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terization and thermodynamic
behavior of melittin-derived peptide interactions
with gram-positive bacterial cell membranes using
molecular dynamics simulation

Yosra Delshad,a Khaled Azizi, *ab Federico Fogolari c and Mokhtar Ganjali Kolid

This study examined the interaction of different concentrations of a melittin-derived antibacterial peptide

with Gram-positive bacterial membranes using molecular dynamics simulations. To achieve a more

biologically representative model, the bacterial membrane composition was constructed using nine

distinct phospholipid types. The results indicate that in the single-peptide system, the peptide integrates

into the membrane and predominantly adopts an a-helical structure. However, in the tetrameric peptide

system, due to peptide self-assembly, the peptide effect is exerted through a significant enhancement of

electrostatic interactions between the peptides and the membrane surface. This interaction induces

structural disorder and surface depressions within the membrane while reducing the migration tendency

of sodium ions and water molecules toward the phosphate region. Additionally, the a-helical structure is

preserved approximately 4% more in the tetrameric system compared to the single-peptide system.

Furthermore, it was determined that arginine residues, together with phosphatidylglycerol-type

phospholipids, play the most significant roles in facilitating electrostatic interactions and establishing

hydrogen bonds between the peptides and phospholipids. The peptide noticeably reshapes membrane

dynamics by reducing lipid mobility in a dose-dependent manner. This effect arises mainly from

electrostatic interactions and localized peptide–lipid clustering, which trigger distinct responses across

the nine phospholipid species and collectively contribute to greater membrane ordering. As peptide

concentration increases, the bilayer becomes more rigid, consistent with enhanced clustering at the

membrane surface. Relative shape anisotropy analysis further showed that the single peptide

predominantly adopts compact, spherical conformations, whereas tetrameric peptides shift toward more

extended, linear, and cylindrical shapes.
1. Introduction

Gram-positive bacteria with relatively thick cell walls cause
many infectious diseases.1 Among these bacteria, Staphylo-
coccus aureus can be mentioned, as it is found in the nasal cavity
of warm-blooded animals and can cause severe infections in
human tissues, such as blood infections.2 The drug resistance
of these pathogens, on one hand, and the increase in human–
animal interaction, on the other hand, have led to extensive
research devoted to their study in recent years.1,3

Studies have shown that the composition of the lipid
membrane is a key factor in the level of drug resistance and
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permeability of bacteria.4 The cell wall of Gram-positive bacteria
is composed of peptidoglycan and lipoteichoic acid, which
maintain the integrity of the cell and give the outer surface of
the membrane a negative charge.5,6 Due to this characteristic,
drugs with a positive charge are considered suitable for
combating these bacteria.

It has come to light that all living organisms, including
plants, possess small, positively charged peptides that have
antimicrobial properties.7,8 These antimicrobial peptides
(AMPs) have the ability to combat bacteria, including Gram-
positive bacteria, and prevent bacterial drug resistance.6

Research has shown that Pexiganan, MU1140, NISIN, KLR,
Bofurin, KR12, and Colicin E1,5,8–10 among others, can penetrate
the bacterial membrane through anionic adsorption, creating
pores and ion channels that disrupt the membrane's integrity,
ultimately halting bacterial growth and leading to cell lysis.11

Although electrostatic forces and polarity are the main
factors in peptide–membrane interactions for these drugs, it
has been found that increasing the electrical charge or polarity
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of most peptides does not necessarily increase their ability to
disrupt membranes.9,12 Their action also depends on other
factors such as the degree of hydrophobicity, secondary struc-
ture, and amino acid chain length of the peptide.8 This
complexity in the mechanism of action has made experimental
studies on AMPs ambiguous and inconclusive, with limited
information obtained on their effective intermolecular
interactions.

As a result, to address the constraints of experimental
methods, scientists have progressively shied to molecular
dynamics (MD) simulations to gain deeper insights into the
mechanisms and mode of action of AMPs on bacterial
membranes.6,7,13 These computational analyses have uncovered
important insights that enhance and conrm experimental
results.

Maleš et al. explored how the antimicrobial peptide Ade-
pantine 1 interacts with bacterial membranes composed of
POPG and POPE using MD simulations. Their results high-
lighted the key role of peptide self-assembly in conferring
antibacterial activity. Notably, computational data agreed well
with experimental observations, showing that Adepantine 1 has
very high selectivity against Escherichia coli and causes signi-
cantly less hemolysis than many other antimicrobial peptides.6

In another MD study, Mirnejad et al.7 investigated the peptide
CM11 as known for its potent activity against multidrug-
resistant pathogens such as Staphylococcus aureus and Escher-
ichia coli. Simulations showed that electrostatic interactions are
the main driving force in the initial stage of CM11 adsorption to
the bacterial membrane surface, while van der Waals and
electrostatic forces both contribute to the stability of secondary
interactions and also to facilitating the entry of the peptide into
the lipid bilayer. Furthermore, Lee et al. found that the amino
acid arginine plays a vital role in b-Defensin-3's antibacterial
effectiveness,14 while Herrera-León et al. showed that, aer
crossing the membrane, the alpha-helical peptide HB43 forms
a salt bridge between its lysine residue and the phosphate group
of the lipids.13

Jahangiri et al.15 demonstrated that in GF-17, the amino
acids valine, phenylalanine, and isoleucine regulate peptide
assembly on the membrane surface, while arginine and lysine
residues drive the peptide-bacterial membrane interaction.
Importantly, the aforementioned computational ndings have
been conrmed by experimental studies; these studies show
that the GF-17 peptide has the ability to inhibit bacterial
adhesion, prevent biolm formation, and exhibit bactericidal
activity in both Gram-negative bacteria such as Escherichia coli
K-12 and Gram-positive bacteria including methicillin-resistant
Staphylococcus aureus (MRSA) strains.16,17 Additionally, Khavani
et al.18 showed that alpha-helical peptides such as magainin-2,
due to their greater hydrophobicity, penetrate the membrane
more efficiently than beta-sheet structures such as protegrin-1
and form more stable bonds with lipid bilayers. These studies
collectively demonstrate that MD simulations not only elucidate
molecular mechanisms at the atomic level but also guide
experimental design and validate therapeutic efficacy.

Building on these insights from MD studies, melittin, which
is extracted from honey bee venom,19 has been the subject of
© 2026 The Author(s). Published by the Royal Society of Chemistry
extensive research through both experimental19,20 and compu-
tational21,22 approaches. Although this peptide demonstrates
notable antibacterial22 and anticancer23 activities, it also has
some cytotoxic effects that could affect its therapeutic applica-
tions.24 Therefore, Akbari et al. developed two melittin-derived
peptides (MDP1 and MDP2).24,25 These peptides demonstrated
increased antibacterial features and reduced toxicity towards
normal cells. Given that the hemolytic activity of MDP1 is
approximately 100-fold lower than that of melittin, MDP1 has
been selected for further investigations.

