. Third, one Arg9 peptide gets inserted into the membrane through the pore (Figure 

31E). The peptide remains stable in the pore for approximately 300 ns, until it crosses to the lower 

leaflet and starts the process of pore annihilation (Figure 31F). Pore closure involves i) pore 

degradation, when water molecules and polar heads start to migrate out of the bilayer and the pore 

starts to thin, and ii) pore deconstruction, when there are no polar heads involved in the pore 

formation. Fourth and last, the Arg9 peptide has crossed the bilayer and stabilized in the lower 

leaflet, triggering pore dissolution (Figure 31G) and completing pore annihilation, when all water 

molecules are expulsed from the membrane. 
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Figure 27. 1. Arg9 translocation procedure in CompEL ∆Q 16 simulation with 8 peptides. Representative 
snapshots illustrate the structural organization of the membrane during the translocation process, portraying 
the key steps: (A) simulation start, some peptides adsorb to the bilayer surface, (B) pore initiation, with water 
molecules entering in contact, (C) pore construction, the polar heads from both bilayers interact, (D) pore 
maturation, with polar heads connected, resulting in a larger pore; a peptide gets attracted to the pore and 
starts the insertion, (E) one peptide gets inserted into the pore, (F) the peptide reaches the lower leaflet, 
causing pore deconstruction, with no more interactions between polar heads, and (G) the peptide finalizes 
the translocation and stabilizes into the outer leaflet, leading to pore dissolution. 2. Leu9 insertion procedure 
in CompEL ∆Q 16 simulation with 8 peptides. (H) Start of the simulation, (I) Pore initiation, and peptide 
insertion, (J) Pore construction, (K) Pore maturation, (L) More peptides insertion, and (M) Eight peptides 
insertion. Arg9 and Leu9 peptides are coloured in cornflower blue and red respectively, and represented as 
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Cartoon, while showing the sidechain atoms (C in cornflower blue or red, respectively, N in darker blue, O 
in white). The polar heads surface is shown and coloured based on the bilayer: inner in white, outer in grey. 
Water molecules are shown as transparent cyan surface. Lipid tails are omitted for clarity 

A similar process is followed in the first steps of Leu9 peptides insertion. First, a water defect is 

created, and the pore initiation starts, with one Leu9 peptide already close to the formed pore 

(Figure 31I). Second, pore construction and peptide insertion happen concomitantly (Figure 31J), 

followed by pore maturation (Figure 31K). Third, more peptides get attracted to the pore and get 

inserted in the membrane (Figure 31L), until all peptides are stabilizing the pore (Figure 31M), 

structure stable during the rest of the 500 ns simulation. In Figure 31, we can also see how peptides 

are parallel to the membrane when they are partitioning, rotate and are perpendicularly oriented to 

the bilayer when they achieve insertion, and they finally adopt an orientation parallel to the bilayer 

when they complete the translocation301. 

3.2.3.4.CompEL analysis 

In the CompEL simulations, we have seen how CPPs are able to use the pores formed due to ion 

imbalance to internalize296,304. Moreover, when a CPP translocates, it is able to trigger pore 

closure152,235,304 (Figure 31D), with rapid water expulsion from the membrane293, as seen for Arg9 

and MAP, which have the least average pore sizes (still, this may be related to the underlying 

charge imbalance in CompEL, and further studies need to be conducted to confirm this statement). 

TP10 only translocates in the second replica (Table 10), precisely the one in which pore closure 

occurs (Table 12), confirming the relationship between these two events. TP2 also shows 

translocation in two of the replicas, but pore closure is not seen, which can be related to the TP2 

lower net charge (+2), possibly not being enough to reduce the transmembrane potential under the 

pore-forming threshold. Still, we hypothesize that in longer timescales, more TP2 peptides are able 

to translocate, ultimately inducing pore closure (we extended the TP2 simulations to 1 µs, but no 

significative changes were observed, so larger timescales may be needed). In short, the four CPPs 

have demonstrated translocation capabilities, as opposed to our previous CPP study, where only 

Arg9 (TP10 was not studied) was able to achieve translocation. In this sense, we have seen how 

CPP translocation can occur through pore formation, leading to pore closure and potentially 

explaining the lack of cell toxicity of CPP translocation308. On the other hand, Leu9 causes larger 

pore sizes, marking the difference compared to peptides with CPP characteristics, since Leu9 
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peptides are not able to translocate and they are indeed able to stabilize the pore, a behaviour 

correlated with other bioactive peptides such as antimicrobial peptides (AMPs)301. 

Charge seems to be an important factor in deciding translocation, so simulations containing K-

FGF65, a neutral CPP, and Dynorphin A121,309, a positively charged peptide that does not show 

internalization behaviour, as seen in Chapter IV (Table 7), have been run. Both systems containing 

8 peptides and ∆Q 16, showed no translocation behaviours, with only insertion or partitioning in 

both cases (Figure 32). Therefore, we can conclude that the charge is not the sole determinant of 

the translocation process in CompEL. 

 

Figure 28. Outcome of CompEL ∆Q 16 simulations with 8 peptides of K-FGF (left) and Dynorphin A wild type 
(WT, right). In average for the three replicas, 7 K-FGF and 2 DynA WT peptides get inserted in the membrane. 
K-FGF (yellow/orange) and Dynorphin A (green) peptides are shown as cartoon. Lipid polar heads residues 
are represented as surface and coloured as white (inner water compartment) or grey (outer water 
compartment). Waters are represented as licorice and coloured in cyan, with larger water molecules 
representing the waters present in the pore channel. 
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In conclusion, CompEL simulations are valuable for enhancing the dynamics of the system by 

inducing pore generation thanks to the ion imbalance. According to the CPP translocation 

process58,231, peptides adsorb or partition to the upper leaflet. They then destabilize the membrane 

while attempting to reach the polar heads in the lower leaflet, ultimately causing pore formation 

and allowing peptide translocation. However, it is challenging to observe pore formation in cMD, 

owing to the energetic cost of the process291. Precisely, CompEL allows for pore formation, thus 

enabling the observation of unbiased translocation of CPPs.  

3.2.4. Conclusions 

In this study, we have performed CompEL simulations to study CPP behaviour under applied 

potential in model lipid membranes. The first step in CPP translocation through pore formation is 

the peptide adsorption to the membrane, destabilizing the membrane and allowing pore formation, 

which the CPPs will use to translocate. However, to observe the complete translocation in cMD 

simulations is cumbersome, owing to the energetic cost of pore formation. Precisely, CompEL 

enhances pore formation via ion imbalance in the membrane, allowing the computational study of 

CPP translocation. 

In short, in ∆Q 16 CompEL simulations with one peptide, TP10 showed the highest translocation 

capacity, followed by Arg9 and MAP, with TP2 and Leu9 not showing internalization behaviour. 

More translocation events were seen in ∆Q 16 CompEL simulations with eight peptides, where 

Arg9 and MAP showed the highest translocation capacity, followed by TP2 and TP10. Moreover, 

CompEL simulations have also revealed that once pores spontaneously form in the cell membrane 

under charge imbalance conditions, peptides can stabilize them (such as Leu9) or translocate 

through them (such as Arg9, MAP, TP10, or TP2). 

We present CompEL, a method with significantly lower computational requirements compared to 

US, where up to 4 µs235 are needed. Besides, CompEL is entry-level, easier to parallelize, and less 

GPU-intensive than aSMD. In this study, simulations at several ∆Q values were required to 

perform method calibration, but in subsequent studies, simulations at only one ∆Q (e.g. ∆Q16) 

need to be run, considerably decreasing the overall computational cost. Additionally, CompEL 

increases the feasibility of performing replicas and allows simulations with higher number of 

peptides, being able to analyse peptide cooperativity or aggregation. Moreover, CompEL is an 
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enhanced molecular dynamics technique, but contrary to aSMD or US, in CompEL the peptide is 

not forced to cross the membrane, rather it provides an unbiased exploration of the peptide-

membrane interaction. Thus, CompEL can be used to describe at the molecular level the peptide 

interaction with the membrane, and with higher resolution than coarse-graining methods. 

Simulations using a potential difference and a single membrane can be conducted, but peptides 

may translocate to the opposite membrane via the PBC, which is prevented in CompEL, enabling 

the encapsulation of peptides between two membranes, which also simplifies analysis and 

enhances control over the system. 

We believe that this study can be a first step in the use of CompEL for CPPs computational 

research. However, CompEL simulations only account for CPP translocation via pore formation, 

whereas CPPs can internalize through additional mechanisms, as discussed in the introduction. 

Besides, this study only conducted simulations with neutral, zwitterionic POPC bilayers; future 

work should explore negatively charged bilayers (e.g., containing POPS or POPG) and more 

physiologically relevant compositions (e.g., asymmetric containing POPE or cholesterol) in order 

to perfect this technique. Lastly, CompEL requires the application of a high voltage, which 

necessitates cautious interpretation of the results. Additional simulations may be needed to further 

increase the sampling of the systems, possibly combining CompEL with elevated temperatures to 

increase molecular mobility. Future studies should also investigate different P:L ratios to assess 

the influence of P:L ratio in CPP internalization. 

In conclusion, we propose the use of CompEL to computationally study CPP insertion or 

translocation at a molecular level, which is challenging to achieve with other techniques. 

Furthermore, CompEL can be expanded to study the interaction of other types of membrane active 

peptides, such as AMPs, antiviral, or anticancer peptides. 
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3.3. Chapter III: membrane composition modulates peptide disruption 

mechanisms revealed by computational electrophysiology 

In this chapter, we expand the use of CompEL technique to more complex and biologically relevant 

membranes. Here, we focus on objectives 1,2,3 and specific objectives 1,2,3,4,5. 
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3.3.1. Introduction 

Cell-penetrating peptides (CPPs) are short, cationic peptides that are capable of interacting with 

membranes and translocating them without causing cytotoxicity30,54,86. Besides, they can be 

coupled with cargos in order to deliver them intracellularly115,238. Understanding the 

physicochemical features behind their translocation mechanisms, including lipid perturbation, 

pore formation, and direct penetration, is key to improve the design and efficiency of CPPs and 

membrane active peptides (those that engage with membranes to exert their action25) in general. 

However, the determination of factors affecting translocation is challenging experimentally due to 

the involved nanoscopic length and time scales. Therefore, computational methods have emerged 

as tools that can complement such studies by providing atomistic detail and controlling 

environmental parameters, such as membrane composition, temperature, ion concentration, and 

pH. Methods range from molecular dynamics (MD) simulations designed to capture atomistic 

details, to machine‐learning (ML) models that predict CPP propensity based solely on sequence 

descriptors310–313. 

In the molecular study of CPP, MD simulations provide insights into conformational transitions, 

peptide–lipid binding events, and membrane perturbation. However, the translocation of a CPP is 

a process that takes from seconds to minutes140, which is computationally too expensive to observe 

in a conventional MD (cMD). Therefore, enhanced sampling techniques are necessary tools in CPP 

study. 

In this regard, various methods have been presented. For instance, Steered Molecular Dynamics 

(SMD)141,204 can be used to force the movement of the CPP through the membrane, allowing for 

the calculation of translocation energy. Similarly, Umbrella Sampling (US)146,314 allows computing 

the cost of translocation through the use of several windows throughout the process. In parallel, 

Weighted Ensemble (WE)149,150 consists of partitioning the configuration space into bins along 

defined progress coordinates and systematically replicating or pruning simulation trajectories 

(walkers) within these bins. Furthermore, in a previous study, we presented the combination of 

adaptive Steered Molecular Dynamics (aSMD) in combination with cMD, which can be used to 

compute the translocation energy path, and to observe the molecular disruption of membranes 

caused by CPPs. However, such methods are biased and are, generally, computationally 

demanding or are not readily accessible. Therefore, we presented Computational 
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Electrophysiology (CompEL) for the study of CPPs. In this technique, a transmembrane potential 

through ion imbalance (∆Q) is used to induce membrane disruption, allowing the peptides to get 

inserted or translocate without the need of reaction coordinates. 

In our previous study, we explored the use of CompEL in POPC membranes, using 1 and 8 

peptides, and different ∆Q potentials. We concluded that the best conditions to study peptide–

mediated membrane disruption was to employ 8 peptides and a ∆Q of 16 (that is, 8 positive charges 

in the inner water compartment and 8 negative charges in the outer water compartment, see Figure 

33 for clarification). However, our study was limited to POPC membranes, and we now expand its 

use to more complex membranes. 
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Figure 29. System set-up. (A) Molecular representation of the starting point of the membranes. The polar heads 
for POPC (coloured in light blue), POPG (in green), and POPS (in purple) are shown as QuickSurf, whereas 
lipid tails are represented as lines. Cholesterol (yellow) is shown as QuickSurf, and the peptides (red) are 
represented as NewCartoon. Water residues are shown as licorice (cyan). Inner and outer leaflets for both 
membranes are indicated. Peptides starting point in all simulations is the inner water compartment. (B) 
Electron density analysis. The density values have been normalized for each individual species. 
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Here, the objectives are to describe the membrane disrupting potential of a model CPP, such as the 

model amphipathic peptide (MAP–KLALKLALKALKAALKLA)56, in membranes of different 

complexity, and to observe the unbiased translocation of MAP in more biologically relevant 

membranes. Moreover, we compare computational results with experimental studies. Hopefully, 

we aim to present a computational method able to discriminate peptides with translocating 

capacity, and to be able to establish an entry-level method for the computational study of peptide–

membrane interactions. 

3.3.2. Computational and experimental methods 

3.3.2.1.Peptide simulation 

The same MAP peptide model as in our previous study was used. Briefly, MAP was modelled 

using AlphaFold 3315. Then, the peptide was introduced in a box of 7.5x7.5x7.5 nm and solvated 

with TIP3P waters. The system was minimized during 5000 steps, equilibrated in the NVT 

ensemble during 125 000 steps, and a 250 ns production was run. CHARMM36m force field was 

selected. GROMACS269–272,316–319 software was used, specifically employing GROMACS 2020.7 

package. The temperature was kept at 350 K throughout the study with the aim of accelerating the 

system dynamics. Periodic boundary conditions (PBC) were applied. 

Clustering analysis of the peptide 250 ns trajectory was performed using MDAnalysis package in 

Python210,211. Later, the obtained centroid structure was used as input for the CompEL simulations.  

3.3.2.2.Membrane systems set-up 

Three membrane compositions were used. First, a symmetric membrane composed of POPC, and 

POPG, using a 7:3 POPC:POPG ratio, namely POPC:POPG. Second, a symmetric cholesterol–

containing membrane using a 6:3:1 POPC:POPG:CHOL ratio, namely POPC:POPG:CHOL. 

Third, an asymmetric membrane with POPC and POPS, with only POPC in the upper leaflet, and 

POPC:POPS with a 7:3 ratio in the lower leaflet, namely POPC:POPS membrane. Specific lipid 

compositions for all three membranes are displayed in Table 13. Systems without ions were built 

using CHARMM-GUI187,188,192 web server, solvating with TIP3P water. Ions were added in the 

CompEL set-up part. 
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Table 13. Membrane compositions. 

