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Melittin, a natural peptide found in bees, has been shown to induce pore formation in cell membranes. 
However, its artificial mutant, MelP5 can do so at concentrations 200 times lower than melittin. The 
mechanism of the enhanced portion ability is not fully understood. By conducting all-atom molecular 
dynamics (MD) simulations, we found that MelP5 forms a stable pore that is macro-molecular sized. 
Our results suggest that the mutation of five amino acids from melittin reduces the electrostatic 
repulsion between peptides and strengthens hydrophobic interactions between MelP5 and lipid 
tails, resulting in the formation of a stable and larger pore. Furthermore, we found that cholesterol 
(CHOL), which occupies 30% in mammalian cell membranes, plays a crucial role in enhancing the 
pore formation of MelP5. As the amount of CHOL increases, the pore becomes larger, more stable, 
and forms more quickly. The presence of CHOL also promotes the formation of oligomers, which 
further support the pore. Our findings indicate that CHOL promotes the insertion of peptides into 
the membrane and reduces the amount of surface state peptides, thereby stabilizing the pore. These 
results highlight the important role of CHOL in membrane permeabilization by MelP5 and provide new 
insights into the mechanism of action of membrane-active antimicrobial peptides.
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Melittin, the primary peptide in European Honey Bee venom, is an amphipathic peptide composed of 26 amino 
acids1. It disrupts bacterial and mammalian cells by creating transmembrane pores. MelP5 is the first generation 
of melittin’s synthetic molecular mutant designed by Wimley et al.2. MelP5 is + 3 charged while melittin is + 6 
charged. MelP5 can permeabilize membranes and form macro-molecule size pores at a concentration that is 
much lower than the one needed for melittin2–6. They both lyse bacteria and mammalian cell membranes7. 
MelP5 was reported to be potent in gene delivery when conjugated through a disulfide bond to a DNA binding 
poly-acridine peptide8. And MelP5 can cause eukaryotic plasma membranes permeabilization that enables 
entry of SYTOX Green, a membrane impermeant DNA binding dye, where it enter the nucleus and becomes 
fluorescent3.

Using the protocol developed in previous study9, we have shown that with unbiased all-atom MD simulations, 
it is possible to capture the folding, partitioning, self-assembly, and pore fluctuations of MelP5 peptides at 
microsecond timescales. Here, we show that MelP5 generates pores with the radius of 30.5 Å in POPC, which is 
compatible with the sizes detected in AFM, where instead of one definite size, but rather a population of various 
pore sizes ranging from 8.2—60 Å was detected10,11. We obtain the transmembrane conformation of MelP5 that 
is consistent with oriented circular dichroism (OCD) where MelP5 is perpendicular to the bilayer with 90% 
helicity11–13.

Cholesterol, a key structural component of eukaryotic cell membranes but absent in bacterial membranes, 
allows bacteria to evolve cholesterol-dependent cytolysins (CDCs)—toxins that form membrane-lytic pores 
selectively in cholesterol-rich eukaryotic cells, thereby targeting them without harming the bacteria14. Here, 
we showed CHOL has a similar effect in MelP5 pore formation, upregulating the pore forming rate, size and 
stability.

There is a large family of pore-forming cytolysins that exhibits two hallmark characteristics: an absolute 
dependence on the presence of membrane CHOL and the formation of an extraordinarily large pore with the 
radius ranging from of 250—300 Å15–17. Here we found a similar role of CHOL in the membrane-active peptide 
MelP5. To further examine the enhanced poration ability exhibited by MelP5 in the presence of CHOL, we 
simulated MelP5 at different CHOL concentration and then compared the transmembrane inner pore radius 
and peptide oligomerization between the simulations.

Between melittin and MelP5, there are five differences (Fig. 1), namely THR-10, ARG-22, LYS-23, ARG-24 
and GLN-26 in melittin are replaced with ALA-10, ALA-22, ALA-23, GLN-24 and LEU-26 in MelP5. The major 
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difference is at the C-terminus, where the charge decreases from + 4 in melittin to + 1 in MelP5, which may reduce 
electrostatic repulsion between peptides in the membrane-inserted state. Additionally, melittin’s C-terminus 
contains hydrophilic residues (ARG-22, LYS-23, and GLN-26) interspersed within a predominantly hydrophobic 
region, while in MelP5, these residues are replaced with hydrophobic residues (ALA-22, ALA-23, and LEU-
26), giving an entire non-polar face. Near N-terminus, THR-10 in melittin sequence is replaced with ALA-10, 
which gives an enhanced hydrophobicity. These modifications enable MelP5 to form a helix along its entire 
length11,18,19, compared to melittin, which only has ~ 18 residues in an α-helical conformation20. Consequently, 
MelP5 has improved helicity and a more ideally amphipathic structure. Its non-polar region is uninterrupted by 
polar residues, optimizing interactions with the hydrophobic lipid environment. Amphiphilicity, a key driver of 
membrane binding and secondary structure formation18, contributes to MelP5’s enhanced membrane insertion 
ability.