Despite favorable experimental ndings in MDP1 studies,
the absence of molecular-level insights regarding the dynamics
and thermodynamics of the peptide–membrane system has le
these studies partially inconclusive. MD simulations provide
enhanced clarity in observing biomolecular processes such as
reciprocal changes between the drug and the membrane as
a potent and reliable technique.26,27 By analyzing the thermo-
dynamic and structural properties of the membrane–peptide
system, MD simulations can reveal conformation changes,
binding interactions, folding/unfolding dynamics, orientation
of all atoms, and eventually MDP1's mode of action and the
mechanism by which it disrupts membrane integrity.28 This
understanding is essential for the rational design of effective
therapeutic agents and serves as a powerful tool to predict the
behavior of novel peptides within biological membranes,
thereby accelerating the drug discovery pipeline and improving
translational outcomes.29

2. Computational methods
2.1 Peptide structure and membrane composition

The MDP1 peptide consists of 23 amino acids, featuring
a hydrophobic N-terminus and a hydrophilic C-terminus. To
develop MDP1 with ve positive charges, melittin was modied
by removing two hydrophobic amino acids, W_19 and I_20, as
well as an amino acid, S_18, which was incapable of penetrating
the membrane. These modications yielded the peptide
sequence GIGAVLKVLTTGLPALIKRKRQQ.

Experimental characterizations of MDP1 have already
conrmed its a-helical secondary structure (via CD spectros-
copy) and its membrane-disruptive and antibacterial activity
(through uorescence leakage and electron microscopy).25,30

According to Dashtbin et al. studies, truncating the hydro-
phobic region decreases peptide toxicity while signicantly
enhancing antibacterial efficacy as demonstrated in laboratory
assays.31,32 However, the molecular mechanisms underlying its
interaction with bacterial membranes remain unclear due to
the lack of atomistic studies. In order to examine the effect of
drug concentration and to obtain a clearer understanding of the
mechanism underlying the interaction between MDP1 and the
membrane, we investigated both single and tetrameric peptide
systems to explore the potential role of peptide–peptide inter-
actions in modulating membrane disruption behavior. This
atomic-level perspective provides fundamental insights into the
molecular basis of the peptide's antibacterial activity.

In this study, MD simulations were carried out to investigate
the mechanism of drug interactions with lipid bilayer
RSC Adv., 2026, 16, 11562–11579 | 11563
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membranes. It was assumed that the primary amino acid
arrangement in the melittin-derived MDP1 was preserved as it
self-assembles in aqueous solution into a tetramer, resembling
a hashtag (PDB ID in RCSB: 2MLT).33 A 4-membered structure of
MDP1 was designed through homology modeling34,35 by modi-
cation of the melittin PDB le obtained from X-ray diffraction
observations33 and the interaction of the MDP1 peptide with the
Gram-positive bacterial membrane has been studied from
a molecular perspective. In the current research, the simulated
bacterial membrane was designed to be similar to actual
membrane by incorporating more phospholipid variety
comprising nine distinct phospholipids. Besides, in order to
evaluate the effect of concentration on medication perfor-
mance, MD calculations were repeated to investigate the inter-
action between a MDP1 tetramer (4MDP1) and the Gram-
positive bacterial membrane.

2.2 Simulation details

In this study, nine molecular systems were constructed to
evaluate the interaction of MDP1 with a bacterial membrane. A
membrane-only model containing the phospholipid bilayer,
water, and ions served as the reference, as shown in Table 1 and
Fig. S1.36 To examine peptide interactions, three independent
replicas were generated for a system containing a single MDP1
molecule (1MDP1), each initiated from a distinct peptide
orientation. Similarly, three replicas were prepared for a tetra-
meric MDP1 arrangement (4MDP1) by varying the initial
peptide congurations, as illustrated in Fig. 1, S2 and S3. In
addition, two peptide-only simulations (one with a single
peptide and the other with the tetramer) were performed in bulk
water to characterize intrinsic peptide dynamics and to assess
the stability of the hashtag-like conguration of the 4MDP1
system in the absence of the membrane. As shown in Movie S1,
Table S1 and Fig. S4, the hashtag-like conguration remained
remarkably stable throughout the 200 ns production
simulation.

The initial position of the monomeric peptide in replica 1
was aligned parallel to the membrane and placed at a distance
slightly greater than 1.2 nm (a bit more than the cutoff radius)
from the membrane surface to prevent any articial interac-
tions. The same approach was applied in replicas 2 and 3 of the
monomeric system, with the difference that in replica 2, the N-
Table 1 Phospholipid composition in cell membranes of Gram-
positive bacteria

Phospholipid
name

Number of
atoms Charge

Phospholipids in
each leaet

AIPE 115 0 11
AIPG 117 −1 27
DPPE 121 0 3
DPPG 123 −1 7
MAIPE 112 0 9
MAIPG 114 −1 22
PAIPE 118 0 4
PAIPG 120 −1 9
PAICL 226 −2 8

11564 | RSC Adv., 2026, 16, 11562–11579
terminal end of the peptide was tilted upward by 45°, while in
replica 3, the C-terminal end was tilted upward at the same
angle, as shown in Fig. S2. In the tetrameric systems, the initial
structure of replica 1 was arranged in a pattern resembling the
hashtag-like, inspired by the tetrameric conguration of the
melittin (as the parent peptide).33 Replica 2 was generated by
applying a 45° rotation around y axis and replica 3 by a 90°
rotation around the x axis. The initial simulation box dimen-
sions were 8.16 × 8.16 × 10.2 nm3 for the monomeric systems,
containing approximately 13 000 water molecules. For the
tetrameric systems, the box size was 9 × 9 × 11.5 nm3,
including about 20 000 water molecules.