Membrane Lipid ratio  
in upper leaflet 

Lipid ratio  
in lower leaflet 

Lipids in upper 
leaflet 

Lipids in  
lower leaflet 

POPC:POPG 7:3 POPC:POPG 7:3 POPC:POPG 90 POPC,  
38 POPG 

90 POPC,  
38 POPG 

POPC 
POPG:CHOL 

6:3:1 POPC: 
POPG:CHOL 

6:3:1 POPC: 
POPG:CHOL 

77 POPC,  
38 POPG,  
13 CHOL 

77 POPC,  
38 POPG, 
13 CHOL 

POPC:POPS 1 POPC 7:3 POPC:POPS 128 POPC 92 POPC,  
40 POPS 

 

3.3.2.3.CompEL set-up 

CompEL involves the generation of a transmembrane potential through ion imbalance, ∆Q, 

between both sides of the membrane. However, since PBC are applied, a double membrane 

configuration is required. To generate the desired transmembrane potential between one side and 

the other of the membrane, membrane systems without ions, obtained with CHARMM-GUI server, 

were used as input. The system was then duplicated, the second system was rotated, the box size 

was doubled, and both system files were concatenated into a single box with a double membrane 

configuration, as described in our previous study. Then, gmx insert-molecules utility was used to 

obtain a ∆Q 16. The number of ions required to generate such ∆Q are in Table 14. As can be seen, 

the goal is to obtain a total net charge of +8 in the inner water space, and -8 in the outer water 

compartment. After that, 8 peptides are inserted in the inner water compartment, along with the 

necessary counterions (5 per MAP peptide). 

Table 14. Ion composition in the different CompEL set-ups. 

Membrane 

0 ∆Q 16 ∆Q 
K+ 

inner 

space 

Cl- 

inner 

space 

K+ 

outer 

space 

Cl- 

inner 

space 

K+ 

inner 

space 

Cl- 

inner 

space* 

K+ 

outer 

space 

Cl- 

inner 

space 
POPC:POPG 102 26 102 26 106 22 98 30 

POPC 

POPG:CHOL 
102 26 102 26 106 22 98 30 

POPC:POPS 67 27 67 27 71 23 63 31 
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CompEL systems were minimized during 5 000 steps and equilibrated for ca. 2 ns. The 

equilibration procedure was run in six steps of 125, 125, 125, 500, 500, 500 ps, while lowering the 

positional restraints in each step: 1 000, 400, 400, 200, 40, 0 kJ·mol-1·nm-2, respectively. Finally, 

equilibrated systems were simulated during 500 ns, with 3 replicas for each system. Computational 

electrophysiology protocol259,263 was used in order to control ion/water position exchanges (all 

production files have been uploaded to the GitHub repository). Thus, a total of 4.5 µs have been 

run for MAP simulations. Two replicas of control membranes(without peptides) have been  also 

run, totalling 3 µs for control simulations, and 7.5 µs in total. Simulations have been run in a 

workstation with a GPU RTX3080Ti, at approximately 70 ns per day. 

3.3.2.4.Simulation analysis 

Simulation analysis was performed in a Jupyter Notebook integrated development environment 

(IDE)268. Matplotlib216 was used for figure plotting. MDAnalysis210,211 was used to analyse system 

compositions, RMSD, and membrane thickness. gmx utilities were used to calculate electron 

density, potentials, and H bonds. PyLipID208 was employed to calculate occupancy. VMD206 was 

used for visual plotting and to analyse secondary structure using STRIDE273. Peptide angle has 

been analysed using the method presented in233: i) calculate the centre of masses of the first three 

and the last three residues involved in the α-helix, ii) find the vector connecting these two centres 

of masses, and iii) compute the angle between this vector and a unit vector parallel to the normal 

of the membrane. Thus, this script calculates the angle of the peptide with regard to the membrane 

normal. Consequently, a value close to 90º indicates that the peptide is perpendicular to the 

membrane normal or, in other words, the peptide is parallel to the membrane plane. Conversely, 

values closer to 0º indicate a peptide parallel to the membrane normal and perpendicular to the 

membrane plane. An in-house Python script using Scipy274 was developed to calculate the radius 

pore size. Briefly, the script calculates the maximum distance between water molecules through 

each membrane z-stack (2 Å thick) and run throughout all simulation frames. Lipid order 

parameter was calculated using Equation 1. 

3.3.2.5.Liposome leakage experiments 

POPC (Affymetrix, California, USA), POPG (Avanti, Alabama, USA), and CHOL (Sigma-

Aldrich, Missouri, USA) were dissolved in a chloroform/methanol mixture (2:1, v/v) to prepare 
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lipid solutions with the following compositions: POPC alone, POPC:POPG (7:3 molar ratio), and 

POPC:POPG:CHOL (6:3:1 molar ratio). Liposomes were prepared as previously described320. 

Briefly, the organic lipid mixtures were evaporated under reduced pressure to form a thin film. 

This film was hydrated with 10 mM phosphate buffer (pH 7.2) containing 2 mM 8-hydroxypyrene-

1,3,6-trisulfonic acid (HPTS), yielding multilamellar vesicles at a total lipid concentration of 10 

mM. The vesicles were subsequently downsized by sequential extrusion through polycarbonate 

membranes with pore sizes of 800, 400, 200, and 100 nm. Dynamic light scattering (DLS, Nanotrac 

Wave, Microtrac, USA) revealed average radii of 120 nm for POPC liposomes and 90 nm for both 

POPC:POPG and POPC:POPG:CHOL liposomes. Non-encapsulated HPTS was removed by size-

exclusion chromatography (SEC) using Sephadex G-25 PD-10 columns (Amersham Biosciences). 

Purified liposomes were then supplemented with p-xylene-bis-pyridinium bromide (DPX, Fisher 

Scientific) to final concentrations of 5 µM DPX and 100 µM total lipid. The HPTS-loaded, DPX-

containing liposomes were transferred into black, clear-bottom 96-well plates. Fluorescence was 

recorded over time using excitation and emission wavelengths of 420 nm and 520 nm, respectively, 

on a FLUOstar Optima microplate reader (BMG LABTECH, Germany). The effect of peptides 

was assessed by adding them to the wells at a final concentration of 5 µM. After 4,000 s, complete 

fluorescence quenching was achieved by solubilizing liposomes with Triton X-100 (Sigma-

Aldrich) at a final concentration of 5 µM. Data shown represent the average of three independent 

experiments. 

3.3.2.6.Internalization and viability assay 

HEK293, SH-SY5Y, and CaCO-2 human cell lines were seeded in 24-well plates at a density of 

200,000 cells per well and incubated for 48 hours prior to treatment. Cells were then exposed in 

triplicate to TAMRA (5(6)-Carboxytetramethylrhodamine; Novabiochem®, Merck/Sigma-

Aldrich, Cat. No. 851030) and TAMRA-labelled peptides at a final concentration of 1 µM for 1.5 

hours. Following treatment, cells were harvested by trypsinization, washed and resuspended in 

flow cytometry buffer (PBS supplemented with 5% FBS). Cells were stained with 1ug/ml DAPI 

(ref: D9542(Merck)). 

Flow cytometric analysis was performed using a CytoFLEX LX flow cytometer (Beckman 

Coulter), acquiring 10,000 events per sample. Doublets and aggregates were excluded by gating 

on forward scatter height versus area (FSC-H vs FSC-A) and side scatter width versus height (SSC-
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W vs SSC-H), respectively. Cell viability was assessed using DAPI staining, detected with 

excitation at 405 nm and emission collected at 450/45 nm. TAMRA fluorescence was detected 

using excitation at 561 nm and emission collected at 610/42 nm. Data were analysed using 

CytExpert software (Beckman Coulter), and TAMRA signal was quantified as median 

fluorescence intensity (MFI) in viable, single-cell populations. 

3.3.3. Results 

In our previous study, we concluded that the computational study of membrane disruption by CPPs 

or bioactive peptides can be pursued with CompEL simulations. In this case, simulations with ∆Q 

16 and 8 peptides was the most effective option to discriminate between peptides. However, our 

study was limited to symmetric POPC membranes. Here, we expand the use of CompEL to 

negatively charged, cholesterol–containing, and asymmetric membranes in order to discuss the 

effect of such lipids in peptide–mediated membrane disruption potential. 

Hence, we run 3 replicas of 500 ns of CompEL ∆Q 16 simulations in POPC:POPG (7:3) and 

POPC:POPG:CHOL (6:3:1) symmetric membranes, and POPC:POPS asymmetric membrane 

(with POPS only in the outer membrane, at 7:3 POPC:POPS ratio). Further, we perform liposome 

leakage experiments with POPC:POPG and POPC:POPG:CHOL at the same ratios to compare 

them with computational simulations, as well as internalization assays in HEK293 cells to relate 

them to the asymmetric membrane simulations, a simplified cell membrane model containing 

negative lipids in the intracellular leaflet (Figure 33). 

In this study we limit the simulations to MAP to present the method and leave a further 

characterization for future studies. In all cases, 8 MAP peptides have been added to the inner water 

compartment, delimited by both inner leaflets, marking the starting point of the CompEL 

simulations. The inner leaflets represent the extracellular side of the membrane, that is, the side 

that peptides would first encounter in a cell, whereas the outer leaflets and the outer water 

compartment represent the intracellular membrane and intracellular cytosol, respectively.  

In the simulations, we differentiate between three behaviours. i) Partitioning: the peptide 

transitions from aqueous phase to the water–bilayer interface, interacting with the inner leaflet, ii) 

insertion: the peptide penetrates deeper into the bilayer, reaching the hydrophobic core and 

establishing contacts with the lipid tails and, in some cases, with the polar heads of the outer leaflet, 
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and iii) translocation: the peptide crosses further through the bilayer, interacting predominantly 

with the polar heads of the outer leaflet. 

3.3.3.1.POPC:POPG 

In POPC:POPG CompEL ∆Q 16 simulations, the most common result among replicas (see Table 

15 for complete description of replicas results) is the insertion of two MAP peptides (out of 8 

peptides in total, Figure 34A). 

Table 15. Peptide results for each CompEL ∆Q 16 simulation. 

Replica POPC:POPG POPC:POPG:CHOL POPC:POPS 

1 8 partitioning 
1 insertion,  

7 partitioning 

1 translocation,  

1 insertion,  

6 partitioning 

2 
2 insertions,  

6 partitioning 

1 insertion,  

7 partitioning 

1 insertion,  

7 partitioning 

3 
2 insertions,  

6 partitioning 

1 insertion,  

7 partitioning 

1 translocation,  

7 partitioning 
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Figure 30. POPC:POPG CompEL 16 ∆Q 500 ns simulation with 8 MAP peptides results. (A) Representative 
molecular configuration at the end of the 500 ns CompEL simulation. 2 peptides achieve insertion, whereas 
the other 6 peptides are partitioning with the inner leaflets. Lipid polar heads are represented in QuickSurf 
and coloured in light blue (POPC) or green (POPG). Peptides are represented as NewCartoon and coloured 
in red. Water molecules are shown as licorice and coloured in cyan, whereas larger water residues are used 
for the water molecules in the pore. Lipid tails are omitted for clarity. (B) Secondary structure evolution 
throughout the simulation. The average between the three replicas is shown. (C) Average number of hydrogen 
bonds formed during the simulation. (D) Average residue occupancy by POPC (left) or POPG (right). The 
occupancy is differentiated between upper and lower leaflets, and between lipid heads (darker blue) or tails 
(lighter blue).(E) Liposome leakage assays monitored by HPTS fluorescence quenching. Fluorescence traces 
are shown for liposomes in the absence of peptide (control, grey) and after addition of MAP (5 µM, purple). 

Peptide insertion is related to an increase in pore radius (Table 16) compared to the control 

simulations (without peptides, Table 17), showing that the pore is formed owing to the 

transmembrane potential through ion imbalance, but the pore can be transient and get rapidly 

closed, or get stabilized by peptide insertion, as seen for MAP in replicas 2 and 3 (Table 15). 
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Table 16. Average pore radius (Å) for the 3 membranes, differentiating by replica, and indicating the standard 
deviation. 

Replica POPC:POPG POPC:POPG:CHOL POPC:POPS 

1 0.28 ± 0.02 2.02 ± 0.20 2.21 ± 0.23 

2 3.10 ± 0.23 5.05 ± 0.48 1.80 ± 0.20 

3 3.25 ± 0.27 3.80 ± 0.31 1.95 ± 0.21 

 

Table 17. Average pore radius in control simulations (without peptides). 

 POPC:POPG POPC:POPG:CHOL POPC:POPS 

Average 0.20 ± 0.02 0.30 ± 0.05 0.18 ± 0.02 

 

Regarding the secondary structure, all peptides start with β-sheet structure, but most of them lose 

it when interacting with the membrane. Nonetheless, peptide insertion seems to be associated with 

maintenance of secondary structure, in this case, by the stabilization of β-sheet (Figure 34B). 

Peptide insertion is in line with the increase in the number of protein-lipid hydrogen bonds formed, 

also linked to a decrease in the amount of H bonds between peptides and water molecules, 

indicating MAP peptides transitioning from water to water–bilayer interface (Figure 34C). 

Residue occupancy by lipids (Figure 34D), that is, the percentage of simulation time that a residue 

has been in contact with a lipid, shows that most peptides are in contact with POPC or POPG lipids 

(both polar heads and lipid tails) in the inner leaflets, but some peptides reach and achieve 

interaction with the lower leaflet. Overall, occupancy levels for POPC and POPG lipids are similar, 

however, given the ratio 7:3 POPC:POPG, this implies that peptides preferentially interact with 

POPG lipids relative to POPC. 

Liposome leakage experiments show that the addition of MAP at a concentration of 5 µM to 

POPC:POPG (7:3) liposomes results in a progressive rupture of the vesicles over time. These 

results indicate that MAP can directly interact with the lipid bilayer, disrupting membrane structure 

and ultimately leading to dye release and decreasing total fluorescence. 
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3.3.3.2.POPC:POPG:CHOL 

In a more complex membrane, containing a 10 % of CHOL and a total POPC:POPG:CHOL 6:3:1 

ratio, the same experiments have been performed. In CompEL ∆Q 16 simulations, one MAP 

molecule gets inserted, whereas the other seven peptides are partitioning in the water–bilayer 

interface. Besides, a pore is formed in a control membrane without peptides but is rapidly closed 

(Table 17), in contrast with the stable pores in simulations with MAP peptides.  

In this membrane, loss of β-sheet structure is associated with peptide insertion, and instead MAP 

peptides gain α-helical structure upon insertion (Figure 35B). Besides, some peptides can also 

stabilize β-sheet structure when partitioning. As seen in the previous membrane, the total number 

of H bonds with waters is reduced, while increasing the peptide–lipid ones, indicating partitioning 

behaviour (Figure 35C). Peptide residue occupancy shows similar results to the previous 

membrane, with similar POPC/POPG and head/tail interaction (Figure 35D), but they do not show 

a prominent interaction with cholesterol (Figure 36), indicating the preference for the interaction 

with charged lipids. 