MelP5 is 5 to 20—fold more potent than melittin at small molecule-sized pore formation in lipid vesicles 
across a range of bilayer compositions2. MelP5 is approximately 10–fold more potent for macromolecule (10–40 
kDa dextran) release from phosphatidylcholine vesicles to generate macro-molecule sized equilibrium pores 
at low Peptide/Lipid (P/L) ratio where melittin is not active2,3,13,21. They are otherwise very similar in physical 
chemical properties, displaying cytotoxicity towards a broad range of membranes from both mammalian cells 
and bacteria7.

The exact molecular details of MelP5 membrane disruption remain unclear. Some simulation studies using 
coarse grained models have been reported6,22–25. Here we report the results of all-atom simulations and predict 
the pore ab-inito.

Results
Pore structure: melittin and MelP5
We have performed all-atom MD simulations at 333 K in microsecond time scale to uncover the hidden 
molecular mechanism of pore formation. Previous all-atom MD studies simulated MelP5 pores with peptides 
initially inserted in transmembrane conformation6,20,26. In our study, the peptides (melittin/ MelP5) are initially 
placed in the water phase as coils. They then spontaneously absorb onto the POPC membrane interface and fold 
into helices due to their amphiphilicity. Both melittin and MelP5 can spontaneously insert as U-shape monomer 
into the membrane27, but mainly remain flat or tilted on the surface.

Fig. 1.  Bee venom toxin melittin and its variant MelP5. (a) List of the amino acid sequences. Charged (red), 
polar (blue) residues are shown to highlight amphipathicity. (b) Helical wheel projections of the peptides, 
assuming canonically α-helical conformation. Deviations from these idealized geometries are likely, especially 
due to the conformational effects of the proline (Pro) residue at position 14, and from the potential nonhelical 
structure of residues at the helix ends.
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All peptides initially shallowly embed under the lipid headgroups with the center of mass around 20 Å 
(Figs.  2, 4b). An initial tilt angle of 90° indicates that they are in a surface-aligned state (S-state) parallel to 
membrane surface.

Pro residues provide a kink in the middle of the helices, offering more flexibility. They then quickly insert, 
driven by the rich hydrophobic residues in the sequence of MelP5. The insertion starts as early as 0.4 μs (Fig. 2b), 
gets deeper while the peptides get more tilted and finally MelP5 inserts to the center of hydrophobic core with a 
tilt angle close to 0° and 180° (Figs. 2b, 4c), indicating an almost upright inserted transmembrane conformation 
(I-state).

After the U-shaped monomeric insertion, MelP5 inserts even deeper, and the N-terminus translocates to 
the lower leaflet, accompanied with lipid flip flops (0.6 μs). Then more MelP5 monomers join the insertion 
and translocation, leading to rapid opening of a big toroidal pore, shown at 0.85 μs (Fig. 2). Once inserted, 
MelP5 stretches out from the U-shape to a transmembrane inserted state (TM-state). The U-shape and TM-state 
peptides facilitate the pore formation, inducing water leakage in the hydrophobic membrane.

Driven by hydrophilicity, the MelP5 peptides spontaneously adjust so that all polar and charged residues face 
the water in the membrane and all non-polar residues face the hydrophobic membrane lipids. The MelP5 water 
pore is supported by the peptide chains and lipids, resulting in a well-structured toroidal pore, made up of 11 
peptides, shown at 0.9 μs. The inner pore radius is around 30.5 Å.