The TIP3P water model was used to solvate the systems,37

and sufficient amounts of sodium and chloride ions were added
to each system to achieve a salt concentration of 0.15 M, which
corresponds to physiologically relevant ionic conditions
resembling those under which cells naturally operate.38 Peptide/
membrane systems for various simulations were constructed
using CHARMM-GUI.39–46 The CHARMM36 forceeld was used
for the MDP1 and the lipid components of membrane.47,48 All
simulations were performed using the GROMACS 2022
package.49–51 The Nose–Hoover thermostat52 was used to keep
the temperature steady at 310.15 K, with a coupling time of 0.5
ps. The Parrinello–Rahman barostat53 was employed to main-
tain a constant pressure of 1 bar, with a coupling time constant
of 2 ps. Semi-isotropic pressure coupling was applied with two
degrees of freedom, one in the x and y direction and another in
the z direction and periodic boundary conditions were applied
along all axes of the simulation box. The LINCS algorithm was
used to constrain all atom bond lengths.54 The leap-frog algo-
rithm was used to integrate Newton's equations of motion with
a time step of 2 fs.55 Electrostatic and vdW interactions were cut-
off at 1.2 nm, and the Particle Mesh Ewald method was used for
long-range electrostatic interactions.56 Unfavorable atomic
contacts were removed by steepest descent energy minimiza-
tion. In the beginning, the system was brought to equilibrium
in two NVT and four NPT ensembles (as detailed in SI, page 9).
Aer these equilibration procedures, each system was simu-
lated in the NPT ensemble for 1200 ns. Statistical uncertainties
were estimated by block averaging using the GROMACS
command gmx analyze on the equilibrated trajectory segments
(600–1200 ns), with each replica analyzed independently.
3. Result and discussion
3.1 Thermodynamics

3.1.1 Interaction energies. As mentioned above, interac-
tions with peptides can affect the membrane environment and
play a fundamental role in the thermodynamics of the system by
changing its performance, uidity, and stability.57 Therefore,
analyzing the results obtained for the interaction energy can
provide valuable information about the mechanism of drug–
membrane interaction. It should be noted that, so far, no reli-
able data have been reported to investigate the effect of using 9
phospholipids in MD calculations to compare current study's
ndings with them.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra06511a


Fig. 1 Initial and final configurations of the peptides towards the bacterial membrane for (a) 1MDP1 system, and (b) 4MDP1 system in replica 1.
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The results of the calculations for the 1MDP1 system show
an electrostatic interaction energy of −996.09 ± 17.25 kJ mol−1

(62.2%) and for the vdW −604.81 ± 3.69 kJ mol−1 (37.8%). In
the 4MDP1 system, the electrostatic interaction energy is
−3183.67 ± 69.08 kJ mol−1 (85.6%), and for the vdW is −535.76
± 13.30 kJ mol−1 (14.4%). When the number of MDP1 peptides
was quadrupled, a 3.19-fold increase in electrostatic interaction
energy was noted, which is close to the expected 4-fold increase
based on the number of peptides alone. In contrast, the vdW
interaction energy actually decreased to 0.89-fold (an 11.4%
reduction) instead of showing the expected 4-fold increase. This
unexpected decrease in vdW energy suggests that the peptide–
membrane interaction is altered when multiple peptides are
present, potentially due to reduced available peptide surface
area for vdW interactions with the membrane caused by
peptide–peptide interactions or self-aggregation. However,
other factors such as altered binding geometry, peptide re-
orientation, or changes in lipid contact composition may also
contribute to this observation. Themost notable change was the
relative contribution from electrostatic interactions, which
increased from 62.2% to 85.6%, while the vdW contribution
decreased from 37.8% to 14.4%. This shi in contribution
© 2026 The Author(s). Published by the Royal Society of Chemistry
balance indicates that the presence of multiple peptides alters
the peptide–membrane interaction mechanisms by decreasing
the contribution of vdW forces while maintaining strong elec-
trostatic interactions. The rst practical implication is that
variables enhancing electrostatic interactions may improve the
effectiveness of MDP1. This nding is consistent with previous
studies that have underscored the importance of electrostatic
interactions that aid in the functioning of antimicrobial
peptides. Additionally, the concentration-dependent changes in
peptide organization result in a relative decrease in vdW
contributions towards membrane interaction.

Fig. 2 illustrates the contribution of amino acids to electro-
static and vdW interactions with the membrane. Furthermore,
same plots are depicted for replicas in Fig. S5 and S6. Positively
charged amino acids from MDP1 are shown to be attracted to
the negatively charged membrane by strong electrostatic forces.
Table S2 displays the net and normalized energy contribution of
each of the nine phospholipids to the total electrostatic and
vdW interaction energy as a percentage for the two systems,
1MDP1 and 4MDP1. For 1MDP1, MAIPG and PAICL phospho-
lipids exhibit the highest net contribution to the electrostatic
interaction energy at 47.8% and 25.1%, respectively. In vdW
RSC Adv., 2026, 16, 11562–11579 | 11565
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Fig. 2 Interaction energies between peptides and different phospholipids for (a) 1MDP1 system, and (b) 4MDP1 system. All results were obtained
from the 600–1200 ns interval.
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interactions, the phospholipids MAIPG and AIPG are once again
the most signicant contributors to the energy of membrane–
drug interaction, accounting for 44.4% and 18.2%, respectively.
Additionally, the PAICL phospholipid makes a net contribution
of 13.3%.

In terms of molecular structure, MAIPG, which has two
hydroxyl groups in its head group and has the shortest carbon
chain among charged phospholipids, plays the most signicant
role in both electrostatic and vdW interactions. Following
MAIPG, PAICL with two negative charges contributes most to
the membrane–drug interaction. In this regard, the large elec-
tric charge and hydrogen bonding agents present in the phos-
pholipid head group may enhance the total energy of drug–
membrane interaction. Surprisingly, the arrangement and
number of carbon atoms in the hydrocarbon chain of the
phospholipid also signicantly affects the electrostatic drug–
membrane interactions. For instance, the ability of PAIPG, with
only 2 more carbon atoms in its carbon tail, to form electrostatic
bonds with drugs is less than one-tenth that of MAIPG. This
result could be particularly correlated to previous ndings
indicates that secondary bonds from vdW interactions are also
involved in membrane peptide interactions.7

The data in Table S2 also shows that for 4MDP1, MAIPG,
AIPG, PAIPG, and PAICL phospholipids have the highest net
contribution to the electrostatic interaction energy, with 33.5%,
21.8%, 14.5%, and 10.3%, respectively. In terms of the vdW
11566 | RSC Adv., 2026, 16, 11562–11579
interaction energy, MAIPG and AIPG phospholipids have the
highest net contribution, with 32.4% and 15.8%, respectively.
Consequently, it is clear that MAIPG phospholipid has a major
inuence on both electrostatic and vdW energies for 4MDP1,
similarly to how it does for 1MDP1.

It's critical to determine whether the number of phospho-
lipids in the membrane or their particular molecular structure
is primarily responsible for their contribution to electrostatic
and vdW interactions with the drugs. Accordingly, the normal-
ized contribution of vdW and electrostatic interaction energy
for each phospholipid is also shown in Table S2. This was
calculated by dividing the net energy contribution by the
number of that phospholipid present in the membrane. These
results indicate that, for the 1MDP1 system, phospholipids with
larger normalized values of electrostatic and vdW interaction
energies also have a larger net contribution to the total elec-
trostatic and vdW interaction energies, with minor deviations
being ignored. Hence, it can be inferred that the primary
contribution of MAIPG and PAICL phospholipids to electro-
static interactions arises not only from their abundance in the
membrane but also from their distinct molecular structure. The
atmosphere for the 4MDP1 system, however, differ from those
for the 1MDP1 system. With the exception of MAIPG, the
phospholipids exhibiting the highest normalized values of
electrostatic and vdW interaction energies differ from those
with the largest net contributions to the overall electrostatic and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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vdW interaction energies. This discrepancy implies that the
drug–membrane interaction mechanism within the 1MDP1
system may deviate from that observed in the 4MDP1 system.