 



CHAPTER III 119 

Figure 31. POPC:POPG:CHOL MAP CompEL ∆Q 16 500 ns simulation results. (A) Representative molecular 
configuration of the CompEL system at the end of the simulation. One peptide is inserted, whereas the 
remaining 7 peptides are partitioning. The peptides are shown as cartoon and coloured in red, the polar 
heads in QuickSurf in light blue (POPC) or green (POPG), cholesterol lipids are shown as orange licorice, 
and water residues as licorice and coloured in cyan. Lipid tails are omitted for clarity. (B) Secondary 
structure of the 8 MAP peptides during the 500 ns of CompEL simulation. (C) Number of H bonds formed by 
peptides, lipids and waters throughout the simulation. (D) Occupancy of the peptide residues by POPC or 
POPG lipids. The occupancy is differentiated between upper and lower leaflets, and lipid head or tails. 
Cholesterol occupancy is shown in Figure S1. (E) Results of liposome leakage experiments. Fluorescence 
levels compare liposomes without peptide (control, grey), and with peptide addition (5 µM, orange). 

 

Figure 32. Peptide residues occupancy by cholesterol. Occupancies are differentiated between upper and lower 
leaflets. 

Here, liposome leakage experiments performed with the same membrane composition show that 

MAP addition cause a fast disruption and rupture of vesicles, indicating the MAP potential for 

peptide-mediated membrane disruption. 

3.3.3.3.POPC:POPS 

After comparing CompEL symmetric membrane simulations with liposome leakage experiments, 

internalization experiments have been chosen to relate with CompEL asymmetric membrane 

simulations. In order to simulate a simplified model of the cell membrane, negatively charged 

lipids only in the negative leaflet and POPS instead of POPG due to its higher physiological 

relevance have been employed276.  

In this membrane, translocation of a MAP peptide has been observed in two replicas (see complete 

results in Table 15). As in previous membranes, a pore is generated due to the ion imbalance (Table 

17), then the peptide is able to use this pore to get inserted and stabilize it. Furthermore, due to the 
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presence of negative lipids only in the outer leaflet, the peptide is attracted to the lower part of the 

membrane and is consequently able to achieve translocation (Figure 37A). 

 

Figure 33. POPC:POPS MAP CompEL ∆Q 16 500 ns simulation results. (A) Representative molecular 
configuration of the POPC:POPS CompEL system, with one insertion and one translocation. Polar heads 
are shown as QuickSurf in light blue (POPC) or purple (POPS). Peptide is shown as NewCartoon in red. 
Water molecules are shown as licorice in cyan. (B) Evolution of the peptide angle throughout the simulation. 
The peptide that translocates (upper plot) and the peptide that gets inserted (lower) are shown. (C) Secondary 
structure throughout the simulation. The average among the three replicas is shown. (D) Average residue 
occupancy by POPC and POPS lipids. (E) Results of internalization and viability assays. Data compare 
untreated controls with samples exposed to MAP. The complete internalization and viability results are in 
Figure 38. 
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Figure 34. (A) Internalization and viability experiments of the Carboxytetramethylrhodamine (TAMRA) 
fluorescent dye. (B) Internalization and viability results of MAP coupled with TAMRA dye. 

As seen in Figure 37B, the peptide changes its orientation along the membrane crossing. The script 

presented by Choe233 has been applied, which calculates the orientation of the peptide with respect 

to the bilayer normal. Thus, values close to 0º indicate that the peptide is perpendicular to the 

membrane, and values close to 90º imply that it becomes parallel to it. First, when the peptide 

partitions, it is oriented parallel to the membrane in the inner leaflet, with values close to 90º. When 

the peptide gets inserted, it becomes perpendicular to the membrane axis with values close to 0º, 

as was described by Leontidaou and colleagues301. Last, when the peptide reaches translocation, it 

rotates again and is oriented parallel to the membrane in the outer leaflet, with values close to 90º 

again. 

Regarding secondary structure (Figure 37C), we see similar results to the POPC:POPG:CHOL 

system, with peptides starting in β-structure conformation, which is maintained for some peptides 

that partition, whereas peptides that get inserted adopt an α-helical structure286,288. Similarly to 

previous bilayers, occupancy is shared between lipid polar heads and tails, but with higher values 

for the negatively charged lipid, in this case POPS, even though it has lower proportion in the 

membrane (Figure 37D).  

Internalization and viability assays have been performed in HEK293 cells (Figure 37E). The results 

indicate that MAP can efficiently internalize into human kidney cells, with uptake values 
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approaching 100 %, while exerting minimal cytotoxic effects, as cell viability remained above 90 

%. 

3.3.3.4.Membrane analysis 

Field and potential analyses can be seen in Figures S2A (POPC:POPG), S3A 

(POPC:POPG:CHOL), and S4A (POPC:POPS), indicating that both potential and field values are 

similar to those used in other biological studies279–281. Besides, there are no differences among 

bilayers in membrane thickness or lipid order parameters, indicating that there are no remarkable 

differences between membranes and they are correctly oriented in the system (Figures 39, 40, 41). 

 

Figure 35. (A) Internalization and viability experiments of the Carboxytetramethylrhodamine (TAMRA) 
fluorescent dye. (B) Internalization and viability results of MAP coupled with TAMRA dye. 
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Figure 36. (A) Potential (left) and field (right) in the system in the ∆Q 16 CompEL POPC:POPG simulation. 
(B) Membrane thickness (left) throughout the 500 ns of CompEL POPC:POPG simulation, and lipid order 
parameters (right) of the sn-1 (palmitoyl) segment of the POPC lipid. POPC has been chosen as 
representative lipid to indicate the membrane ordering since it is present in all three membrane compositions. 



CHAPTER III 124 

 

Figure 37. (A) Potential (left) and field (right) in the system in the ∆Q 16 CompEL POPC:POPG:CHOL 
simulation. (B) Membrane thickness (left) throughout the 500 ns of CompEL POPC:POPG:CHOL 
simulation, and lipid order parameters (right) of the sn-1 (palmitoyl) segment of the POPC lipid. 

3.3.4. Discussion 

Taken together the results from our previous study (MAP in POPC membrane) and the results 

obtained here, we can display the depth of MAP insertion/translocation across membranes (Figure 

42). 
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Figure 38. Peptide insertion and translocation. (A) Process of pore formation, insertion, and translocation in 
POPC:POPS. The simulation start (0 ns), pore start (100 ns), start of insertion (105 ns), full insertion (110 
ns), translocation start and insertion of another peptide (140 ns), and end of translocation (200 ns) steps are 
shown. Polar heads are represented as QuickSurf in light blue (POPC) or purple (POPG). The peptides are 
shown as NewCartoon, the side chain is shown as licorice and coloured in red. Waters are shown as 
transparent QuickSurf and coloured in cyan. (B) Comparison of MAP insertion extent across membranes. 
The results from four membranes are shown: POPC (from our previous study), POPC:POPG, 
POPC:POPG:CHOL, and POPC:POPS. The starting point is represented in the inner leaflet, with insertion 
in POPC:POPG, and POPC:POPG:CHOL, and translocation to the outer leaflet in POPC and POPC:POPS 
membranes. 

First, in POPC membrane one MAP peptide is able to translocate. In POPC:POPG and 

POPC:POPG:CHOL membranes, however, MAP peptides do not translocate, with two and one 
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peptides getting inserted, respectively. Thus, MAP loses its translocation capacity when increasing 

membrane complexity, suggesting that the presence of negatively charged lipids in the 

extracellular leaflet reduces translocation capacity152,222. Besides, the presence of CHOL further 

decreases the insertion capacity, implying reduced membrane disruption potential in CHOL 

containing bilayers, as discussed by Pae and collaborators 102. Nonetheless, when an asymmetric 

membrane is used, translocation capacity is regained, suggesting that MAP peptides prefer the 

interaction with the negatively charged lipids in the outer leaflet (representing the intracellular 

leaflet). In all cases, only one or two peptides get inserted, whereas the other peptides are 

partitioning in the inner leaflet, as was previously described301.  

Interestingly, there exists a correlation between simulations and experimental results, suggesting 

that CompEL does indeed possess the capacity to observe timescales as the same order as some 

biological processes259. First, MAP does not induce large membrane leakage in POPC liposomes 

(Figure S6), suggesting that MAP can generate membrane disruption and pores are indeed formed. 

However, these pores are not stable due to MAP ability to translocate bilayers, leading to pore 

closure31,304,321. 

 

Figure 39. Liposome leakage experiments. POPC liposomes in absence (grey) and presence of MAP (blue). 
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In POPC:POPG membranes, MAP produces more liposome leakage, consistent with the 

simulations, where peptides are inserted and stabilize the pore, leading to increased leakage. 

Moreover, in POPC:POPG:CHOL, larger liposome leakage is observed, in line with the larger 

pores generated on average in simulations. Lastly, in an asymmetric membrane, a simplified model 

of the cell membrane, MAP has been observed to translocate, in agreement with the internalization 

observed in human cells. Nevertheless, a slight cytotoxicity is observed (below 10 %), which aligns 

with the cytotoxicity described for CPPs at higher concentrations79. Still, different strategies are 

being proposed to reduce such cytotoxicity and allow for a safer use of CPPs113,114. 

On another note, the RMSD (Figure 44) and trajectory visual inspection analyses show that the 

systems are stabilized during the first 250 ns. This stabilization implies that CompEL simulations 

do not need to be extended until 500 ns, and can instead be shortened to 250 ns, lowering 

computational requirements and simulation time. 

 

Figure 40. Average RMSD analysis of the CompEL ∆Q 16 simulations. 

Regarding occupancy analysis, MAP peptides show higher interaction with POPG/POPS lipids 

compared to POPC, which can be related to the additional negative charge present in the polar 

headgroups231. Intriguingly, in POPC:POPG and POPC:POPG:CHOL membranes, MAP has 

higher occupancy in the lower leaflet with C-terminal residues, suggesting that MAP gets 

potentially inserted by the C-terminal residues, as seen for other amphipathic peptides322. 

Nonetheless, the N-terminal gain importance in the asymmetric membrane, implying the 

dependence on membrane compositions287. 

In contrast, less agreement in seen regarding the secondary structure. In POPC:POPG:CHOL and 

POPC:POPS bilayers, peptide insertion is linked to an increase in α-helical structure, as has been 
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described for MAP and amphiphilic CPPs323. In these simulations, β-sheet structure is limited to 

peptides that partition in the inner leaflet. In POPC:POPG membranes, however, insertion is 

related to β-sheet structure, suggesting that CPPs can present different secondary structures 

depending on the conditions287. 

Finally, the pore formation, insertion, and translocation processes are discussed using POPC:POPS 

simulations (Figure 42). First, the inherent CompEL ∆Q causes a pore formation (100 ns) that can 

be then used by the peptide and the polar heads to stabilize the pore (105 ns). Second, the peptide 

can reach full insertion (110 ns) and get perpendicularly oriented to the membrane plane. After, 

the peptide can start interacting with POPS lipids due to their negative charges, initiating the 

translocation mechanism (140 ns). Last, the peptide changes from perpendicular to parallel 

orientation and finalizes the translocation mechanism (200 ns). Water molecules solvate the 

insertion and translocation processes, suggesting the pore formation mechanism for MAP, as we 

discussed in a previous study, and as supported by the liposome leakage experiments. 

3.3.5. Conclusion 

In this study we have expanded the application of the CompEL technique to the CPPs and, in 

general, membrane active peptides, exploring their behaviour across different membrane 

compositions and benchmarking against experimental data. First, in POPC:POPG membranes, 

MAP loses its translocating capacity compared to pure POPC, instead inserting into the bilayer 

and stabilizing pores formed due to the transmembrane potential. These results agree with 

liposome leakage assays, where MAP induces strong membrane disruption and content release. 

Second, in POPC:POPG:CHOL membranes, CHOL reduces MAP inserting propensity, but 

enhances pore stabilization and leakage, again consistent with experimental observations. In 

contrast, in POPC:POPS membrane, a simplified model of the cell membrane, MAP is able to 

translocate, in line with the internalization capacity observed for MAP in human cells. 

Secondary structure analysis reveals that MAP generally adopts an α-helical structure upon 

membrane insertion, although it also shows that secondary structure strongly depends on 

membrane and system conditions. Occupancy analysis further highlighted a clear preference of 

MAP for negatively charged lipids, consistent with its positive global charge. 
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Altogether, these results demonstrate that CompEL provides a powerful framework for connecting 

computational and experimental results, suggesting confidence on only using fast computational 

simulations in the future. Nonetheless, future work should extend this strategy to more complex 

and biologically relevant membranes, incorporating additional lipid species, such as 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), more different asymmetric 

distributions, and even protein components to better capture the complexity of the cellular 

environment. We hope that this study can pose CompEL as an unbiased, entry-level technique 

useful for peptide–membrane interactions research. 
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3.4. Chapter IV: membrane disruption potential of endogenous opioid 

neuropeptide dynorphin A and related clinical variants 

In this chapter, we make use of the aSMD in combination with cMD technique to computationally 

study and characterize DynA and its clinical variants interaction with different membrane 

compositions. Thus, we focus on general objectives 3,4 and specific objectives 2,3,5. 
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3.4.1. Introduction 

Dynorphins are prohormones found in the brain and central nervous system, whose expression is 

altered in the brain of drug and alcohol abusers and in patients with some neurological disorders123. 

Physiologically, dynorphins are derived from prodynorphin (PDYN)120 and constitute one of the 

most basic peptides in the human body119. Prodynorphin is cleaved at positively charged residue 

motifs yielding Big Dynorphin (BigDyn, 32 residues) and can be further processed into Dynorphin 

A (DynA, 17 residues) and Dynorphin B (DynB, 13 residues) by cleaving the K-R hinge region 

between them121,122. BigDyn and DynA have been previously described to possess internalization 

into neurons capacity, crossing the cell plasma membrane and leading to ion flow through 

membranes124–128, consistent with the formation of membrane pores324. 

DynA interacts with opioid receptors, namely κ-opioid receptor (KOR) and μ-opioid receptor 

(MOR), and plays a role in pain, stress, and addiction. Besides its opioid effects, DynA has other 

non-opioid activities, such as anti-amyloidogenic properties325 or inhibition of N-methyl-D-

aspartate (NMDA) receptors326. Bakalkin et al. identified three different coding mutations within 

the DynA region in the PDYN gene in a form of the human neurodegenerative disorder 

spinocerebellar ataxia 23 (SCA23)130. The mutations correspond to positions L5, R6, and R9 of 

DynA, to S (L5S), W (R6W), and C (R9C), respectively. Analysis of DynA wild type (WT) and 

its clinical variants on striatal neurons concluded that DynA R6W and R9C cause a higher toxicity 

than DynA WT130. In a study -with both neutral and zwitterionic- large unilamellar vesicles 

(LUVs), DynA R6W and R9C showed the highest degree of leakage, whereas DynA L5S showed 

the least leakage132. Structural studies indicate DynA WT has some N-terminal helical structure 

upon DMPC binding, while R6W shows helical structure and strong bilayer association, unlike the 

less structured L5S135. In a more recent study, DynA L5S was shown to display increased 

degradation, whereas DynA R6W and R9C showed increased stability compared to DynA WT131. 