Similarly, melittin also generates a well-structured toroidal pore in POPC membrane. At 0.5 μs, similar 
U-shape monomers insert, but more shallow2, not as the deep as the insertion observed for MelP5. As further 
U-shaped insertion occurs, multiple lipid flip flops are induced, and a dispersive membrane disturbance occurs 
at 0.89 μs (Fig. 2a). Then a burst ruptures the membrane at 0.9 μs. Melittin peptides can insert vertically into the 
membrane through the water channel and align into TM-states. Many peptides stay transmembrane inserted, 
while several peptides translocate to the other side of the membrane bilayer. Most of the polar and charged 
residues face the water pore and most of the non-polar residues face the hydrophobic membrane interface, 
shown at 0.95 μs. The inner pore radius is around 23 Å, and the pore is made up of 9 peptides.

Pore dissolution: melittin and MelP5
Once pores form, they are reasonably stable but slowly change their size on the microsecond scale. We performed 
simulations at 333 K. The pore formed by melittin is less stable than the one formed by MelP5. The number of 
peptides that are supporting the pore drops from 10 to 7 within 0.2 μs (Fig. 3a–c). The transmembrane water flux 

Fig. 2.  Pore formation of melittin and MelP5 at 333 K. The pore forming process in POPC is shown in both 
side and top views for (a) melittin (b) MelP5. Peptides are colored from blue (N-ter) to red (C-ter). Charged 
residues (ARG and LYS) are shown in red. Grey and orange spheres are the lipid headgroups, namely P atom of 
POPC and O atom of CHOL, respectively. Water molecules are shown in blue. In the side views, the lipid tails 
are not shown for clarity. In the top views, the lipids are shown in transparent grey.
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of melittin shows strong fluctuation and the pore dissolves within 5.5 μs. As observed before, such small pores 
dissipate quickly9. Melittin peptides detach from each other and diffuse away as monomers.

The MelP5 pore appears much more stable. It gradually becomes smaller with the supporting number of 
peptides unchanged (Fig. 3d–f). During the 6 μs simulation, 14 peptides remain together, with the inner pore 
radius slightly decreased. The pore appears very stable at 333 K. The peptides oligomerize (Fig. SI1), creating 
clusters that span the membrane. These clusters help support the pore architecture by positioning charged LYS 
residues and other polar residues towards the pore channel. It costs significant energy to hold these large pores 
open, so ultimately the pores dissipate. Moreover, the reduced positive charge on the C-terminus of MelP5 lead 
to a decreased electrostatic repulsion between peptide chains, which may help improve stability. Our analysis 
of peptide-peptide interactions, supported by contact maps for MelP5 and melittin (Fig. SI2), reveals that the 
C-terminus of MelP5 forms more contacts compared to melittin. The increased C-terminal interactions in 
MelP5 facilitate the formation of more stable peptide self-assemblies, which, in turn, may improve pore stability. 
While amphipathicity is essential for membrane insertion, these additional interactions play a critical role in 
stabilizing the membrane-spanning pore structure. To accelerate the observation of final state, simulations at 
higher temperature were performed. At 393 K, pore lifetime is shorter, and the pore can dissolve, similar to 
melittin. For both MelP5 and melittin, the final states are a mix of transmembrane and surface aligned peptides. 
For melittin, most peptide chains go back to S-state while 37% of the chains stayed transmembrane (Fig. 3b). For 
MelP5, all peptides remained transmembrane (Fig. 6e).

The symmetry of pore structure appears to be important for pore stability. We have manually constructed 
a less complete ring structure (Fig. SI3) by removing peptide from the pore so that the ring is not perfectly 
symmetric. If the pore is not a complete ring, lipids go into the pore and because of the rich hydrophobic residues 
in MelP5 that favor lipids, finally the pore would dissolve.

Fig. 3.  Pore fluctuation of melittin and MelP5 at 333 K. Pore dissolution process in POPC is shown in top 
views for (a) melittin and (d) MelP5. The representative configuration in the final stage at 5.5 μs is shown 
in side views for (b) melittin and (e) MelP5. The corresponding transmembrane water flux is shown for (c) 
melittin and (f) MelP5. N# stands for the number of peptides in the pore at each time point.
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The role of CHOL in MelP5 poration
In the presence of CHOL, MelP5 has displayed enhanced pore formation in experimental studies2,3,5,7,11–13,20,28–31. 
We have performed simulations with both 12.5% CHOL and 25% CHOL in POPC at 333 K initially. And later 
in order to observe the final state of MelP5, we used a higher temperature at 393 K to speed up the dynamics. 
Similar to the setup for pure POPC membranes, peptides are initially placed in the water phase as coils which 
then spontaneously adsorb onto the membrane interface, fold into helices and then spontaneously insert into 
the membrane as U-shaped monomers (0.2 μs). The insertion of MelP5 occurs more quickly when there is more 
CHOL (Fig. SI4). In both cases, MelP5 forms toroidal pores in a similar mechanism as observed in pure POPC 
(Fig. 4).