In the drug design process, it is crucial to quantify the
contribution of each selected amino acid to the drug's overall
effectiveness. This can be achieved by analyzing the electrostatic
and vdW interaction energies. Accordingly, to identify the
amino acids in this study that signicantly contribute to the
formation of electrostatic or vdW interactions, as well as the
specic phospholipids with which they interact most strongly,
for all the amino acids of the peptide interactions relevant to
drug–membrane interactions were calculated and assessed for
both the 1MDP1 and 4MDP1 systems (see Table S5 for results).
Based on the data presented in this table for the 1MDP1 system,
approximately 54% of the drug–membrane electrostatic inter-
action energy is attributed to just three interactions: R-MAIPG,
K-PAICL, and K-MAIPG. Conversely, these interactions collec-
tively contribute only 24.8% of the electrostatic interaction
energy in the 4MDP1 system. Furthermore, the vdW interaction
energy of the strongest drug–membrane interaction in the
1MDP1 system (L-MAIPG) is comparable to that in the 4MDP1
system (R-MAIPG).

These observations indicate that the drug MDP1 employs
distinct interaction mechanisms with the membrane in the
1MDP1 and 4MDP1 systems. Table S3 presents the electrostatic
and vdW interaction energy values for each residue of peptide in
the 1MDP1 and 4MDP1 systems. The data reveal that the
primary contributors to interaction energy in both systems are
either charged residues K-18 to R-21. Interestingly, in the
4MDP1 system, 39.4% of the total electrostatic interaction
energy and 22.1% of the total vdW interaction energy were
provided by the amino acid arginine. Consistent with previous
research,14 arginine residues generally offer greater electrostatic
stabilization than lysine, likely due to the distributed charge of
the guanidinium group reducing desolvation penalties.

We end this section by pointing out that residues utilize
more vdW interactions to promote the self-aggregation
phenomena in the 4MDP1 system. Moreover, the peptide
assumes a conguration that facilitates effective electrostatic
interactions between residues and phospholipids, thereby
enabling all positively charged amino acids to participate in
membrane engagement. This observation warrants further
investigation as a potential explanation for the enhanced
pharmacological properties of 4MDP1 relative to 1MDP1.

3.1.2 Hydrogen bonds. Assessing the function of hydrogen
bonds is crucial for understanding the way peptides interact
with phospholipid membranes. This is due to the high proba-
bility of hydrogen bond formation in these structures, and
hydrogen bonds play a pivotal role in the thermodynamic
stability, self-assembly, and formation of secondary structures
in peptides and proteins.58 As mentioned in previous studies,
the main factor in hydrogen bond formation between the
peptide and the membrane is the interaction of the hydrogen of
the amino group of a residue with the oxygens of the phosphate
group of phospholipids.13 Table 2 displays the number of
hydrogen bonds formed between the residues of the MDP1
peptide and each of themembrane phospholipids separately for
11568 | RSC Adv., 2026, 16, 11562–11579
the two systems, 1MDP1 and 4MDP1. The results in this table
indicate that the amino acid arginine, which contains two
amino groups in close proximity, plays a signicant role in
hydrogen bonding interactions by forming bidentate bonds
with the phospholipid head groups.27 It is important to high-
light that the signicance of arginine residues in the antibac-
terial activity of therapeutic peptides has been previously noted.
Computational studies of hBD3 have shown that key arginine
residues (R_17, R_36, and R_38) contribute to antimicrobial
activity through both polar and nonpolar interactions with
bacterial membranes, suggesting that their function extends
beyond simple electrostatic attraction to include stabilization of
the peptide–membrane interface through dual-mode binding.14

In the 1MDP1 system, the phospholipids MAIPG, PAICL, and
AIPG formed most of the hydrogen bonds with the peptide. In
the 4MDP1 system, in addition to these three phospholipids,
the phospholipid PAIPG formed a substantial number of
hydrogen bonds with the peptide, increasing its total hydrogen
bond count from approximately zero in the 1MDP1 system to
around ve in the 4MDP1 system. Furthermore, MAIPG
exhibited the highest number of hydrogen bonds in both
systems. In the 4MDP1 system, the interaction between MAIPG
and R-21 represented the highest number of hydrogen bonds,
approximately one and a half times the number observed in the
1MDP1 system. The data in Table 2 shows that the total number
of hydrogen bonds for the 4MDP1 system is approximately three
times that of the 1MDP1 system. In both systems, the neutral
phospholipids did not participate in hydrogen bonding inter-
actions. However, as noted in Section 3.1, the contribution of
vdW interactions (including those in hydrogen bonds) to the
total drug–membrane binding energy for 4MDP1 system is
reduced by 11.4% compared to that of 1MDP1 system. An
explanation may be that hydrogen bonds are accounted for in
the CHARMM force eld by a combination of favorable elec-
trostatic interactions and unfavorable vdW interactions. The
stronger the hydrogen bond the less favorable is the vdW
interaction.59,60

3.1.3 Electrostatic potential. A system's behavior can be
affected by electrostatic potential, particularly when ions and
peptides enter the membrane through ion channels and
holes.61,62 The electrostatic potential of the system at various
distances from the center of the membrane is determined by
the Poisson equation:63

jðzÞ ¼ �1
30

ðz
z0

dz
0
ðz0
z0

r
�
z
00�
dz

00
(1)

where 30 is the vacuum permittivity, r(z) represents the charge
density in the z direction, z0 is the reference position where the
electrostatic potential is set to zero, which in our calculations
this point corresponds to the center of the water region. The
electrostatic potential diagram for the entire system and that
due to sodium ions are shown in Fig. 3. According to Fig. 3a, the
highest electrostatic potential values for the pure membrane
systems, 1MDP1, and 4MDP1 appear at 0.681, 0.676, and
0.634 V, respectively. The decrease in the peak height of the
4MDP1 system compared to the peaks of the pure membrane
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrostatic potential profiles along the bilayer normal for (a) system, (b) and Na+ ions at different concentration of MDP1. All results were
obtained from the 600–1200 ns interval.
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and 1MDP1 indicates a change in the upper membrane leaet
environment for the 4MDP1 system. This change can be
attributed to the neutralization of a number of negative
membrane charges by the 4 positively charged peptides. While
this reduction is within the expected range of numerical varia-
tion, it may qualitatively indicate localized charge compensa-
tion at the membrane surface.