Besides, DynA WT and R6W were the most toxic peptides to primary cerebellar neurons. 

Nonetheless, the membrane disruption mechanism of DynA WT and its clinical variants remains 

elusive.  

Molecular dynamics (MD) simulations have been used to study DynA interaction with membranes. 

Initially, DynA was found to get inserted with a tilt angle of ~35 º with respect to the 

membrane327,328. Then, DynA was found to stay in the outer surface of the membrane when 
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interacting with the κ-opioid receptor329. In a more recent study, DynA was found to be able to 

stabilize pores330. However, in order to analyse the membrane disrupting capacity, such as pore 

formation or membrane translocation, enhanced sampling techniques are needed140,259. 

DynA and the clinical variants show prototypical cell-penetrating peptides (CPP) features54,86, such 

as amphiphilicity, positive net charge, α-helix structure propensity upon membrane interaction133,  

and actual bilayer translocation in cell lines124. Thus, we decided to use a computational method 

that has been applied to CPP research. Umbrella Sampling (US)146 has been used in previous 

studies140,235, but US is primarily utilized to calculate the barrier of CPP translocation. Coarse-

grained MD (CGMD) has also been used to study the translocation of nona-arginine (Arg9)153, but 

the information provided by CGMD is limited due to lower resolution331. Therefore, we propose 

the use of adaptive steered molecular dynamics (aSMD), used by Gimenez-Dejoz and Numata142, 

and combine it with conventional molecular dynamics (cMD). With this method, we are able to 

obtain a quantitative result with aSMD, such as the free energy of bilayer crossing, and, since 

aSMD generates a non-equilibrium state, we are able to characterize the bilayer resistance and the 

bilayer-peptide interactions with the unbiased cMD simulation, as we used in a previous study to 

describe the membrane disruption caused by CPPs. Thereafter, we combine aSMD and cMD to 

characterize the membrane disruption potential of DynA WT and its clinical variants (L5S, R6W, 

and R9C). 

3.4.2. Computational methods 

3.4.2.1.Systems preparation 

The systems were prepared as described previously. Briefly, peptides were modelled in a 

Colabfold-Alphafold notebook and relaxed in an explicit solvent system at 310.15 K. AMBER 

program was used to run the simulations183. The AMBER ff14SB184 force field and periodic 

boundary conditions were applied, and the SHAKE algorithm185 was used to restrain the hydrogen 

atoms, allowing for a 2 fs timestep. 150 mM KCl ions and water TIP3P molecules were used to 

neutralize and solvate the system. A short minimization (5,000 cycles) and NVT equilibration (125 

ps) were run with a restraint force of 4.184 kJ·mol-1·Å-2 (1 kcal·mol-1·Å-2) on the peptide, before 

the unrestrained cMD simulation of 100 ns. Then, clustering analysis was performed to obtain the 

most representative structure of the peptide, which was further used as initial structure. 
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Peptide-bilayer systems were built in CHARMM-GUI186–192 for each relaxed peptide and 

membrane composition combination. One peptide was added to each system, using the cluster 

obtained from the peptide relaxation simulation analysis. The peptides were placed at 

approximately 10 Å from the centre of mass (COM) of the upper leaflet bilayer membrane. The 

N-terminus or C-terminus of the peptides were not modified at any extent. 

Three membrane compositions of 150 lipid molecules -per leaflet- were defined. A neutral bilayer 

of Dioleoyl phosphatidylcholine (DOPC), namely (1) DOPC (150 lipid molecules), a simple 

membrane model. A ternary membrane with cholesterol and a different lipid tail was defined: 1,2-

Dipalmitoyl phosphatidylcholine (DPPC), DOPC, and cholesterol (CHOL), namely (2) 

DPPC(50):DOPC(50):CHOL(50). A membrane model containing negatively charged lipids, and 

to keep a similar proportion as in the previous bilayer, we used: DPPC, DOPC, CHOL, and 

Dioleoyl phosphatidylserine (DOPS), namely (3) DPPC(38):DOPC(38):DOPS(38):CHOL(38). 

The same conditions as in the peptide relaxing simulations were used. For the membrane lipids, 

the Amber Lipid21196 force field was selected.  

Systems were minimized for 5,000 steps and equilibrated during 3.5 ns, starting in the NVT 

ensemble with positional restraints on the membrane atoms (restraint force of 10.46 kJ·mol-1·Å-2 

or 2.5 kcal·mol-1·Å-2), and changing to the NPT ensemble after 500 ps. The system was relaxed 

for 100 ns of conventional molecular dynamics (cMD). During this step the peptide was kept 

restrained to avoid peptide-membrane interaction and allow for an unperturbed membrane 

relaxation (restraint force of 41.84 kJ·mol-1·Å-2 or 10 kcal·mol-1·Å-2). It is important to mention 

that the lipids are positioned randomly in a symmetric fashion an after such short relaxation, lipid 

lateral diffusion was not observed. Although our model is a polarity (charge) model and not a lipid 

phase model, at a given temperature of 310.15 K the bilayers are likely to be in liquid disordered 

phase, or in a mixed liquid ordered/disordered phase in the case of the complex membranes 332.  

3.4.2.2.Adaptive steered molecular dynamics 

The membrane length (ca. 40 Å) was divided in 8 stages of 5 Å, and 25 replicas were run for each 

step. The constant force used was 41.84 kJ·mol-1 or 10 kcal·mol-1, and a pulling speed of 1 Å/ns 

(5 ns per step), as discussed in our previous study. After each step, the Jarzynski average141,202,203 

across all replicas was calculated, and the last frame of the closest replica was used as input for 
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the following step. An aSMD step totalled 125 ns per step and 1,000 ns per aSMD simulation, 

totalling 12 µs for the aSMD part (4 peptides x 3 membrane compositions). 

3.4.2.3.Conventional molecular dynamics 

Starting from the last frame of the aSMD, a 100 ns cMD simulation was performed. The same 

simulating conditions were used as in the previous cases. A total of ~4 μs were run for the final 

relaxation part, accounting for 100 ns for each of the simulations (100 ns x 4 peptides x 3 

membrane compositions x 3 replicas). Besides, 100 ns control simulations have been run for each 

membrane. We have run all simulations in a workstation with a GPU RTX3080Ti, where it ran at 

an average velocity of 80 ns per day. 

3.4.2.4.PMF calculation 

The Potential of the Mean Force (PMF) is computed by employing the Jarzynski equality203, an 

equation that relates the non-equilibrium work during SMD simulations to the free energy 

difference between two states, as seen in Equation 1. 

Afterwards, the replica with the closest work value to the Jarzynski average is selected as the 

starting point for the next simulation step. The Jarzynski equality employed in aSMD eliminates 

trajectories with minimal contributions to the overall PMF, significantly reducing the number of 

simulations needed for convergence183. 

3.4.2.5.Data analysis 

Clustering and trajectory analysis was performed using MDAnalysis and PyLipID208,210,211. An in-

house Python script was implemented to compute the radius pore size distribution, calculating the 

minimum pore size in the z axis of the membrane. This script calculates the maximum distance of 

the water residues per each membrane z-stack and outputs the minimum radius distance of all the 

z-stacks per each simulation frame. Matplotlib216 and Seaborn217 were used for graphics plotting. 

UCSF ChimeraX218,219 and VMD206 were used for molecular graphics. 

3.4.3. Results 

3.4.3.1.PMF barrier to membrane crossing 
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The aSMD process for DynA peptides is represented in Figure 45. Peptides (Figure 45A and Table 

18) were steered across three types of membranes representing different sections of a cell bilayer 

(Figure 45B), which also correspond to energetic barriers to be overcome. 
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Figure 41. Initial (A) and final (B) snapshots of the adaptive Steered Molecular Dynamics (aSMD) simulation 
of DynA WT and its three clinical variants: L5S, R6W, R9C. The timesteps in the three membrane 
compositions are shown. Peptides are coloured as: DynA WT in light green, L5S in purple, R6W in cornflower 
blue, and R9C in orange. The polar heads of phospholipids in both the upper and lower bilayers are 
illustrated in darker and lighter shades of grey, respectively. The lipid tails are portrayed in transparent 
white. Peptide colours are maintained in the following figures. Waters are omitted for clarity. 

Table 18. Characteristics of the peptides used in this study. 

Peptide Length Sequencea Type Net charge 
GRAVY 

score 

DynA WT 17 

YGGFLRRI

RPKLKWD

NQ 

Amphipathic +4 -1.26 

DynA L5S 17 

YGGFSRRI

RPKLKWD

NQ 

Amphipathic +4 -1.54 

DynA R6W 17 

YGGFLWRI

RPKLKWD

NQ 

Amphipathic +3 -1.05 

DynA R9C 17 

YGGFLRRI

CPKLKWD

NQ 

Amphipathic +3 -0.85 

aPosition for mutation in Dyn A WT are underlined, and the residue substitution is indicated in 

bold in the clinical variants. 

In the process of DynA cell internalization, the peptide first encounters the outer side of the 

membrane, rich in neutral lipids. Then, it gets inserted into the hydrophobic core of the membrane, 

where it can find different lipid tails and cholesterol. Finally, DynA internalizes through interaction 

with the inner part of the bilayer, with negatively charged phospholipids. We have tried to model 

this process with three different membrane compositions: (1) the DOPC bilayer represents the 

transition from water to the neutral polar head feature of the extracellular/upper leaflet; (2) the 

DPPC:DOPC:CHOL bilayer represents the transition from the water-bilayer interface to the 

hydrophobic and rigid bilayer core; and (3) the DPPC:DOPC:DOPS:CHOL as a model for the 

transition from the hydrophobic core to the negatively charged inner/lower leaflet of the bilayer.  
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The final step of the aSMD simulation (Figure 45C) shows the peptide at the lower leaflet of each 

bilayer in a non-equilibrium state. Moreover, the membrane disturbance exerted is indicated by 

the polar heads from the upper leaflet dragged down together with the peptide, as a representation 

of the Defect-Assisted-by-Charge (DAC) phenomenon221. To quantify the membrane disruption 

potential of each peptide upon each bilayer, the PMF barrier was calculated (Figure 46 and Figure 

47). The peptides have, in average, similar difficulty to traverse the DOPC and 

DPPC:DOPC:CHOL bilayers (average PMFs of 750 ± 50 and 750 ± 40 kJ·mol-1 (or 180 ± 10 and 

180 ± 10 kcal·mol-1)) compared to DPPC:DOPC:DOPS:CHOL bilayer, with average PMF of 1000 

± 80 kJ·mol-1 (240 ± 20 kcal·mol-1). 

 

Figure 42. Potential of Mean Force (PMF) of peptides with respect to the membrane composition. Size and 
colour indicate energy. The values indicated correspond to the last value (highest energy) of the PMF 
analysis. PMF profiles and the PMF of all the replicas are shown in Figure 47. 
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Figure 43. PMF across all membranes of all replicas. The PMF of the replica chosen as start point for the next 
step has a thicker line width. Each peptide is depicted using the same colour as in main manuscript figures: 
DynA WT in green, L5S in purple, R6W in blue, R9C in orange. The PMF of all other replicas are shown in 
transparent. PMF values are shown in kJ·mol-1 (A) and kcal·mol-1 (B). 

DynA WT has a high PMF barrier for DOPC, whereas the steering through the 

DPPC:DOPC:CHOL bilayer is less restrictive, but the DPPC:DOPC:DOPS:CHOL bilayer 

opposes the strongest PMF barrier to DynA WT crossing (Figure 46, Figure 47 and Table 19).  
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Table 19. PMF values and simulation results for DynA variants in three lipid membrane compositions. 

 

These results indicate that DynA WT favours the interaction with different lipid tails and 

cholesterol. The L5S clinical variant shows higher PMF barriers for DOPC and 

DPPC:DOPC:CHOL compared to DynA WT, but significantly lower in the 

DPPC:DOPC:DOPS:CHOL membrane. In fact, in the latter, the PMF barrier for L5S is similar to 

DPPC:DOPC:CHOL bilayer and lower than the PMF in DOPC. In short, the main barrier for L5S 

is the partition in the upper leaflet of the bilayer, whereas the insertion to the hydrophobic core and 

the partitioning in the lower leaflet are energetically more favourable. The PMF barrier for WT is 

lower than L5S in the first two membranes and higher in the negatively charged membrane, 

indicating that the hydrophobic-to-polar substitution allows better stabilization in the lower leaflet, 

but encounters more difficulties in partitioning in the upper leaflet and inserting in the hydrophobic 

core. The R6W and R9C clinical variants have a lower PMF barrier in DOPC and 

DPPC:DOPC:DOPS:CHOL bilayers compared to DynA WT, due to the R substitution affecting 

water interactions and, thus, facilitates partition in the water-bilayer or bilayer-water interfaces, 

 Lipid membrane 
 

 DOPC DPPC 
DOPC:CHOL 

DPPC:DOPC 
DOPS:CHOL 

Peptide 
PMF 

(kJ·mol-

1) 
State 

Pore 
Size 
(Å)a 

PMF 
(kJ·mol-

1) 
State 

Pore 
Size 
(Å)a 

PMF 
(kJ·mol-

1) 
State 

Pore 
Size 
(Å)a 

DynA 
WT 

790 ± 
10 

Return 
(100%) NA 650 ± 

10 
Pore 

(100%) 

2.42 
± 

0.08 

1160 ± 
10 

Return 
(100%) NA 

DynA 
L5S 

870 ± 
10 

Return 
(66%) 
Pore 

(33%) 

1.38 ± 
0.08 

(66%) 
5.45 ± 

0.8 
(33%) 

790 ± 
10 

Pore 
(100%) 

1.33 
± 

0.07 

810 ± 
10 

Pore 
(100%) 

4.71 ± 
0.08 

DynA 
R6W 

690 ± 
10 

Return 
(100%) NA 720 ± 

10 
Return 
(100%) NA 1050 ± 

10 
Return 
(100%) NA 

DynA 
R9C 

670 ± 
10 

Return 
(100%) NA 850 ± 

10 
Return 
(100%) NA 1020 ± 

10 

Pore 
(66%) 
Return 
(33%) 

0.87 ± 
0.05 

(66%) 
NA 

(33%) 
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respectively. In the DPPC:DOPC:CHOL, R6W and R9C show higher PMF barriers, indicating that 

the R-to-W and R-to-C substitutions hinder the insertion in the membrane’s hydrophobic core. 

Thus, in terms of energy, DynA R6W and R9C show preference for the upper leaflet polar heads-

hydrophobic bilayer interface, WT inserts at the hydrophobic core bilayer section, and L5S shows 

easier partitioning in the lower leaflet polar heads-water interface. 

To compare DynA peptides values with previously studied CPPs using the same force field, we 

performed simulations of DynA in a DPPC membrane (Table 20). 

Table 20. PMF values and simulation results for DynA variants in two additional lipid membrane 
compositions. 