Similar to the situation without CHOL, as more MelP5 chains join the water channel, a more symmetric 
toroidal pore formed. Both CHOL and POPC support the pore. MelP5 has all the polar residues facing towards 
the water channel as a complete ‘ring’, making the macromolecular-sized pore relatively stable with a pore 
lifetime of 2.5 μs at 393 K and no observable dissolution at 333 K. In the presence of CHOL, the pore of MelP5 
is supported by as many as 16 peptide chains (Figs. 5, 6).

In the presence of more rigid CHOL, MelP5 forms toroidal pores of larger size, with an inner pore radius 
of 30.5 Å, 33.5 Å and 38.5 Å for 0%, 12.5% and 25% CHOL, respectively (Fig. 5). The MelP5 pore also formed 
more quickly, with 0.9 μs, 0.5 μs and 0.4 μs for 0%, 12.5% and 25% CHOL, respectively (Fig. 5). This matches 
the leakage experiment where MelP5 causes larger macromolecular release in bilayer with CHOL, while having 
slight decrease in small molecular release7.

We again see the stability of MelP5 pores. With CHOL present, the pores formed by MelP5 appear even more 
stable compared with those formed in pure POPC membrane. During pore dissolution, the pore gets smaller 
within 100 ns, as indicated by the initial drop in inner pore radius (Fig. 6c). After that, MelP5 pores reach a 
steady state where no observable decrease is seen in the inner pore radius (Fig. 6c) for as long as 6 μs. The pores 
are supported by 13–16 peptides (Fig. 6a,b).

In order to accelerate observation of pore dissolution, the temperature was increased to 393 K (Fig. 6d–f). 
The pores then quickly close. We obtained pore lifetimes of 1 μs, 1.8 μs and 2 μs for MelP5 in 0%, 12.5% and 
25% CHOL, respectively. Once the dry state is reached, the MelP5 peptides remain monomeric TM aligned in 

Fig. 4.  Pore formation of MelP5 in the presence of CHOL at 333 K. The pore forming process is illustrated 
for a model membrane of POPC with 25% CHOL. (a) Snapshots in both side and top view. (b) Center of mass 
of the peptides along the membrane normal. The hydrophobic core of the membrane is shaded in grey. (c) 
Tilt angle of the peptides. The tilt angle is defined as the angle between peptide helix axis and the membrane 
normal.
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the membrane in all three cases (Figs. SI4, SI5). The more CHOL is present, the more stable the pore is, and the 
longer the pore lifetime.

With increased concentration of CHOL, MelP5 inserts into the bilayer more deeply and more tilted upright, 
as shown in Fig. 7. The tilt angle histogram reveals the shift from a peak in the middle (90°, S-State), to peaks 
near the two sides (0° and 180°, I-state), as the concentration of CHOL is increased. The same trend is visible in 
the free energy map, where the TM states start to dominate with the increasing concentration of CHOL.

Discussion
As shown earlier9, melittin permeabilizes membranes by a transient mechanism involving temporary, unstable 
transmembrane pores. After pore formation, the number of peptides that are supporting the pore drops quickly 
(Fig. 3a–c) and the pore ultimately dissolves. This matches the electrical response of bilayers to melittin which 
indicates transient bilayer permeabilization31. Yet MelP5, a peptide with just 5 mutations from melittin, is able to 
form equilibrium pores supported with lipids and peptide clusters2. Electrochemical Impedance Spectroscopy 
(EIS) combined with leakage assays show that MelP5 forms very high conductance, equilibrium pores that 
release macromolecules, yet the parent peptide melittin forms only transient pores in membranes and only 
releases macromolecules at very high concentration, e.g. P:L ≥ 1:502.