Another peak is also observed inside the membrane at x =

1.1 nm, which is close to the phospholipid head group region.
In this region, the peak height is also larger for the 1MDP1
system compared to the 4MDP1 system. This suggests that even
if ions can reach the lipid head group region, ion transport in
this region is still more difficult for the 4MDP1 system than for
1MDP1. The electrostatic potential diagram of sodium ions
shown in Fig. 3b illustrates the change in the membrane envi-
ronment in both the 1MDP1 and 4MDP1 systems compared to
the pure system. Around x = 2 nm, which corresponds to the
outer surface of the membrane, the height of the sodium peak
for the 1MDP1 system is reduced compared to the pure
membrane, while for the 4MDP1 system, it is signicantly
increased.

One other peak is also observed inside the membrane at x =
1.1 nm, which is close to the phospholipid head group region.
In this region, the peak height is also larger for the 1MDP1
system compared to the 4MDP1 system. This suggests that even
if ions can reach the phospholipid head group region, ion
transport in this region is still more difficult for the 4MDP1
system than for 1MDP1.

The electrostatic potential diagram of sodium ions shown in
Fig. 3b illustrates the change in the membrane environment in
both the 1MDP1 and 4MDP1 systems compared to the pure
system. Around x = 2 nm, which corresponds to the outer
surface of the membrane, the height of the sodium peak for the
1MDP1 system is reduced compared to the pure membrane,
while for the 4MDP1 system, it is signicantly increased. This
situation can be attributed to the accumulation of positively
charged ions in this region, compared to 1MDP1. This is due to
© 2026 The Author(s). Published by the Royal Society of Chemistry
the reluctance of the ions to migrate to the upper leaet region
because the negative charges of the phosphate groups are
neutralized by the positive charges of the peptides. Therefore, it
can be concluded that in the 4MDP1 system, the change in the
electrostatic potential of the membrane makes it more difficult
for ions to enter compared to 1MDP1. This may contribute to
greater membrane-level disturbances and potentially affect ion-
related membrane processes.
3.2 Dynamics and structural properties

3.2.1 Membrane-level structural disruption. The lipid
component of the cell membrane acts as a dynamic and selec-
tive barrier that preserves cellular structural integrity and
regulates both intracellular and extracellular homeostasis.64

AMPs can eliminate bacteria primarily through membrane
disruption. They achieve this by binding to the membrane
surface and subsequently forming pores, leading to compro-
mised membrane integrity and cellular death.65

The 2D-density maps depicted in Fig. 4 clearly reveal local-
ized depressions and density voids at the membrane–peptide
interface in both 1MDP1 and 4MDP1 systems. In the 1MDP1
system, the observed cavity formation suggests partial peptide
insertion into the bilayer, whereas in the 4MDP1 system,
surface accumulation of multiple peptides leads to an extended
depression consistent with local thinning and destabilization of
the upper leaet. These observations indicate a cooperative
perturbation of the bilayer structure that may correspond to the
early stages of peptide clustering or membrane destabilization
consistent with pore-like behavior.

3.2.2 Electron density. Electron density serves as a key
parameter for determining membrane thickness. By analyzing
electron density proles across the membrane, researchers can
precisely measure the distance between the peaks correspond-
ing to the lipid headgroups, providing an accurate estimation of
the bilayer thickness.66,67 The ndings demonstrate strong
compatibility between the electron density measurements and
RSC Adv., 2026, 16, 11562–11579 | 11569
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Fig. 4 2D-density plots of (a) pure system in z-direction, (b) 1MDP1 system in z-direction, (c) 4MDP1 system in z-direction (d) pure system in y-
direction, (e) 1MDP1 system in y-direction and (f) 4MDP1 system at x-direction.
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the experimental data, highlighting the reliability of electron
density as a parameter for structural analysis.68

Fig. 5 presents the electron density proles for the pure,
1MDP1, and 4MDP1 systems. In Fig. 5a, two symmetrical peaks
at approximately ±1.8 nm are observed, corresponding to the
positions of the phosphate groups (P–P distances) in the lipid
head regions of the bilayer. The distance between these two
peaks, representing the average global membrane thickness,
was measured to be 3.66, 3.63, and 3.68 nm in the pure, 1MDP1,
and 4MDP1 systems, respectively. Although minor variations
are observed, these differences of approximately 0.05 nm are
within the statistical uncertainty typical of atomistic MD
simulations. Therefore, the bilayer thickness can be considered
essentially unchanged across all systems.

This nding indicates that peptide adsorption at the
membrane surface does not lead to measurable thinning or
thickening of the bilayer, but instead induces only localized
electrostatic reorganization without signicant structural
alteration of the membrane. On the other hand, according to
Fig. 5b, the electron density of sodium ions also reaches
a maximum value at approximately the same distances. This
suggests that the accumulation of sodium ions in the pure
membrane and the 1MDP1 and 4MDP1 systems occurs very
11570 | RSC Adv., 2026, 16, 11562–11579
close to the surface phosphate groups. In the 4MDP1 system, as
shown in Fig. 5b, there is a signicant decrease in the electron
density of sodium. This decrease can be attributed to the
neutralization of the negative electrical charges of the phos-
phate head group as a result of interaction with the positive
charges of the peptides, which reduces the tendency of sodium
ions to migrate to this area. Additionally, the presence of more
peptides near the membrane can act as a barrier, preventing
sodium ions from approaching the phospholipid head region.
Fig. 5c demonstrates a reduction in the accumulation of water
molecules along the outer leaet in the 4MDP1 system. This
phenomenon can be explained by the neutralization of the
negative electrical charges of the phosphate head group
through interactions with positively charged molecules.
Consequently, the tendency of water molecules to migrate to
this region is diminished.
3.3 Lipid organization

3.3.1 Lipid aggregation. Lipid clustering is another
parameter that can be observed in the membrane in the context
of drug design. This feature can shed light on how the presence
of a drug affects membrane characteristics. To investigate lipid
aggregation behavior, cluster analyses were performed focusing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electron density plots of (a) all atoms, (b) sodium ions and (c) water for pure, 1MDP1 and 4MDP1 system.
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on lipids within the upper membrane leaet. Since clustering is
inherently probabilistic, it is essential to consider the statistical
population of lipids in the calculations to accurately assess it.