 

The calculated PMF values were comparable to those previously obtained for CPPs, suggesting 

that DynA peptides have similar energy requirements for translocation. Moreover, when extending 

the comparison to other forcefields, a wide range of PMF values is observed. For instance, in a 

study with DOPC membrane and GROMOS87 force field, the cyclic Arg9 was reported to require 

approximately 120 kJ·mol-1 to reach the bilayer centre in a path where the pore was forced and 

200 kJ·mol-1 in a pore-free path235. In parallel, the TAT peptide required ~300 kJ·mol-1 to reach 

the bilayer centre in a DOPC membrane using the GROMOS96 53a6 force field333. Moreover, 

coarse grained studies(MARTINI 2.0 force field for Arg and waters and MARTINI 2.2 polarizable 

for lipids and ions, in a DPPC membrane)  reported similar values for Arg9 and cyclic Arg9, ~330 

kJ·mol-1 in a pore-free path and ~240 kJ·mol-1 in a pore-forming path in order to reach the bilayer 

 DPPC DPPC:DOPC 
DPPS:DOPS:CHOL 

Peptide PMF 
(kJ·mol-1) State Pore Size 

(Å)a 
PMF 

(kJ·mol-1) State Pore Size (Å)a 

DynA WT 890 ± 10 Pore 
(100%) 

16.60 ± 
0.10 970 ± 10 Return 

(100%) NA 

DynA L5S 530 ± 10 Pore 
(100%) 

18.80 ± 
0.10 830 ± 10 

Steady state 
(66%)  

Pore (33%) 

NA (66%) 
3.71 ± 0.05 

(33%) 

DynA 
R6W 640 ± 10 Pore 

(100%) 16.5 ± 0.1 960 ± 10 Return (100%) NA 
 

DynA 
R9C 840 ± 10 Return 

(100%) NA 1150 ± 10 Return (100%) NA 
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centre153. Thus, these force fields and methods can potentially yield PMF values in the same range 

as the ones described in this study when considering all the bilayer length. Besides, the OPLS-AA 

force field yielded a PMF value of ~60 kJ·mol-1 for the translocation of a single arginine223, 

whereas the CHARMM36 force field resulted in a PMF of ~300 kJ·mol-1 for the complete 

translocation of an Arg9 in a DOPC/DOPG (4:1) membrane with the application of an electric field 

of 0.05 V/nm233. In conclusion, these results indicate that PMF values can be strongly influenced 

by the choice of force field, thus caution is needed when comparing simulations performed with 

different force fields334, and comparisons should be limited to simulations using the same force 

field.  

3.4.3.2. Peptide-induced membrane disruption 

After the aSMD simulation, which ends in a non-equilibrium situation through the steering 

process, the molecular distribution is similar for all cases: the peptide has been steered into the 

lower part of the bilayer and is close to the polar heads of the lipids in the lower part of the bilayer, 

defining the starting point for the three 100 ns cMD replicas (Figure 45C). The polar heads in the 

upper leaflet have been dragged with the peptide in the aSMD, being able to enter in contact with 

the polar heads in the lower leaflet and creating a continuous flow of water between both 

compartments, defined as a water pore (of approximately 10 Å, see Figures 48 and 49A). 

Nonetheless, this water channel is transient and can be stabilized or rapidly closed in the cMD 

simulation (Figures 48 and 49B). 
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Figure 44. Illustrative representation of the peptide location in the 3 membrane compositions after the 100 ns 
of conventional MD (relaxation). Top (top) and side (bottom) poses are shown for each case. The colour code 
is the following: DynA WT in light green, L5S in purple, R6W in cornflower blue, and R9C in orange. The 
polar heads of phospholipids in upper and lower bilayers are illustrated in darker and lighter shades of grey, 
respectively, while the lipid tails are portrayed in transparent white. Waters are omitted for clarity. 
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Figure 45. Last snapshot of the water molecules in the (A) adaptive Steered Molecular Dynamics (aSMD) and 
(B) conventional Molecular Dynamics (cMD) simulations. The scale bar is shown for size clarity. 

The cMD simulation will explore whether the aSMD simulation has reached a close-to-equilibrium 

state. In Figure 48 the last step of the 100 ns cMD is shown, while the water distribution is shown 

in Figure 49B. All simulations that contain a pore channel, were extended until 500 ns (or until the 

channel closes) in order to analyse pore stability. DynA WT returns to the upper leaflet in DOPC 

and DPPC:DOPC:DOPS:CHOL, but WT is able to induce a strong membrane disturbance 

represented by a stable water-based pore channel (pore stable during the 500 ns simulations) in 

DPPC:DOPC:CHOL (Table 20, Figures 49B and 50). DynA L5S shows a stronger membrane 

disturbing behaviour compared to WT, as L5S induces a transient pore (duration of ca. 80 ns) in 

two out of the three replicas in DOPC, and a more stable pore channel (ca. 220 ns) in the third 

DOPC replica and in DPPC:DOPC:CHOL and DPPC:DOPC:DOPS:CHOL bilayers (stable over 

500 ns) (Table 20, Figures 49B and 50). DynA R6W returns to the upper leaflet in all membrane 

compositions (Table 20). Last, DynA R9C returns to the upper leaflet in the first two membrane 

compositions but is able to form a pore in DPPC:DOPC:DOPS:CHOL (in two out of the three 

replicas of ca. 160 ns approximately), arguing for an easier interaction with the lower leaflet owing 

to the negative charge in the polar heads (Table 20). 
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Figure 46. Analysis of pore size, lipid order parameter, membrane thickness, and area per lipid in the cMD 
simulations for all membrane configurations. Peptide colours are kept the same as in previous figures. 

Overall, we observe two different results: return to the upper leaflet, and pore formation. In the 

first case, the peptide breaks the new interactions with the polar heads in the lower leaflet, again 

dragging the polar heads back to the upper leaflet. In the pore formation, the interaction between 

the polar heads of both leaflets opens a channel that allows water flow between the two water 

compartments. 
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In Figure 51, we show electron density of all the systems to observe the pore formation induced 

by peptide-bilayer interaction. We see how there is a higher density of water and polar heads in the 

middle of the bilayer for DynA L5S in DOPC, DynA WT and L5S in DPPC:DOPC:CHOL, and 

DynA L5S and R9C in DPPC:DOPC:DOPS:CHOL, demonstrating the pore formation. The 

importance of polar heads and peptides (Figures 50 and 51) in the pore formation leads to discuss 

that the kind of pores observed in this study are toroidal pores, where the peptide and polar heads 

in both leaflets interact, allowing water molecules to cross. Besides, peptides seem to have an 

important role in pore formation and stabilization, as seen in other studies277,335. 

 

Figure 47. Residue occupancy of the lipid tails and cholesterol in the three membrane compositions. PA refers 
to the lipid tail present in DPPC lipids, namely palmitic acid. OL refers to the lipid tail in DOPC/DOPS, 
namely oleic acid. CHL refers to cholesterol. These are the lipid names provided by the AMBERFF14SB and 
Amber Lipid21 forcefields. 

Pore formation requires that the peptide drags lipid polar heads from the upper leaflet along during 

the aSMD process. These polar heads remain hydrated by surrounding water molecules which 

protect them from the hydrophobic membrane environment. Peptide drag lipids from the upper 

leaflet lipids and contact the polar heads in the lower leaflet, leading to the interaction of waters 

from both compartments, ultimately opening a water channel293. These toroidal pores, as discussed 

before, are characterized by the presence of the peptide, lipid polar heads, and water, as illustrated 

in Figures 48, 49, 50. 
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3.4.3.3.Specific peptide-lipid interactions 

To discuss the effect of lipid composition in the peptide-lipid interactions, lipid order parameter, 

membrane thickness, and area per lipid have been analysed (Figure 50). Lipid order parameter 

analysis measures the orientation of the lipid chains with respect to the bilayer normal213. Our 

results show that membranes are well organized, and no significant differences are observed 

between membranes regardless of the type of peptide-bilayer interaction or no peptide (control 

membranes). In parallel, membrane thickness and area per lipid results are related. DOPC 

membranes show the smallest membrane thickness (approximately 37 Å) and area per lipid 

(approximately 68 Å2), indicating that DOPC is the most compact membrane. In 

DPPC:DOPC:CHOL membranes, the addition of a different lipid tail (DPPC) reduces the 

membrane compactness, increasing membrane thickness (~42Å) and area per lipid (~76 Å2). In 

previous studies, the addition of cholesterol was linked to a decrease in area per lipid228, but this 

effect seems to be counterbalanced by the addition of different lipid tails. Lastly, 

DPPC:DOPC:DOPS:CHOL membranes showcase a decrease in membrane thickness (~40 Å) and 

area per lipid (~67 Å2), caused by the addition of negatively charged lipids (DPPS and DOPS), 

which tighten the membrane222. 

Membrane behaviour can also be related to the fluctuations in PMF values, indicative of the 

resistance offered by the bilayer to the peptide crossing. DOPC and DPPC:DOPC:CHOL 

showcase, on average, similar PMF values. Looking at membrane thickness and area per lipid, 

DPPC:DOPC:CHOL should have a lower PMF value since the membrane is less packed, leading 

to an easier penetration100. Cholesterol triggers a reduced efficiency in CPP translocation102 and is 

able to counterbalance the effect of different lipid tails. In DPPC:DOPC:DOPS:CHOL, the 

membrane is more densely packed than DPPC:DOPC:CHOL (lower membrane thickness and area 

per lipid), and negative lipids increase peptide adsorption in the upper leaflet222, ultimately 

requiring higher energy to break these interactions when internalising. Overall, these details cause 

the highest increase in PMF value of the study. 

Analysis of peptide residue occupancy and the interactions with polar heads of the phospholipids 

in the upper and lower leaflets is shown in Figure 52. Occupancy, analysed with PyLipID208, is 

defined as the percentage of simulation time during which the peptide residue is in contact with 

the polar head of the phospholipids. Thus, the values shown in Figure 52 represent the average 
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occupancy during the cMD simulation. DynA WT has five positively charged residues: R6, R7, 

R9, K11, and K13. In DOPC, R6, R7, and R9 interact with the polar heads, in DPPC:DOPC:CHOL 

these are R6, R7, K11, and K13, and in DPPC:DOPC:DOPS:CHOL, R7, R9, and K13 are key in 

the interaction with the polar heads. K/R neighbouring residues also show high occupancy. There 

is a high interaction zone in residue Y1 (extended to G2 in DOPC, to G3 in DPPC:DOPC:CHOL, 

and to F4 in DPPC:DOPC:DOPS:CHOL), which has been shown in NMR experiments by Lind et 

al.134. The only DynA residue with negative charge (D15) shows lower occupancy compared to 

surrounding residues. 

 

Figure 48. Occupancy of the DynAs residues by the polar head of the lipid bilayer in upper and lower leaflets. 
Polar heads pertaining to PC lipids are shown for the three bilayers. PS interaction is also shown for 
DPPC:DOPC:DOPS:CHOL. The most representative replica analyses are shown for all simulations. 

The replacement of a hydrophobic residue by a polar residue in L5S facilitates interaction with the 

PC polar heads (S5 has higher occupancy than L5 in all cases) and the peptide global interactions 

with the polar heads in DOPC and DPPC:DOPC:DOPS:CHOL membranes. In the cases of DynA 

R6W and R9C, both mutations entail the loss of a positively charged residue (R). In general, 

interactions are maintained or shifted towards another part of the peptide. Nonetheless, the lack of 

R9 in R9C is easily spotted in DPPC:DOPC:DOPS:CHOL, since it is the peptide with the least 

interaction with PS polar heads. 
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DynA L5S in DOPC, DynA WT and L5S in DPPC:DOPC:CHOL, and DynA L5S and DynA R9C 

in DPPC:DOPC:DOPS:CHOL interact with both the upper and lower leaflets. This is the key to 

toroidal pore formation, since the peptide “complexes” with the phospholipids due to the 

interaction between positively charged residues and the negatively charged phosphate groups of 

polar heads231. Water molecules solvate positively charged residues (K, R) and their neighbours, 

leading to the connection of water molecules across both spaces and subsequent pore formation. 

The presence of cholesterol in the DPPC:DOPC:CHOL bilayer system introduces a new variable 

that has not been previously proposed in the DynA clinical variants literature131,132,135. To assess 

the residue relevance in the hydrophobic core of the bilayer, we analyse the peptide residue 

occupancy at the cholesterol and lipid tails level (Figure S4). Hydrophobic (L and I), apolar (P and 

G), and aromatic (F, W and Y) residues mediate the interaction with the lipid tails. For DynA WT, 

the interaction with cholesterol happens in both leaflets of the DPPC:DOPC:CHOL and 

DPPC:DOPC:DOPS:CHOL bilayers, mediated by hydrophobic residues such as L5, I8, and L12, 

aromatic residues such as Y1, F4, and W14, apolar P10, and charged R9 and D15. In the DynA 

L5S, most cholesterol interactions are gone, shifted towards Y1, I8, R9, K13, and W14. For R6W, 

the lost R shifts cholesterol interaction towards the F4-I8 hydrophobic/aromatic patch, and W14 

in DPPC:DOPC:DOPS:CHOL. The lost R in R9C restricts the cholesterol interaction to Y1, F4, 

L5, R7, K11, and W14 in the upper leaflet. In general terms, the presence of negatively charged 

lipids in the DPPC:DOPC:DOPS:CHOL bilayer, dampens the DynA:CHOL interaction. 

3.4.3.4. Global bilayer effects 

Cell penetrating peptides (CPPs) and antimicrobial peptides (AMPs) disrupt bilayers through 

specific mechanisms, with dynorphins—neuropeptides with CPP/AMP potential—proposed to 

induce cytotoxicity via plasma membrane poration. In a previous computational study, we 

characterized the membrane disruption potential of canonical CPPs. Here we extend that approach 

to neuropeptides, such as DynA, using symmetric bilayers to model: (1) peptide partitioning at the 

water-bilayer interface on the extracellular side (DOPC); (2) peptide transition through the 

hydrophobic core (DPPC:DOPC:CHOL); and (3) interactions with negatively charged lipids on 

the cytosolic side (DPPC:DOPC:DOPS:CHOL). Results show that DynA L5S induces strong 

membrane poration, WT and R9C moderate poration, and R6W no poration, by reaching different 

stages at the bilayer (Figure 53). 



CHAPTER IV 151 

 

Figure 49. Final position and orientation of the peptide in the different bilayer compositions. The peptides are 
coloured from N to C-terminal with a gradient from gold to its respective colour: (A) DynA WT in green, (B) 
DynA L5S in purple, (C) DynA R6W in cornflower blue, (D) DynA R9C in orange. The bilayer is represented 
in grey, and darker shades of grey represent higher bilayer complexity: DOPC in light grey, 
DPPC:DOPC:CHOL in grey, DPPC:DOPC:DOPS:CHOL in dark grey. The white lines differentiate between 
upper/outer part of the bilayer, hydrophobic core and lower/inner part of the bilayer. The ratios in DynA L5S 
DOPC and R9C DPPC:DOPC:DOPS:CHOL indicate the ratio of behaviours seen in replicas. If ratios are 
not shown, 100 % agreement between replicas is observed. 