CD spectra show MelP5 to be highly helical in the presence of POPC vesicles, while melittin is only 80% helical 
with an unfolded extension at the C-terminus because of its multiple charged residues30. In the simulations, both 
peptides spontaneous aggregate into oligomers and open toroidal pores with polar and charged residues facing 
the water interface. At moderate high temperature (333K), MelP5 forms equilibrium pores stable up to 6 μs. 
Yet melittin shows only transient leakage. This aligns with the results from single channel recordings in POPC/
CHOL = 3/1 planar lipid bilayers at room temperature4, where melittin induced currents fluctuated seemingly 

Fig. 5.  Pore structure of MelP5. MelP5 forms toroidal pores with different concentration of CHOL. (a–c) 
Radial distribution functions (Rdf) for MelP5 in different CHOL concentrations at pore state at 333 K. (d–f) 
Structure of MelP5 pores shown in side views in different CHOL concentrations. (h–j) Structure of MelP5 
pores shown in top views in different CHOL concentrations.
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randomly and rapidly on a timescale of milliseconds, with no well-defined, persistent conductance levels. 
Yet MelP5 was capable of inducing current changes that occurred in large single steps followed by persistent 
conductance levels on a timescale of seconds to minutes. If we increase the temperature even further to 393K, 
the MelP5 pore can be made to evaporate, but its stability is significantly stronger than that of melittin, which 
immediately dissolves at that temperature9. It is thus reasonable to extrapolate that MelP5 will form equilibrium 
pores at room temperatures because of the slower dynamics.

We speculate that the strong amphipathicity feature of MelP5 enables it to be a stable pore former. MelP5 
has all polar and charged residues on just one side of the helix, while all non-polar ones on the other side. The 
separation of the polar and non-polar region for Melittin is less sharp. During pore formation, MelP5 can have 
all hydrophilic residues facing the water channel, with all others facing the hydrophobic membrane interface. 
Yet melittin can only have polar and charged residues partly facing the water channel. Also, MelP5 has reduced 
charges on the C-terminus compared with melittin. The lower charges on the C-terminus of MelP5 lead to a 
weaker electrostatic repulsion between peptide chains and an improved hydrophobic interaction between the 
peptides and lipids.

MelP5 as an equilibrium pore former enables the measurement of pore size with neutron scattering and 
atomic force microscopy (AFM)10,11. The inner pore radius of MelP5 in our POPC bilayer is around 30.5 Å, 
which falls in the range of MelP5 pore sizes measured in multiple experiments: single channel recordings 
estimated pore radius ranging from 2.5–24 Å4, and AFM measured the most probable radius of the MelP5-
induced voids was 17–24 Å, yet there is also larger radius of 38 Å that contributes to a significant population 
(23% of total)10,29. These pores are large enough to account for the ability of MelP5 to release macromolecules 
from lipid vesicles10,29. In contrast, the inner pore radius of melittin in our POPC bilayer is around 23 Å, which 
falls in the range of pore size measured at a high P/L ratio in multiple experiments: vesicle leakage experiments 
showed various pore sizes: 10–60 Å pores with 6–20 peptides32, 13–24 Å with 10 ‐ 11 peptides33, 25–30 Å 
with 10–15 peptides34. Neutron scattering studies estimated 44 Å pores35 and transmission electron microscopy 

Fig. 6.  Pore fluctuation of MelP5. Snapshots of the pore dissolution process are shown in top views, in a POPC 
membrane with 25% CHOL at both (a) 333 K and (d) 393 K respectively. The representative configuration 
in the final stage at 6 μs is shown for MelP5 with 25% CHOL at (b) 333 K and (e) 393 K. The inner pore 
radius dpore at different CHOL concentrations is shown for MelP5 at (c) 333 K and (f) 393 K throughout the 
simulations. The shaded area stands for the pore formation part. Red, green and blue lines and shaded areas 
stand for 0%, 12.5% and 25% CHOL, respectively. N# stands for the number of peptides in the pore at each 
time point.

 

Scientific Reports |         (2025) 15:7442 7| https://doi.org/10.1038/s41598-025-91951-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


estimated 35–45 Å pores with 4–8 peptides36, and AFM on bilayers supported on gold electrodes estimated 
43 ± 15 Å pores37, and AFM on supported lipid monolayers showed a larger value of 87 Å38. From our all-atom 
MD simulations, the melittin pore is supported by fewer (9–10) peptides than MelP5 (Fig. 3a), which matches 
experiments. The MelP5 pore is typically supported by 11 MelP5 chains (Fig. 2). This matches with lipid bilayer 
recording experiments where MelP5 poration in planar membrane bilayers was shown to usually contain 10–12 
monomers and melittin poration was shown to contain only 3—9 monomers4. MelP5 forms larger pores5,13 and 
can insert into lipid bilayers at lower concentrations6 than melittin in planar lipid bilayers.