In this study, the gmx clustsize command available in
GROMACS was used for our clustering procedure. This
command implements a distance-based clustering algorithm
with a default distance threshold of 3.5 Å. The Normalized
Number of phospholipid Clusters (NNC) was calculated and
examined by determining the ratio of cluster count to the total
number of phospholipids present in the membrane. Fig. 6
displays the number of clusters (NC) and NNC values for
membrane phospholipids in their pure state and in the pres-
ence of 1MDP1 and 4MDP1. The Fig. 6b shows that, in general,
the NNC changed compared to the pure system in both 1MDP1
and 4MDP1 systems, with the effect being more pronounced in
the 4MDP1 system. Therefore, it appears that 4MDP1 had
a greater impact on the membrane compared to 1MDP1.
Additionally, in the pure system, PAIPE and DPPE lipids
exhibited the highest NNC values. This observation can be
explained by considering the molecular structure of the lipids.

The presence of electrical charge in the phospholipid head
region and side chain in its hydrocarbon tail are two key factors
that inuence clustering. Phospholipids without side chain in
© 2026 The Author(s). Published by the Royal Society of Chemistry
their hydrocarbon tail and lacking electrical charge have
a greater ability to move within themembrane environment and
to form clusters. The data in Fig. 6b support this insight,
demonstrating that DPPE, which is uncharged and has no side
chain in its hydrocarbon tail, has the highest NNC in the pure
membrane, while AIPG, which possesses a charged head and
two side chains in its hydrocarbon tail, exhibits the lowest NNC.
Quantitative analysis of the NNC values reveals that the total
absolute change in this parameter for 1MDP1 and 4MDP1
systems is 0.56 and 0.81, respectively. Therefore, the overall
ability of 4MDP1 to change NNC is about 1.5 times that of
1MDP1.

It is important to note that the two lipids PAIPG and MAIPG,
despite their great similarity in molecular structure and elec-
trical charge, exhibit signicantly different NNC values in the
1MDP1 system. This observation implies that additional
factors, such as peptide–lipid and lipid–lipid interactions, play
a role in inuencing NNC values. Fig. 6b reveals that, for over
half of the lipids, the changes in NNC within the 4MDP1 and
1MDP1 systems are comparable in magnitude and direction.
However, certain lipids exhibit notable discrepancies in NNC
changes between these systems. For instance, while the NNC
values for PAIPE and DPPE in the 1MDP1 system closely
RSC Adv., 2026, 16, 11562–11579 | 11571
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Fig. 6 (a) NC for phospholipids in the pure, 1MDP1 and 4MDP1
systems (b) NNC for phospholipids in the pure, 1MDP1 and 4MDP1
systems. All results were obtained from the 600–1200 ns interval
accompanied with errors.

Fig. 7 Radial distribution function plots along with the normalized
radial distribution function (NRDF) for the 9 phospholipids in pure
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resemble those of the pure membrane, they undergo signicant
reductions in the 4MDP1 system. Conversely, for DPPG, both
systems display substantial and parallel changes in NNC, with
the effects being markedly more pronounced in the 4MDP1
system.

3.3.2 Radial distribution function. Another result that can
be obtained from MD calculations is the Radial Distribution
Function (RDF) parameter, which can provide valuable infor-
mation about the arrangement of lipids in the membrane and
the arrangement of water molecules in the phosphate head-
group.69 By comparing the RDF of the membrane in its pure
state and in the presence of a drug, meaningful analysis
regarding drug–membrane interactions can be conducted.
Factors that promote the close arrangement of phospholipids of
the same type contribute to an increase in RDF values. This
phenomenon is inuenced by several factors, including the
uidity of the system, the electrical charge assigned to indi-
vidual lipids, and the energy of drug–lipid interactions.69

Enhanced system uidity allows lipids to migrate more freely
within the membrane, whereas electrostatic repulsions and
11572 | RSC Adv., 2026, 16, 11562–11579
strong drug–lipid interactions constrain the lateral mobility of
lipids, thereby affecting the RDF.

RDF is anticipated to exhibit a robust correlation with NNC.
However, it is important to note that while factors such as
increased membrane uidity tend to enhance both RDF and
NNC, there are instances where changes in these parameters
may diverge. This inconsistency arises because RDF analysis
evaluates the likelihood of particles occupying different solva-
tion layers, whereas NNC focuses solely on the probability of
two particles being adjacent to one another. As a result, it is
conceivable that the system might reduce the probability of
forming solvation layers by promoting the formation of small,
distinct clusters. Fig. 7 presents the RDF plots, along with the
normalized radial distribution function (NRDF), calculated by
membranes and in the presence of 1MDP1 and 4MDP1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CH order parameters for SN1 and SN2 chains of phospholipids
in all simulated systems. All results were obtained from the 600–1200
ns interval.
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dividing the RDF by the number of lipids of each type within the
membrane. As depicted in the gure, no signicant changes are
observed in the RDF or NRDF for the 1MDP1 and 4MDP1
systems compared to the pure membrane, rendering the results
for most phospholipids not analyzable. However, notable
changes are evident in the RDF plots for three specic lipids:
PAICL, DPPE, and PAIPE, particularly in the 4MDP1 system.

As shown in Fig. 7, the highest RDF value is observed for PAICL
in the puremembrane, which is expected. PAICL has two adjacent
phosphate groups in its molecular structure, inherently
increasing the radial probability for each group relative to the
other. The sharpness of the RDF peak, indicating a small
displacement of the groups relative to each other, conrms this.
Next, in the puremembrane, the highest RDF is from the peptides
DPPE and DPPG. This is understandable considering that both of
these lipids lack side chain in their hydrocarbon tails and are able
tomovemore freely than other lipids in themembrane. According
to Fig. 6, they also have the highest NNC value.

It is worth noting that if Fig. 6 were plotted based on just
number of clusters (NC), the two phospholipids DPPE and
PAIPE would exhibit the lowest values, producing results
entirely contrary to those derived from RDF. This highlights the
importance of considering statistical contributions and
normalizing the properties by the number of phospholipid
molecules of each type in the current study-a decision that
demonstrates robust methodological grounding.

One of the points that can be realized from comparing Fig. 6
and 7 is that for phospholipids DPPE, PAIPE, and DPPG, the
NNC for the 4MDP1 system has changed drastically compared
to the pure membrane and the 1MDP1 system. The RDF has
also undergone a signicant change, and the increase in NNC is
reciprocal to the decrease in RDF and vice versa. As mentioned
above, this effect can be due to the fact that with increasing
NNC, the probability of particles being present in the solvation
layers of a hypothetical central particle decreases.