Comparing the peptide penetration (Figure 53) and the PMF barrier (Figure 46, Table 20), we 

observe the following trend: DynA WT faces high PMF barrier to cross the DOPC membrane 

(PMF value of 790 kJ·mol-1) and it is not able to get stabilized by forming a pore, contrary to what 

is observed in DPPC:DOPC:CHOL (PMF value of 650 kJ·mol-1), where the peptide faces a lower 

PMF requirement and it is able to induce pore formation. In DPPC:DOPC:DOPS:CHOL, DynA 

WT finds the highest resistance to bilayer crossing (1160 kJ·mol-1), resulting in rapid relocation in 

the upper leaflet. Overall, DynA WT seems to be able to get stabilized in the hydrophobic core of 

the membrane, but it encounters difficulty getting adsorbed in the upper leaflet or reaching the 

lower leaflet. For DynA L5S, the highest resistance to the bilayer crossing is in DOPC (870 kJ·mol-

1), which results in more or less stable (pore duration ranges between 80 to 220 ns) pore formation. 

Then, DynA L5S finds less resistance in the bilayer crossing in DPPC:DOPC:CHOL and 
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DPPC:DOPC:DOPS:CHOL bilayers (780 and 810 kJ·mol-1, respectively) and, thus, L5S is able to 

porate the bilayer in both cases. In fact, DynA L5S is the only peptide that does not show a 

considerable increase in the barrier energy when comparing DPPC:DOPC:CHOL to 

DPPC:DOPC:DOPS:CHOL PMF values. This similarity can be related to the fact that it is the only 

peptide that is able to form a 500 ns-stable pore in the DPPC:DOPC:DOPS:CHOL  bilayer, arguing 

that it does not encounter high energy barrier to diffuse from the hydrophobic core to the inner 

leaflet, as opposed to DynA WT. DynA R6W shows a similar barrier to cross the DOPC and 

DPPC:DOPC:CHOL membranes (640 and 720 kJ·mol-1, respectively), but it is not able to induce 

poration in any of the cases. In the DPPC:DOPC:DOPS:CHOL bilayer, the PMF increases (1050 

kJ·mol-1, respectively) and does not seem to allow the R6W peptide for any membrane disturbance. 

In short, DynA R6W seems to be able to get adsorbed in the outer leaflet, but without being able 

to form a pore to access the hydrophobic core. Lastly, for DynA R9C the PMF barrier is low in 

DOPC, but high in DPPC:DOPC:CHOL and DPPC:DOPC:DOPS:CHOL (670 kJ·mol-1, 850 

kJ·mol-1, and 1020 kJ·mol-1, respectively) and only allows for a transient poration (of 160 ns) in 

DPPC:DOPC:DOPS:CHOL. However, DynA L5S in DOPC (highest PMF value) or DynA WT in 

DPPC:DOPC:CHOL (lowest PMF value) demonstrate that the PMF is not the sole determinant of 

membrane disruption, as these peptides show large PMF values, but are still able to induce pore 

formation. This behaviour indicates that there are more factors affecting the membrane disruption 

potential, such as peptide-lipid interactions, the disposition of positively charged residues (R, K), 

peptide orientation or secondary structure. In fact, peptide secondary structure was analysed to 

check for trends between any secondary structure, PMF fluctuation and/or membrane poration. 

Nonetheless, no relation was found between these behaviours (Figure 54), maybe because longer 

simulation timescales are required to observe meaningful changes in secondary structure, which 

will be tackled in a further study. 
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Figure 50. Secondary structure of all peptides across all membranes. 

The N-terminus Y1 residue in DynA WT, L5S, and R9C orients towards the hydrophobic core as 

a prerequisite to poration (Figure 53), which agrees with experimental studies134. DynA peptides 

form toroidal pores with lipophilic residues facing lipid tails, and hydrophilic residues coordinated 

with the waters in the inner side of the pore (Figures 55 and 56). 
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Figure 51. Final position of the peptide in each membrane composition: (A) DynA WT, (B) DynA L5S, (C) 
DynA R6W, (D) DynA R9C.. The peptides are coloured based on the residue type, following VMD scale, 
differentiating between non-polar residues (white), basic residues (blue), acidic residues (red) and polar 
residues (green). The ratios in DynA L5S DOPC and DynA R9C DPPC:DOPC:DOPS:CHOL indicate the 
ratio of behaviours seen in replicas. If the ratios are not shown, 100 % agreement between replicas is 
observed. The initial pose corresponds to the pose after the initial peptide modelling. 
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Figure 52. Peptide’s final position in each bilayer composition: (A) DynA WT, (B) DynA L5S, (C) DynA R6W, 
(D) DynA R9C. The peptides are coloured based on ChimeraX lipophilicity scale: which ranges from dark 
cyan (most hydrophilic) to white to dark goldenrod (most lipophilic). The ratios in DynA L5S DOPC and 
DynA R9C DPPC:DOPC:DOPS:CHOL indicate the ratio of behaviours seen in replicas. If the ratios are not 
shown, 100 % agreement between replicas is observed. The initial pose corresponds to the pose after the 
initial peptide modelling. 

Specific residues in DynA WT (L5, R6, R9) are crucial for membrane interaction of clinical 

variants at both polar head and hydrophobic core levels. WT, L5S, and R9C peptides can form 

water pores stable over 100 ns, agreeing with a pathological mechanism of DynA through plasma 

membrane poration324,330, also observed in our simulations. L5S exhibits lower energy barriers and 

consistent pore formation across all bilayers, like what should be expected from CPPs. In fact, 

CPPs can decrease the potential of resting cells to low values, in which spontaneous pore formation 

is possible308. Our results may indicate difference to previous liposome leakage experiments, 

which, as discussed before, reveal that all DynA variants cause leakage, except L5S in large 

unilamellar vesicles132. Thus, DynA activity may be dependent on membrane compositions131, 

whereas Madani et al. used a specific POPC/PG composition, here we use DPPC, DOPC/PS and 

cholesterol. Overall, DynA peptides, particularly L5S, WT, and R9C, demonstrate stronger water 

pore-formation potential compared to canonical CPPs. Thus, our method allows for the 

observation of pore formation and subsequent stabilization or pore closure due to upper or lower 

leaflet stabilization. DynA WT and the clinical variants show certain peptide aggregation/self-

assembly, introducing a peptide concentration factor131, thus further computational studies 

considering peptide self-assembly at or in the bilayer330 should be pursued. 

3.4.4. Conclusion 

In this study, we employed a combination of adaptive steered molecular dynamics (aSMD) and 

conventional MD (cMD) simulations to investigate the membrane-disrupting potential of DynA 

WT and its clinical variants. Our results suggest that DynA peptides, particularly DynA L5S, 

exhibit comparable or lower potential of mean force (PMF) values than canonical CPPs, indicating 

potential CPP-like behaviour. cMD simulations further support this by showing that DynA L5S 

consistently induces stable pore formation across diverse membrane compositions, while other 

variants display distinct, bilayer-dependent behaviours. 
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We acknowledge that aSMD introduces artificial steering forces to accelerate rare events such as 

membrane translocation, which in biological systems are driven by a complex interplay of 

membrane potential, peptide cooperativity, lipid heterogeneity, and thermal fluctuations. While 

these factors are not explicitly modelled, aSMD enables exploration of translocation pathways 

within accessible timescales. Importantly, the timescales accessible to molecular dynamics 

simulations—typically in the range of nanoseconds to microseconds—remain orders of magnitude 

shorter than those of biological peptide translocation, which can occur over milliseconds to 

minutes. This discrepancy necessitates the use of enhanced sampling techniques to capture relevant 

events within computationally feasible timeframes. 

The subsequent cMD simulations provide an unbiased view of membrane perturbation, offering 

complementary insights into the stability and consequences of these events. Although PMF values 

derived from aSMD are sensitive to the choice of force field and pulling protocol, relative PMF 

trends across membrane compositions remain informative. Future work should incorporate more 

biologically realistic membrane models—featuring lipid asymmetry, phase separation, and 

membrane potential—as well as varied peptide:lipid ratios and initial configurations to better 

capture physiological complexity. 

Despite these limitations, our combined aSMD/cMD approach remains a valuable tool in 

computational biophysics. It enables mechanistic insights into peptide-membrane interactions that 

are difficult to access experimentally and complements in vitro and cellular studies by providing 

atomistic resolution. Our findings support the continued development and application of enhanced 

sampling techniques to advance our understanding of bioactive peptide function and membrane 

dynamics. 
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4. DISCUSSION 

4.1. Importance of each chapter 

In the first chapter, we use the previously presented aSMD technique in combination with a cMD 

simulation. First, in the aSMD part, the peptide (we use diverse types of CPPs) is forced to pass 

through the bilayer until the lower leaflet, which allows for PMF calculation using replicas. 

Because the aSMD ends in a non-equilibrium step, we use the last frame of the aSMD part to 

perform a cMD simulation to permit system equilibration, enabling us to observe peptide 

equilibration and unbiased peptide–membrane interactions. The importance of this chapter lies in 

the presentation of a new technique, or a combination of two, in the field of protein–membrane 

interactions. We believe aSMD + cMD can overcome previous limitations, as it enables the 

calculation of PMF and provides a novel approach to studying peptide-mediated disruption. 

In the second chapter, we repurpose the use of CompEL, a technique in which a transmembrane 

potential through ion imbalance (∆Q) is used to induce membrane disruption. The peptide can 

make use of such disruption to get inserted and, in some cases, translocate to the lower leaflet. So, 

we use CompEL simulations with different peptides (CPPs and non-CPPs) and diverse peptide 

concentrations to study peptide–membrane interactions and peptide-translocating potential. We 

believe CompEL represents an advance in the study of protein–membrane interactions, as it 

enables the simultaneous use of multiple peptides, offers a faster alternative to existing methods, 

and serves as an accessible entry-level technique that helps to narrow the gap with biological 

conditions. A graphic summary of aSMD + cMD and CompEL techniques is in Figure 57. 
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Figure 53. Schematic representation of the procedure involved in aSMD + cMD and CompEL techniques. 

In the third chapter, we expand the use of CompEL to a broader variety of membrane compositions, 

including cholesterol-containing, negatively charged, and asymmetric membranes. Further, the 

computational results are compared with experimental studies of liposome leakage and peptide 

internalization, in order to try to correlate computational with experimental methods. Since this 

chapter is only intended to present the technique, only one CPP (MAP) is used in this part. This 

chapter importance is found in the use of more complex and biologically relevant membranes, 

which allow for easier comparison with experimental conditions and lend greater significance to 

the results obtained. 

Finally, in the fourth chapter, we apply the technique presented in the first chapter, aSMD + cMD, 

to investigate membrane disruption of DynA WT and its clinical variants. Using a distinct set of 

neutral, cholesterol-containing and negatively charged membranes, we characterize how DynA 

interacts with different lipid environments. This chapter is key as it demonstrates the application 

of the new technique to biologically relevant systems, providing deeper insights into the 

mechanism of peptide-membrane interactions. 
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4.2. Peptide–membrane interactions 

The aSMD + cMD technique allows for the observation of all the key processes in peptide 

translocation. The first step in the peptide–membrane interactions is the peptide interaction with 

the upper part of the bilayer leaflet (from this point onward referred to as the upper leaflet), step 

known as partitioning (Figure 11). Here, the positive residues in the peptide sequence (arginine, 

lysine, histidine) drive the peptide interaction with the negatively charged headgroups in the 

phospholipid bilayer. Consequently, electrostatic and hydrogen bonding interactions are key in the 

first step of peptide–membrane interactions. 

Thereafter, the peptide crosses the headgroups in the membrane until it reaches the bilayer central 

core, process known as insertion. Hydrophobic interactions are key to allow the peptide insertion 

and contact with the lipid acyl chains, primarily attracted to the non-polar residues (such as valine, 

leucine, or isoleucine) in the peptide sequence. Nonetheless, even though peptide insertion occurs, 

the positive residues are still in contact with the polar heads, interactions that are not easily broken. 

Therefore, polar heads are dragged with the peptide as it gets inserted, thus leading to the start of 

peptide–mediated membrane disruption336. 

When the peptide crosses the hydrophobic core, if the peptide and the polar heads disturbance gets 

deep enough in the bilayer, they can reach the polar heads in the lower part of the bilayer leaflet 

(hereafter referred to as lower leaflet) and establish contact with them, hence uniting the 

headgroups of both leaflets (Figure 11). This process can lead to pore formation if waters permeate 

the disturbance (Figure 48)284,304. There are some peptides, such as Arg9, that need the pore 

formation to pass through the bilayer284,302,337,338. For Arg9, this fact can be explained due to the 

peptide nature: since all residues are positively charged, they do not favour interaction with the 

hydrophobic core and, consequently, Arg9 needs to always interact with either the polar heads or 

water residues (when a pore is formed). 

Finally, the peptide deepens its insertion to the bilayer, which can lead to a rupture in the 

interactions with the lipid headgroups in both leaflets. Then, the polar heads pertaining to the upper 

leaflet returning to its starting position, in some cases also closing the membrane disturbance and 

the pore304, with the peptide getting stabilized in the lower leaflet and achieving translocation. 



DISCUSSION: PEPTIDE–MEMBRANE INTERACTIONS 162 

Contrary to aSMD + cMD, CompEL technique does not enable the description of the whole 

translocation process, as the pore is created due to the ∆Q generated between both sides of the 

bilayer. Still, the peptide can make use of such disruption to interact with the bilayer, leading to 

peptide insertion. In addition, the peptide can reach the lipid headgroups in the lower leaflet, thus 

completing the translocation, which can lead to pore closure31,321. Precisely, this is the major 

difference in the effect between CPPs and AMPs, as the formers can reach the lower leaflet and 

lead to pore closure, thus forming highly labile pores, whereas the latter are more stable within the 

membrane, and can form stable pores which destabilize the membrane339,340. 

Both aSMD + cMD and CompEL techniques are useful to study the most important peptide–

membrane interactions in the translocation process. First, positive residues are crucial for peptide 

partitioning, as they get attracted to the negative polar heads in the bilayer and stabilize the 

peptide–membrane interaction (Figures 16 and 51)152,247,282,283. Additionally, it has been seen that 

arginine residues provide stronger interactions with the negatively charged lipid headgroups, 

owing to the guanidium group present in arginine, not present in lysine341–343. Moreover, polar 

residues are also important for the interaction with the headgroups in the lower leaflet, crucial for 

the completion of the translocation process. Consequently, the importance of such residues 

explains the ubiquity of positive residues in CPPs and, in MAPs in general, as they are key for the 

interaction with polar headgroups in both leaflets25,337. 

On the other hand, hydrophobic residues are attracted to the membrane acyl tail core, while polar 

residues keep interacting with the polar heads of the upper leaflet, thus achieving peptide stability 

when it is inserted in the membrane core. Therefore, hydrophobic residues are also important for 

CPPs, as they can provide balance in the peptide sequence since they can interact within the 

hydrophobic core247,283,342,344. 