In the presence of CHOL, the pore of MelP5 is supported by as many as 16 peptide chains (Fig. 4a). The 
inner pore radius is 33.5 Å and 38.5 Å for 12.5% and 25% CHOL, respectively (Fig. 5). The pore size measure in 
our simulation matches the leakage experiment showing that MelP5 allows for the passage of macromolecules 
ranging from 10 to 40 kDa2,3 with the corresponding nanoparticle size of 16—30 Å39. Our findings also suggest 
that CHOL plays a critical role in stabilizing and enlarging pores formed by MelP5. With the increased amount 
of CHOL, MelP5 insert into the bilayer more deeply and more tilted to an upright state. As the concentration 
of CHOL increases, the pores are generated more quickly and have bigger size and better stability. The pore is 
quite stable at 333 K with no observable dissolution. PC/CHOL bilayers roughly mimic the external surface of 

Fig. 7.  Tilt angle of MelP5. The free energy heatmap and the corresponding tilt angle histogram of MelP5 
are shown in the presence of (a,b) 0%, (c,d) 12.5% and (e,f) 25% of CHOL. A tilt angle of 90° indicates that 
peptides are in S-state parallel to the membrane surface. 0° and 180° indicate that peptides are in upright I-state 
perpendicular to the membrane surface. For the free energy heatmap on the left, the x and y axis stand for the 
tilt angle and the membrane insertion, respectively. For the tilt angle histogram on the right, the x and y axis 
stand for the tilt angle and the distribution density, respectively.
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mammalian cells, thereby increasing the relevance of our results to potential biotech applications2. A similar 
function of CHOL has been earlier reported on cytolysins, where CHOL is found to enhance the pore forming 
ability of cytolysins14,17,40. This study highlights CHOL’s effect in membrane poration processes, which will be 
critical to understand selective poration between target membranes that contain it and those that do not.

Analysis of peptide-lipid contact durations showed that MelP5 residues interact more consistently with 
lipids in the presence of 25% CHOL (Fig. SI6). This increased interaction may lead to a more compact toroidal 
pore structure, contributing to its stability. Although our findings demonstrate enhanced MelP5 activity in the 
presence of CHOL, the molecular mechanism underlying this effect remains unclear. Unlike many antimicrobial 
peptides (AMPs), whose activity is typically inhibited by CHOL41–45, MelP5 shows increased pore formation. A 
relevant study46, reported on melittin in POPC and DOPC membranes with or without CHOL supplementation, 
found that CHOL reduced the association of melittin peptides with lipids. In the presence of CHOL, the actual 
P/L ratio in the membrane was lower than the one without CHOL, if the same number of peptides were added 
initially. If provided with equal P/L ratio, CHOL-supplemented systems exhibit equal or higher leakage rates. The 
authors proposed that melittin’s poration manner shifts from well-defined small pores to complete membrane 
disruption and open-bilayer structures in the presence of CHOL. Similar mechanisms may apply to MelP5, but 
larger and longer simulations are needed to confirm this hypothesis. Understanding the interaction between 
MelP5 and CHOL-containing membranes could provide valuable insights into designing AMPs with selective 
activity against cholesterol-rich membranes.

After the pores dissolve, the transmembrane state is observed for both peptides (Figs. 3b, 6e), yet strongly 
favored by MelP5. This matches with the OCD experiments in hydrated POPC multi layers where melittin is 
found to be mainly parallel to the bilayer surface (not inserted) at equilibrium, while MelP5 is found to be almost 
completely inserted in a transmembrane orientation in the membrane at equilibrium12,13,47.

Conclusion
Our results reveal the subtle difference between melittin and MelP5 pore formation and structure. Unlike melittin, 
that permeabilizes membranes via large transient pores, MelP5, a synthetic molecular mutant of melittin, forms 
much more stable pores. With the improved amphipathicity, polar and charged residues face the water channel, 
stabilizing the pore together with lipids. Our simulations reveal that CHOL significantly enhances MelP5’s pore-
forming ability by stabilizing the pores, increasing their size, and accelerating their formation. Higher CHOL 
concentrations lead to deeper peptide insertion and increased oligomerization rates, resulting in more stable and 
larger pores. CHOL’s facilitation of MelP5 pore formation is akin to its effect on cytolysins, which also exhibit 
enhanced activity in the presence of CHOL. CHOL’s function in promoting and stabilizing MelP5-induced pores 
offers new insights into the design of antimicrobial peptides and the broader understanding of lipid-peptide 
interactions.