3.4 Ordered/disordered of carbon chains in selected
phospholipids

The lipid membrane is an ordered liquid crystalline phase.70

Temperature, orientation across the membrane, and the length
of the lipid tails are essential factors in understanding the
dynamics and structure of the lipid bilayer membrane, which
are related to the CH order parameter. The CH order parameter
explains properties such as membrane strength, compress-
ibility, and surface expansion modulus.66 Since the decrease or
increase in membrane order due to the presence of an external
agent, compared to the pure system, is considered both
disorder in the membrane and a form of toxicity, this study uses
the CH order parameter to analyze the effect of the MDP1
peptide on the bacterial membrane. The CH order parameter is
calculated using the following formula:71

SCD = rh(3 cos2 q − 1)/2ir (2)

where q is the angle between a CD bond (in experimental) or
a CH bond (in simulation) and the bilayer normal axis (Z),
which is the normal axis of the membrane lipids.
© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 11562–11579 | 11573

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra06511a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 4

:3
5:

19
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The alterations in the CH order parameter for both 1MDP1
and 4MDP1 systems are depicted in Fig. 8. To achieve a more
precise assessment of the effect of the CH order parameter, the
absolute changes in this parameter for the carbon atoms of the
SN1 and SN2 chains of each phospholipid in the 1MDP1 and
4MDP1 systems, relative to the pure system, have been calculated
and presented in Table S4. Analysis of Fig. 8 and Table S4 clearly
reveals apparent changes in CH order for the SN1 chain, and
comparatively smaller changes for the SN2 chain, indicating that
the drug affected the membrane environment at both concen-
trations. Notably, the variations in CH order for both chains were
more noticed in the 4MDP1 system than in the 1MDP1 system.
The results presented in Table S4 reveal that, within the 1MDP1
system, the most signicant absolute changes in the CH order
parameter, approximately 0.4, are attributed to the lipids DPPE
and AIPE. In contrast, the 4MDP1 system highlights lipid PAIPE
as the primary contributor, with a value of 1.47, suggesting
clustering effects. Notably, in the 4MDP1 system, PAIPE exerts
the most substantial inuence on both clustering variations and
the CH order parameter. Although it may be challenging to
directly correlate these observations with the molecular struc-
tures of the phospholipids, it is evident that uncharged lipids
play themost prominent role in contributing to absolute changes
in the CH order parameter across both systems.

Conversely, variations in the CH order parameter appear to be
primarily governed by two distinct properties of the lipid hydro-
carbon chains. The rst factor inuencing the change in the CH
order parameter is the length of the hydrocarbon chain. As the
chain length increases, the lipid molecule undergoes more
substantial structural adjustments to achieve stability within the
membrane, resulting in a greater change in the order parameter.
The second factor is the presence of a side chain in the hydro-
carbon tail, which similarly demands signicant structural
modications for the molecule to attain thermodynamic stability
in the membrane. Consequently, it can be concluded that
uncharged lipid molecules possessing either a long hydrocarbon
tail or a side chain are likely to induce the largest absolute
changes in the CH order parameter. Remarkably, all three of
these characteristics coexist in the PAIPE phospholipid.
3.5 Phospholipids movement

To elucidate the inuence of the cationic amphipathic peptide
MDP1 on the time-resolved interactions of the bacterial
membrane lipids, the computation of the mean square
displacement (MSD) of the membrane phospholipids on the
outer leaet (exposed to the peptide) during a 1200 nsmolecular
dynamics simulation. This analysis provides a quantitative
understanding of how peptide loading modulates the lateral
mobility of membrane lipids. The lateral diffusion coefficient
(DL) can be calculated using the formula:72

D ¼ lim
t/N

1

4

d

dt

D
½~rðtþ t0Þ �~rðt0Þ�2

E
(3)

where D is the diffusion coefficient, t is the time, and h/i
represents the time average of the lipid motion time series,
r(t).
11574 | RSC Adv., 2026, 16, 11562–11579
As seen in Fig. 9, the MSD decreased across most lipid
species in the presence of MDP1, with the strongest suppression
observed in the 4MDP1 system.

This trend indicates a dose-dependent reduction in lipid
mobility, consistent with previous reports demonstrating that
AMPs reduce lipid diffusion by enhancing local ordering or
promoting peptide–lipid clustering at the membrane inter-
face.73 Notably, since only outer leaet lipids were analyzed, the
observed changes represent localized perturbations associated
with direct peptide contact rather than global bilayer effects,
a phenomenon widely documented in AMP–membrane
systems.74

3.5.1 PE-containing lipids (AIPE, MAIPE, DPPE, PAIPE).
The presence of MDP1 led to a monotonic decrease in MSD
compared with the pure bilayer. Both 1MDP1 and 4MDP1
systems exhibited progressively lower diffusion rates, indicating
a gradual lateral connement of PE headgroups as peptide
concentration increased. This suggests enhanced peptide–lipid
coupling and possible stabilization of locally ordered domains
around peptide adsorption sites. Such behavior aligns with
earlier ndings that amphipathic a-helical peptides locally
rigidify PE-rich bilayers and suppress lateral lipid diffusion.75

In contrast, DPPE displayed a nonlinear response: MSD
decreased in 1MDP1 but partially recovered in 4MDP1,
approaching the pure bilayer value. This could reect hetero-
geneous peptide–lipid reorganization, where local compensa-
tory mechanisms such as lateral lipid redistribution or
microdomain segregation restore partial uidity at higher
peptide coverage. A similar non-monotonic dependence of
diffusion on peptide/lipid ratio has been observed for other
membrane-active peptides.76

Interestingly, in the case of PAIPE, the highest peptide
concentration resulted in a noticeable increase in MSD relative
to the pure bilayer, whereas the presence of one peptide caused
reduced mobility. This opposite trend suggests that at high
peptide surface densities, membrane soening or local thin-
ning may occur, enhancing lipid diffusion in regions with
higher curvature or disorder.

3.5.2 PG-containing lipids (AIPG, DPPG, MAIPG, PAIPG).
For PG-containing lipids, which have negatively charged head-
groups, MDP1 was found to consistently inhibit lipid move-
ment. In AIPG, a single peptide caused a slight increase in MSD
compared to the pure system, possibly due to localized disorder
at low peptide density. However, the four-peptide system
exhibited a pronounced decrease, reecting strong electrostatic
binding and the formation of peptide–PG complexes (see Fig. 2).

Similarly, the MSD values of DPPG, MAIPG and PAIPG lipids
decreased progressively as the peptide concentration increased.
This behavior is characteristic of the electrostatically driven
immobilization of anionic lipids, whereby cationic residues
(particularly lysine and arginine clusters) interact with the
negatively charged phosphate and glycerol groups. This reduces
the lateral diffusion of lipids.