Thus, the presence of both charged and hydrophobic residues, and a correct balance between these, 

can be beneficial for CPPs and MAPs285,345, which occur in some important CPPs, such as 

penetratin, TAT or MAP. Oligoarginines are an exception to this rule, as they are highly efficient 

translocating peptides without hydrophobic residues152. Nonetheless, the peptide sequence is not 

the only determinant for peptide translocation, and more variables need to be considered. 
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4.3. Peptide analysis: concentration, orientation, secondary structure 

The systematic analysis of peptide variables is essential for exploring the molecular principles that 

govern their ability to interact with lipid membranes. In this sense, peptide concentration is an 

important factor involved in CPP translocation, but it is not often considered in computational 

studies, as most techniques do not allow for the use of more than one peptide molecule. In fact, 

from the techniques included in Figure 57 and Table 1, only cMD, HT-MD, MT-MD and CG-MD 

have been used with several peptide molecules151,152,231. 

On the one hand, aSMD + cMD does not allow for the study of multiple peptide molecules, so one 

peptide and 300 lipid molecules were used, leading to a 1:300 P:L ratio. On the other hand, 

CompEL does allow for the study of different P:L ratios. Even though CompEL initial simulations 

were performed with one peptide molecule and 256 lipid molecules (per bilayer, totalling a 1:256 

P:L ratio), subsequent simulations were run with eight peptide molecules. It was previously 

demonstrated that a higher number of peptides does not increase PMF223, and that a large number 

of peptide molecules induce higher membrane disruption, necessary for peptide insertion and 

translocation31,152,231,233,301,302,346. 

Hence, CompEL simulations were also run at a 1:32 P:L ratio, where it was observed that several 

peptide molecules allow for more peptide insertion and translocation events, even though only one 

or two peptide molecules get inserted301. Cooperativity helps create a stronger bilayer perturbation 

and, moreover, when one peptide gets inserted, it can help another peptide to enter within the 

membrane305. Furthermore, a higher P:L ratio more closely reflects the conditions employed in 

experimental studies, where larger peptide-to-lipid ratios are used347,348. It also provides a more 

physiologically relevant scenario, since local peptide concentrations at the membrane surface can 

be significantly higher than bulk concentrations due to peptide accumulation and electrostatic 

attraction349. Thus, using a higher P:L ratio not only improves the comparability between 

simulations and experimental data, but also enhances the biological relevance of the observed 

peptide–membrane interactions. 

Peptide concentration has been identified as a key factor influencing CPP–membrane interactions 

in experimental studies. For instance, Binder and Lindblom 350 observed that peptide-to-lipid ratio 

must exceed approximately 1:20 to enable penetratin internalization. Below this threshold, 
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penetratin binds only to the outer surface of vesicles, whereas higher peptide concentrations 

facilitate translocation across the bilayer. Moreover, their study showed that accumulation of 

positively charged peptides on the membrane surface can generate an electric field across the 

bilayer, leading to membrane permeabilization and peptide translocation. Once internalized, the 

reduction of this electric field restores membrane stability. This behaviour is reminiscent of what 

we observe in our CompEL simulations, where an imposed transmembrane potential accelerates 

membrane permeabilization. 

Similarly, the TAT peptide requires relatively high concentrations to disrupt membranes and induce 

the formation of transbilayer water channels351. in contrast, oligoarginines exhibit much higher 

translocation efficiencies, over 100-fold greater than TAT, as demonstrated in other experimental 

studies352,353. Nonetheless, other experiments have shown that penetratin can also internalize at 

low concentrations354, suggesting that the translocation mechanism and degree of cooperativity 

vary among CPPs and depend strongly on peptide sequence and local concentration. 

Peptide cooperativity also depends on the peptide and its characteristics. For instance, Arg9 

peptides do not remarkably interact among them, as 80 % of hydrogen bonds formed are 

intrapeptide. On the other hand, Leu9 peptides showcase important interpeptide interactions, with 

50 % of the hydrogen bonds formed being between different molecules. 

A second important variable is the peptide orientation throughout the simulation. The peptide 

orientation varies as it crosses the bilayer (Figure 58), as a perpendicular orientation to the 

membrane allows for higher inserting capacity. To visualize this change in orientation, in Chapter 

III, we used an analysis script that measures the orientation with respect to the bilayer normal 

(Figure 37). This way, if the angle is close to 90 º, the peptide is parallel to the bilayer, whereas 

values closer to 0 º indicate that the peptide is parallel to the bilayer normal and is, thus, 

perpendicular to the bilayer. This analysis has been useful to determine the peptide orientation 

throughout the process, as it allows to find different orientations during the diverse phases in 

peptide translocation. 

In the partitioning step, polar residues are interacting with the lipid polar heads or with water 

molecules, whereas hydrophobic residues are protected from polar surfaces and mainly interacting 

among them. Thus, MAP is parallel to the bilayer and perpendicular to the bilayer normal, with 

angle values close to 90 º. Once the peptide gets inserted in the bilayer, the hydrophobic residues 
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interact with the hydrophobic core of the membrane, but the interactions between positive residues 

and upper leaflet lipid polar heads are not broken. Moreover, the peptide starts interacting with the 

polar headgroups in the lower leaflet. Consequently, there are polar residues interacting in the 

upper and polar residues in the lower part of the bilayer, whereas the hydrophobic residues stay in 

the middle part, thus causing MAP to get stretched and perpendicular to the bilayer, changing its 

orientation to values closer to 0 º. For translocation to be achieved, the interactions with the upper 

leaflet and the hydrophobic core need to be interrupted, causing that hydrophobic residues need to 

protect again from polar molecules, thus orientating again parallel to the bilayer. 

 

Figure 54. Graphic representation of the peptide orientation through the lipid bilayer translocation process. 

A third variable that affects membrane disruption is the secondary structure of the peptide. This 

aspect has been studied in Chapter II using CompEL simulations with CPPs (Arg9, MAP, TP10, 

TP2) and nona-leucine (Leu9) as a negative control lacking translocation capacity (Figures 22, and 

28), and in Chapter III through CompEL studies of MAP in different membrane compositions 

(Figures 34, 35, and 37). Previous work has shown that peptides capable of adopting an α-helical 

structure can transport transcellularly more efficiently285,342. However, peptide structure is not 

fixed, it seems to be affected by peptide composition and to depend on the interactions with the 

membrane229. 

In our CompEL study, we have seen how Arg9, which does not have hydrophobic residues, remains 

unstructured since it only favours interaction with polar parts and typically adopts coil or turn 

structures to engage with lipid polar heads. In contrast, Leu9 only seeks interaction with 

hydrophobic parts. Upon insertion into the pore, Leu9 orients as an α-helix, positioning 

hydrophobic sidechains outward while protecting backbone polar atoms inward, where they can 

interact with the water molecules in the pore. TP10 is the only peptide that possesses an α-helical 

structure in water simulations, which it retains during CompEL simulations. Further, TP10 gained 

additional helical structure in the simulations with eight peptides, showing a similar behaviour to 
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Leu9, with gain of helical structure upon membrane interaction and insertion. Likewise, TP2 shows 

α-helix structure in CompEL simulations with eight peptides, consistent with gain of helical 

structure after membrane interaction and insertion. In fact, the change of secondary structure upon 

insertion has been previously reported336.  

In parallel, MAP is the only peptide that has been studied using CompEL and different membrane 

compositions, where it has displayed structural variability. In Chapter II, some MAP peptides 

remained unstructured while others oriented in β-sheet structure, whereas in Chapter III, MAP 

exhibited α-helical in combination with β-sheet structure. Therefore, these changes in secondary 

structure highlight that peptide structure is not only peptide-dependent but is also strongly 

influenced by membrane composition355. 
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4.4. Membrane analysis: composition, order, flip-flops 

Peptide–membrane interactions do not only depend on the peptide but are also affected by the 

membrane characteristics. One of the main factors that influences membrane disruption is 

membrane composition. Hence, we have studied different membrane models. In aSMD + cMD, 

we focused on model membranes with model lipids: DOPC, DPPS, DOPS, alongside with CHOL. 

This way, Arg9, MAP, TP2 have been simulated in symmetric DPPC, DPPC:DOPC:CHOL, and 

DPPC:DOPC:DPPS:DOPS:CHOL (Chapter I), and DynA WT and its clinical variants (L5S, R6W, 

R9C) have been simulated in symmetric DOPC, DPPC:DOPC:CHOL, and 

DPPC:DOPC:DOPS:CHOL (Chapter IV). All lipid species in the membranes at a 1 to 1 ratio. 

In CompEL we used more physiologically relevant lipids species276: POPC, POPE, POPG, POPS, 

together with CHOL. Here, Arg9, MAP, TP2, TP10, and Leu9 have been simulated in POPC 

(Chapter II), and only MAP in symmetric POPC:POPG (7:3 ratio) and POPC:POPG:CHOL 

(6:3:1), and asymmetric POPC:POPS (only POPC in the upper leaflet, and 7:3 ratio in the lower 

leaflet) membranes (Chapter III). 

Importantly, in Chapter I, DPPC was selected to allow direct comparison with a previous study142. 

In Chapter IV, we maintained the same membrane composition to enable comparison with our 

previous study, but we focused on DOPC to study a different lipid tail composition. For Chapter 

II and Chapter III, we opted for more physiologically relevant lipid species, namely POPC, to 

better reflect native membrane environments. 

First, the simple model membrane used, that is, DPPC in Chapter I, DOPC in Chapter IV with 

aSMD + cMD technique, and POPC in Chapter II using CompEL technique, allowed for the 

insertion of MAP and TP2 in DPPC, DynA L5S in DOPC, and MAP, TP10, TP2 and Leu9 in 

POPC. In addition, the translocation of Arg9 in DPPC and Arg9, MAP, TP10, and TP2 in POPC 

were also observed. Second, the CHOL-containing bilayer, DPPC:DOPC:CHOL in Chapter I and 

Chapter IV, and POPC:POPG:CHOL in Chapter III, did not allow for translocation events. Here, 

the insertion of Arg9, DynA WT, and DynA L5S in DPPC:DOPC:CHOL, and MAP in 

POPC:POPG were observed. Third, bilayers containing negatively charged lipids, 

DPPC:DOPC:DPPS:DOPS:CHOL in Chapter I, DPPC:DOPC:DOPS:CHOL in Chapter IV, and 

POPC:POPG and POPC:POPG:CHOL in Chapter III, allowed for the insertion of MAP, TP2 in 
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DPPC:DOPC:DPPS:DOPS:CHOL, DynA L5S and R9C in DPPC:DOPC:DOPS:CHOL, and MAP 

in POPC:POPG and POPC:POPG:CHOL. Fourth, asymmetric bilayers, only used in Chapter III, 

did show the translocation of MAP in POPC:POPS. 

Hence, no significant differences were observed between the simple membrane models, as DPPC, 

DOPC and POPC bilayers allowed for insertion and translocation processes. However, in all cases, 

the addition of CHOL decreased the number of translocation/insertion events, as was observed in 

previous studies102,338,356. Likewise, the addition of negatively charged lipids (in the upper and 

lower leaflets) also decreased the number of membrane disruption events, especially the number 

of translocations, suggesting that peptides are more attracted to the negative residues in the upper 

leaflet and are less prone to further membrane disruption152,222. Moreover, even though the addition 

of CHOL and different lipid tails did not significantly increase PMF, the presence of negative lipid 

species in the upper leaflet did increase the required energy for bilayer translocation. In contrast, 

when negative lipids are added only to the lower leaflet (Figure 37), the number of translocation 

events are increased, indicating that peptides are more attracted to the lower leaflet and can, thus, 

complete the translocation procedure. These results confirm that the translocation of CPPs depend 

on lipid composition249. 

Another interesting phenomenon to study during peptide–membrane interactions are the changes 

in membrane thickness and SCD. POPC:POPG, POPC:POPG:CHOL, POPC:POPS, DPPC, and 

DOPC membranes show similar thickness values (approximately 37-38 Å), whereas the addition 

of CHOL and a different lipid in DPPC:DOPC:CHOL increases membrane thickness (~42 Å), 

suggesting that the addition of a different lipid tail does not allow tight packing and induces 

increased membrane thickness. The addition of negatively charged lipid species in 

DPPC:DOPC:DOPS:CHOL and DPPC:DOPC:DPPS:DOPS:CHOL strengthens the interactions 

within the membrane, packing the bilayer and slightly decreasing membrane thickness (~40 Å). In 

any case, the presence or absence of peptide does not affect membrane thickness, as control 

simulations showcase similar values to those where the peptide is present. 

On the other hand, SCD analyses the orientation of the lipids relative to the bilayer normal, with 

values close to 0.5 indicating perfect alignment with the membrane, and values close to 0 denoting 

complete lipid disorder. In all cases, the bilayer seems to be correctly oriented, indicating that 

peptide insertion, pore formation or peptide translocation do not affect the general membrane 
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order. Nevertheless, the general order may be kept because even though SCD is decreased for lipids 

around the peptide and pore area, it increases in those not in contact with that zone 301, 

counterbalancing the general membrane order. 

After membrane disruption that can lead to pore formation, the membrane seeks to get stabilized 

again, in most cases, by closing the pore and returning to a position similar to the equilibrated 

starting position. Still, in some cases, lipids from the upper leaflet that have been dragged due to 

the peptide interaction can be stabilized in the lower leaflet, thus undergoing a lipid flip-flop 

procedure. In fact, Lai & Kaznessis concluded that lipid flip-flops occur when there is pore 

formation341, and other studies showed that they occur simultaneously to peptide insertion and/or 

translocation233,247,306,307. As can be seen in Figure 25, lipid flip-flops occur from the upper to lower 

leaflet, confirming that flip-flops always occur from the peptide-enriched to the peptide-free 

leaflets301. 
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4.5. Method comparison 

In this thesis, two computational techniques have been presented (Figure 57): aSMD + cMD 

(Chapter I and Chapter IV) and CompEL (Chapter II and Chapter III). These methods are intended 

to provide a wide range of possibilities in the computational study of peptide–membrane 

interactions (Table 21), while being able to improve the characteristics of the already available 

techniques (Table 1). 

In this regard, aSMD + cMD allows for PMF calculation and exploration of the peptide–membrane 

disruption after the peptide has been forced to cross the bilayer. Thus, this method allows to 

observe peptide translocation and provides atomic resolution. However, it has high computational 

requirements, as it comprises 8 steps, with 5 ns per step and needs 25 replicas, for the aSMD part, 

and 100 ns cMD with 3 replicas in the cMD part, accounting for 1300 ns per simulation. Besides, 

this method is not entry-level, as the reaction coordinate needs to be provided and the technique 

has a steep learning curve. 