Methods
Molecular dynamics simulations
All-atom MD simulations were performed and analysed using GROMACS 2020.4 (www.gromacs.org)48, Hippo 
(http://www.biowerkzeug.com)49, and VMD (http://www.ks.uiuc.edu/Research/vmd/)50. MD simulations were 
using the CHARMM36 force field51, in conjunction with the TIP3P water model52. Electrostatic interactions 
were computed using PME, and a cut-off of 10 Å was used for van der Waals interactions. Bonds involving 
hydrogen atoms were constrained using LINCS53. The integration time-step was 2 fs and neighbour lists were 
updated every 5 steps. All simulations were performed in the NPT ensemble, without any restraints or biasing 
potentials. Water, ions, lipids and the protein were each coupled separately to a heat bath with T = 333 K—393 K 
and a time constant τT = 0.5 ps using velocity rescale temperature coupling. The atmospheric pressure of 1 bar 
was maintained using weak semi-isotropic pressure coupling with compressibility κz = κxy = 4.6 · 10−5 bar−1 and 
time constant τP = 1 ps.

System configuration and setup
The structure of melittin was obtained from the Protein Data Bank (PDB: 2MLT)54, and MelP5 was built as an 
ideal α-helix. Initial systems were built as peptide/membrane/water boxes, with a salt concentration of 100mM 
NaCl using CHARMM-GUI (http://www.charmm-gui.org/)55. Peptides were initially placed in the water and 
later they spontaneously absorbed onto the surface of the bilayer (S-state). Peptides were asymmetrically loaded 
on one side of the membrane bilayer. Bilayers were designed to be symmetric, with equal number of lipids in 
each leaflet. Individual simulations were run for 3–6 µs.

Oligomer population and permutational clustering
In order to reveal the most populated pore assemblies during the simulations, a complete list of all oligomers 
was constructed for each trajectory frame. An oligomer of order n was considered any set of n peptides that 
are in mutual contact, defined as a heavy-atom (N, C, O) minimum distance of < 3.5 Å. This works well for 
barrel-stave pores where peptides touch. For toroidal pores, where peptides are separated by lipids, a cutoff of 
5–6 Å was used. The oligomeric state is often overestimated due to numerous transient surface-bound (S-state) 
peptides that are only loosely attached to the transmembrane inserted peptides that make up the core of the 
oligomer. These S-state peptides frequently change position or drift on and off the stable part of the pore. To 
focus the analysis on true longer-lived TM pores, a cut-off criterion of 80° was introduced for the tilt angle τ of 
the peptides. Any peptide with τ ≥ 80° was considered in the S-state and removed from the oligomeric analysis. 
This strategy greatly reduced the noise in the oligomeric clustering algorithm by focusing on the true longer-
lived pore structures. Population plots of the occupation percentage of oligomer n multiplied by its number of 
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peptides n were then constructed. These reveal how much peptide mass was concentrated in which oligomeric 
state at any point in the simulation. Oligomers of the same order n were subjected to conformationally clustering 
with a backbone RMSD similarity cutoff criterion of 4 Å. As structurally similar oligomers can be made up of 
different peptides, all n! permutations of peptide arrangements, generated by Heap’s algorithm, were considered 
in the clustering.

Pore radii
In order to asses pore size by a single representative number, the pore ‘radius’ dpore was defined by counting all 
water molecules inside the pore and calculating the radius of a cylinder containing an equal amount of water 
molecules. As such, this radius is the circular mean of the various pore geometries.

Transmembrane flux
Water and ion flux through membrane pores were calculated by determining the total instantaneous flux 
through the whole bilayer patch. Two planes orthogonal to the membrane normal were considered at z = − 10 Å 
and z =  + 10 Å, with all transition events that cross the planes counted. The flux was then obtained by dividing 
the transition counts by the area of the membrane patch and the elapsed time for each trajectory frame. The 
final flux is the average of the individual up and down fluxes recorded. Curves were subsequently smoothed by 
averaging over 1000 frames.

Peptide-lipid interaction
The peptide-lipid interactions were analyzed with PyLipID56. Peptide and lipid are defined as in-contact when 
the minimum distance is within 3.5 Å.

Data availability
Due to the large size (> 1TB), the MD simulations datasets (e.g. pdb and xtc files) are not publicly available but 
are available from the authors upon request.
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