It is known that aSMD technique tends to yield higher PMF estimates compared to methods such 

as US, particularly due to the strong non-equilibrium nature of the pulling process and the limited 

sampling of rare low-work trajectories required for accurate application of Jarzynski’s relation. As 

discussed in Chapter IV, section 3.4.3.1., part of this discrepancy also depends on the force field 

employed and on whether the PMF corresponds to crossing the entire bilayer thickness. In our 

case, the calculated barrier represents the full translocation process across the membrane, which 

partly explains the magnitude of the value obtained. Nevertheless, acknowledging the limitations 

of aSMD in providing fully converged free energy profiles for such complex systems, we 

subsequently turned to an alternative approach, such as CompEL simulations, in order to study 

peptide–membrane interactions and translocation under more physiologically realistic conditions. 
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Table 21. Characteristics of aSMD + cMD and CompEL techniques. 

Technique Resolution 
PMF 

calculation 

Peptide 

translocation 

Entry-

level 

Computational 

requirements 

aSMD  

+ cMD 
Atomic Yes Yes No Intensive 

CompEL Atomic No Yes Yes Moderate 
 

On the other hand, CompEL has also atomic resolution, allows to observe peptide translocation, 

and even though the membrane disruption is induced, the peptide is not forced to cross the bilayer, 

allowing for peptide discrimination. Besides, in biological systems the transient pore is believed 

to be caused by an imbalance or asymmetry (such as mass, tension, or transmembrane 

potential)31,321. In this line, previous studies have suggested that a transmembrane potential is 

necessary for CPP translocation in live cell experiments and computational studies308,357–362, even 

though others concluded that it is not strictly necessary, but it does favour translocation337. In fact, 

a transmembrane potential seems to trigger CPP translocation in live cells361,362 by forming 

transient pores231,234,308,357–359, as demonstrated in experimental and computational studies. Hence, 

CompEL allows to observe such disruption, which leads to CompEL attaining timescales of the 

same order as biological processes259. Moreover, CompEL is an entry-level technique, as the 

starting system can be rapidly prepared and no reaction coordinate needs to be chosen, and does 

also allow for simulation of several peptides, which permits the study of more realistic systems 

and to describe peptide cooperation. Besides, in more complex membrane systems containing 

POPC, POPG/POPS and CHOL, system stabilization occurs within 250 ns, so if three replicas are 

run, only 750 ns per system are required, implying that the computational requirements are not 

intensive as in other cases. In addition, CompEL allows for easier parallelization, as replicas can 

independently run in separate machines. Nonetheless, CompEL does not compute PMF, and should 

be combined with other technique if PMF calculation is sought. 

It is worth noting that the distinction between insertion or translocation can, to some extent, arise 

from the limited timescales accessible to atomistic MD simulations, and different outcomes might 

emerge if the simulations were extended further. However, TP2 simulations were indeed extended 
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up to 1 µs and did not reveal any additional translocation events, suggesting that the system had 

reached a stable state. This interpretation is further supported by the RMSD analysis (Figure 27), 

which indicates that structural stabilization was achieved. Nevertheless, enhanced sampling 

methods such as US or metadynamics could be employed in future work to more precisely quantify 

the energetic barriers and refine the separation between bound and translocated states. Still, the 

current simulations already capture mechanistically distinct behaviours corresponding to stable 

pore binding versus crossing. 

In summary, both techniques allow for possibilities that are not currently present in the peptide–

mediated membrane disruption study. Whereas aSMD + cMD calculates the PMF and allows for 

peptide–membrane interactions, it is computationally intensive. In contrast, CompEL does not 

calculate PMF, but it requires less computational resources, can also observe translocation, and 

different peptide-to-lipid ratios can be used. 

 



DISCUSSION: BIOLOGICAL IMPLICATIONS 173 

4.6. Biological implications at the cellular size and time scale 

While MD simulations provide atomistic insights into the interactions between CPPs and lipid 

membranes, the simulations are limited in both spatial and temporal resolution. Therefore, it is 

important to consider how computational findings may translate to biological phenomena 

occurring at the cellular level. Here, several important considerations must be taken into account. 

One key issue is the simplification inherent in the simulation models. MD studies employ model 

lipid bilayers that do not capture the full heterogeneity, asymmetry, and dynamic organization of 

real cellular membranes, with several different lipid species and diverse protein constituents2–4. At 

the scale of a single cell, CPP-mediated translocation involves the coordinated interplay of 

multiple processes, including peptide adsorption to the plasma membrane, transient disruption or 

reorganization of the lipid bilayer, and eventual uptake into the cytoplasm. In addition, the 

timescale of MD simulations (typically nanoseconds to microseconds) is orders of magnitude 

shorter than the processes observed in living systems and can generally capture the early stages of 

peptide–membrane interaction, such as partitioning, insertion or initial pore formation. However, 

events in living cells, like endocytosis or membrane repair, are embedded within much longer 

processes in the order of seconds to minutes261,262. 

Time and size scaling also highlight the importance of cooperative effects. In a cellular context, 

multiple CPP molecules often act in concert, forming transient aggregates that can destabilize the 

cell or stabilizing pores large enough to accommodate cargo347,348. Such collective phenomena are 

difficult to capture within the limits of standard MD simulations, yet they are central to 

understanding the efficiency and safety of CPP-mediated delivery. Another intrinsic limitation of 

MD approaches lies in the force fields employed. These are built on parameters derived from 

quantum mechanical calculations and experimental data. As a result, force fields provide 

generalized descriptions in which different atoms may share approximated parameter values, 

closely resembling, though never fully reproducing the full complexity of peptide-lipid and 

peptide-cargo interactions363–365. 

In summary, MD simulations provide a high-resolution picture of CPP–membrane interactions, 

however careful interpretation is required when extrapolating these findings to the complex and 

dynamic cellular environment. Considering the cellular size and time scale reveals a more complex 
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scenario, where atomistic mechanisms integrate with cooperative peptide action, membrane 

heterogeneity, and cellular processes operating at much longer timescales. This multi-level 

perspective, further combined with experimental validation, is crucial for translating 

computational findings into meaningful predictions about CPP function in biological systems. 
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4.7. Future perspectives and developments 

This thesis presents new possibilities in the computational study of peptide–membrane interactions 

and demonstrates how MD simulations can yield valuable insights into the behaviour of CPPs. 

Computational biology is a rapidly developing field, and forthcoming advances, such as force 

fields specifically optimized for peptides and enhanced sampling trajectories tailored to their 

dynamics, will further expand its potential. Importantly, these innovations will complement the 

approaches explored in this work, enabling even more detailed and precise studies that can be 

seamlessly integrated with experimental validation. Together, these advances will support the 

design of novel peptides with improved uptake efficiency, specificity, and safety, ultimately 

strengthening their therapeutic applicability. 

A natural next step would be to extend this work to a broader set of CPPs, particularly using 

CompEL with complex and asymmetric membranes, and to apply the same techniques to the 

computational study of AMPs. This would enable a more detailed comparison between CPPs and 

AMPs at the atomic level. The comparative analysis of these peptide families could further reveal 

both common principles and unique aspects of selectivity and activity. Expanding computational 

studies to include diverse peptides could broaden our understanding of sequence-function 

relationships and even shed light on how subtle sequence changes can shift a peptide’s role. 

Additionally, future studies could also focus on the use of different peptide mixtures, potentially 

unveiling improved kinetics when diverse peptides are combined. Furthermore, simulations of 

CPPs coupled with cargo could be conducted to examine whether the cargo influences the 

translocation process. 

Regarding DynA and its clinical variants, our research has so far been limited to aSMD + cMD 

technique. A further study and more profound peptide characterization could benefit from 

extending these studies to include CompEL simulations with more biologically relevant membrane 

compositions, combined with systematic comparison to experimental assays. Such an approach 

would allow a more thorough characterization of these peptides and provide deeper insight into 

their membrane–disrupting potential. 

One major perspective is the integration of artificial intelligence (AI) into CPP research. While 

MD can capture atomic-level details of peptide–membrane interactions, AI-driven models can 
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allow the identification of patterns across much larger datasets. For example, screening vast 

peptide libraries to potentially unravel new CPPs, identifying novel sequences likely to show good 

penetration, and predict the peptide ability to cross biological membranes. Moreover, when 

combined with MD simulations, AI can help prioritize candidates for experimental testing or which 

mutations might enhance stability, accelerating the discovery of next-generation CPPs. Likewise, 

deep learning techniques could provide mechanistic insights into the key structural features that 

govern translocation efficiency. Furthermore, MD simulation data can be harnessed to train AI 

models, bridging atomistic detail with large-scale predictive insights enhancing their ability to 

capture complex biomolecular behaviours. 

There is also considerable interest in the mutagenesis studies to improve current CPPs. Given the 

difference in arginine and lysine interactions, investigating the impact on some CPPs, such as 

MAP, of the lysine-to-arginine mutation could provide key insights into the role of guanidinium 

groups in peptide–membrane interactions and lead to better CPPs. Arginine-rich motifs are known 

to enhance electrostatic interactions and hydrogen bonding with lipid headgroups, and such 

mutational studies could help determine how these mutations allow for improved penetration 

without compromising peptide stability. 

In addition, cyclic peptides are emerging as a particularly promising class of CPPs. Cyclization 

has been shown to enhance proteolytic stability, reduce conformational flexibility, and improve 

binding affinity to membranes, making them attractive candidates for therapeutic applications. 

Future studies could also tackle the modelling of cyclic CPPs to provide a more realistic picture 

of their potential advantages, as well as designing cyclic variants of known linear CPPs. 

In conclusion, future progress in CPP research will possibly benefit from the convergence of 

advanced computational methods, AI-driven sequence design, systematic mutagenesis, and the 

exploration of novel peptide architectures such as cyclic peptides. These approaches may 

eventually lead to the development of highly efficient, stable, selective, and safe CPPs that are 

suitable for therapeutic delivery and broader biomedical applications. 
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5. CONCLUSIONS 

The research conducted in this thesis can be summarized in the following topics and conclusions: 

Techniques presented 

• We have introduced two new techniques for the study of CPP–membrane interactions, and 

in general, peptide–membrane interactions. In aSMD + cMD, first aSMD is run to calculate 

PMF and force the peptide to cross the bilayer. Since aSMD ends in a non-equilibrium 

state, the cMD part is conducted to equilibrate and stabilize the system. In CompEL, a 

transmembrane potential is used to induce membrane disruption, which can be used by the 

peptide to get inserted and translocate. 

• aSMD + cMD enables PMF calculation and subsequent unbiased peptide–membrane 

interactions but is limited to one peptide, is computationally intensive and reaction 

coordinates need to be defined. CompEL does not calculate PMF, but can be used to study 

unbiased translocation, to employ different peptide-to-lipid ratios, is an entry-level 

technique, and has lower computational requirements. 

Peptide analysis 

• Positive residues in the peptide sequence are key for the interaction with the negative 

charges in the lipid polar heads, primarily in peptide partitioning and translocation. 

Contrastingly, hydrophobic residues are important for the peptide insertion in the bilayer, 

as they are able to drive interaction with the lipid acyl chains in the hydrophobic core. 

• Peptide translocation process starts with peptide partitioning to the upper leaflet, especially 

interacting with polar heads. Partitioning is followed by peptide insertion in the 

hydrophobic core, which in some cases includes pore formation, and finalizing with 

peptide reaching the polar heads in lower leaflet and breaking interactions with those in the 

upper leaflet. 

• CPPs can induce membrane disruption to a lipid bilayer, but if they are able to translocate 

the bilayer, they can probably close the pore and membrane disruption, thus not affecting 

the viability of the bilayer. In contrast, AMPs do not translocate the membrane, instead they 

stabilize the pore and lead to larger membrane disruption and leakage. 
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• Arg9 is the only peptide that has shown translocation capacity in aSMD + cMD, whereas 

all CPPs have translocated with CompEL technique. Nonetheless, when more complex 

symmetric membranes are used, no peptide has been able to translocate, indicating the 

importance of using more realistic, asymmetric membranes, as has been done for MAP in 

CompEL POPC:POPS (Chapter III), where MAP has shown translocation capacity. 

• DynA clinical variants show distinct behaviours. DynA WT is only able to disrupt the 

bilayer in DPPC:DOPC:CHOL, whereas DynA R9C only in DPPC:DOPC:DOPS:CHOL, 

showcasing DynA L5S, which has demonstrated disrupting behaviour in all membranes, 

as the most membrane–disrupting variant, potentially a CPP-like peptide. However, these 

results are not in line with experimental studies, and further investigation, such as DynA 

CompEL in complex membranes in combination with experimental studies, should be 

pursued. 

• Peptide concentration and P:L ratio affect the membrane disruption capacity. A higher 

number of molecules does not significantly affect the cost of translocation and allows for 

higher membrane disruption and higher number of insertion and/or translocation events. 

Moreover, higher P:L ratios are closer to experimental and physiological ratios. Thus, new 

computational techniques should focus on simulations with higher number of peptides, as 

CompEL. 

• Peptide orientation changes throughout the peptide translocation process. In the 

partitioning step, the peptide is parallel to the bilayer but gets stretched into a perpendicular 

orientation as it gets inserted in the bilayer. Finally, the peptide reorients and is parallel to 

the bilayer when it achieves translocation. 

• Peptide secondary structure depends on peptide and membrane composition. Nonetheless, 

in general, peptides gain secondary structure upon membrane interaction and insertion. 

Membrane analysis 

• Higher membrane complexity is usually associated with reduced peptide translocation, 

especially if negative phospholipids are present in the outer leaflet. In aSMD + cMD 

technique, this can be observed in PMF calculation, whereas in CompEL this is seen in less 

translocation/insertion events. 
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• Membrane order is not generally modified due to the peptide insertion, pore formation or 

translocation, similar to membrane thickness. However, membrane thickness does change 

when other lipid species are added, such as CHOL or different tails, which can increase the 

thickness, or negatively charged lipids, that tightly pack the membrane and reduce 

thickness. 

• Lipid flip-flops occur if there is pore formation and while the peptides are getting inserted 

or translocating. Flip-flops always occur from the peptide-enriched to the peptide-free 

leaflets. 

Biological implications 

• The limited spatial and temporal resolution of MD simulations restricts their direct 

applicability to living systems, as simplified bilayers models and nano-to-microsecond 

timescales cannot reproduce the heterogeneity, cooperative phenomena, and longer 

processes characteristics of cellular membranes. 

• CPP translocation is an inherently multi-scale and cooperative process, involving peptide 

aggregation, membrane reorganization, and uptake mechanisms that extend well beyond 

the capabilities of standard MD approaches. 

Future perspectives 

• Future progress in CPP research will probably rely on the integration of advanced 

computational methods with experimental validation and consideration of cellular 

complexity, enabling deeper characterization of peptide-membrane interactions and more 

accurate translation of findings to biological contexts. 

• The combination of molecular dynamics simulations with AI-driven sequence design and 

mutational studies offers a powerful strategy for accelerating CPP discovery, revealing 

structure-function relationships, identifying promising peptide variants, and improving 

stability, selectivity, and uptake efficiency. 

• Exploring novel peptide architectures, such as cyclic peptides and diverse peptide mixtures, 

represents a promising direction for therapeutic development, as these approaches may 

enhance proteolytic stability, fine-tune membrane interactions, and broaden the biomedical 

applicability of CPPs. 
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