This process has been corroborated by calorimetric and
spectroscopic studies which report increased phase transition
temperatures and reduced headgroup hydration in anionic
membranes exposed to cationic peptides.77 Furthermore,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 MSD of outer leaflet phospholipids in the simulated systems. Accompanied by the corresponding DL of each lipid in the same color.
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charge-driven lipid clustering has been widely reported in
models of peptide–membrane interactions.78

3.5.3 CL-containing lipid (PAICL). The behavior of PAICL
was rather unique compared to other lipids. In the case of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
1MDP1 system, its MSD remained comparable to that of the
pure bilayer, while in the 4MDP1 system there was a consider-
able decrease in lipid mobility. PAICL has a doubly negatively
charged, inverted-coned geometry, and thus, is expected to have
RSC Adv., 2026, 16, 11562–11579 | 11575
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Fig. 10 The relative shape anisotropy parameter of MDP1 molecules
for 4MDP1 and 1MDP1systems. All results were obtained from the
600–1200 ns interval.
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strong electrostatic interactions with cationic peptides, as seen
in Fig. 2 This could explain the formation of lipid-PAICL regions
and the localized restriction of lipid mobility around sites of
peptide adsorption. These observations coincide with prior
studies which pointed out that cardiolipins enhance the rigidity
of the membrane and can also inhibit the mechanistic disrup-
tions that peptides induce, thereby modulating the overall
response of the bilayer to AMP binding.79,80

Therefore, it can be observed that by adding peptide to the
membrane, the system becomes more rigid. With increasing
peptide concentration, viscosity increases and uidity decrease.
Additionally, the position of each of the nine membrane
phospholipids undergoes signicant changes.
3.6 Peptide anisotropy

The proximity of peptides to each other and to the membrane
can lead to their self-assembly.6 The radius of gyration provides
information about this change in arrangement, the structural
features of the peptide, and the distribution of possible struc-
tures.81 Eigenvalues of the rotational tensor functions l1, l2, and
l3 are such that l1 $ l2 $ l3, and the square of the radius of
gyration equals their sum: Rg

2 = l1 + l2 + l3. To investigate the
structural changes of peptides, the relative shape anisotropy
Table 3 The averaged population of the secondary structure content fr

Simulated systems

Structures

Coil (%) Bend (%Number of peptide

1 MDP1 MDP1 26.01 (�0.05) 4.61 (�0
4 MDP1 MDP1_1 26.7 (�1.79) 5.89 (�0

MDP1_2 15.99 (�0.59) 1.81 (�0
MDP1_3 20.08 (�0.91) 5.19 (�0
MDP1_4 25.15 (�0.87) 2.05 (�0

a All results were obtained from the 600–1200 ns interval.

11576 | RSC Adv., 2026, 16, 11562–11579
parameter (RSA) obtained from the radius of gyration is used.
RSA, which reveals the symmetry and dimensions of the struc-
ture in polymers, is obtained using the following equation:82

RSA ¼ 1� 3
ðl1l2 þ l2l3 þ l1l3Þ

ðl1 þ l2 þ l3Þ2
(4)

The RSA parameter ranges between zero and one, with values
near one representing a linear chain and values near zero cor-
responding to a completely symmetrical structure. For
a symmetrical planar structure, the RSA is approximately 0.25.
Fig. 10 depicts the RSA probability density values, highlighting
differences between the 1MDP1 and 4MDP1 systems. In the
1MDP1 system, the highest probability density spans from 0.2
to 0.6, peaking at 0.4, indicating that the peptide predominantly
adopts a spherical shape when interacting with the membrane.
In contrast, the 4MDP1 system shows RSA probability densities
ranging from 0.4 to 0.8, with a peak at 0.6, suggesting that
peptides are more inclined to form linear and cylindrical
structures compared to those in the 1MDP1 system.
3.7 Secondary structure

The secondary structure of the peptide and its stability during
peptide–membrane interactions inuence its therapeutic
qualities.7,9 Studies indicate that the peptide's secondary
structure affects lipid–membrane interactions and self-aggre-
gation.83,84 This study employed the DSSP program to ascertain
the parameters of secondary structure.85,86 Table 3 presents the
secondary structure parameters of the peptides for the 1MDP1
and 4MDP1 systems. According to the data presented in this
table, the average value of all secondary structure parameters in
the 4MDP1 system differ notably from those in the 1MDP1
system, with the most substantial variation observed in the turn
parameter. Additionally, the a-helix structure in the 4MDP1
system is, on average, about 4% higher than in the 1MDP1
system, suggesting that 4MDP1 may be more structured than
1MDP1. Fig. S7 also shows the temporal changes in the
secondary structure of the peptide. As depicted in this gure,
glycine acts as a helix-destroying factor, and for all peptides, the
dominant structure is a-helix. Furthermore, the time evalua-
tions of replicas are illustrated in Fig. S8 and S9. Additionally, in
the 1MDP1 system, the intermediate structure of the peptide in
the glycine-12 region coils up to 500 ns and then transitions to
a-helix. In the 4MDP1 system, most deviations from the helix
om DSSP analysisa

) Turn (%) a-Helix (%) 5-Helix (%) 3-Helix (%)

.25) 2.47 (�0.85) 63.45 (�0.06) 3.37 (�0.95) 0.09 (�5.15)

.76) 7 (�1.63) 55.2 (�2.39) — 5.20 (�1.21)

.74) 4.55 (�0.79) 74.14 (�3.21) 3.51 (�3.02) 0.01 (�0.00)

.38) 3.05 (�0.83) 71.57 (�0.40) 0.04 (�0.03) 0.06 (�0.04)

.35) 7.57 (�0.31) 64.58 (�0.98) 0.05 (�0.02) 0.62 (�0.07)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure are observed at the beginning and end of the peptide.
Furthermore, a 5-helix and turn structure is formed in the
middle of the peptide.
4. Conclusion

In this study, we examined the interaction of two different
concentrations of MDP1—1MDP1 and 4MDP1—with a bacterial
cell membrane composed of nine distinct phospholipid types
usingMD simulations. The ndings indicate that increasing the
concentration of MDP1 induces self-aggregation and enhances
the contribution of electrostatic interactions in drug–
membrane interactions. Specically, with a 4-fold increase in
the number of MDP1, the contribution of electrostatic interac-
tions became 3.19 times that of the 1MDP1 system. While, the
contribution of vdW interactions only underwent a slight
change due to self-aggregation. Thus, this research ndings
indicate that incorporating factors that strengthen electrostatic
interactions may enhance the efficacy of MDP1. Furthermore, in
both the 1MDP1 and 4MDP1 systems, the PG-type phospho-
lipids, due to their distinct molecular structure, plays a pivotal
role in reinforcing electrostatic and vdW interactions, as well as
facilitating hydrogen bond formation.

The results of the present study, in agreement with previous
ndings, suggest that the amino acid arginine plays a signi-
cant role not only inmembrane–drug binding energy but also in
the formation of hydrogen bonds for both 1MDP1 and 4MDP1.
Moreover, results indicate that in both systems, 1MDP1 and
4MDP1, the membrane becomes more rigid and viscous with
the addition of the peptide. Based on the study's ndings, an
uncharged phospholipid molecule like PAIPE with a long
hydrocarbon tail or side chain can cause the most signicant
change in the CH order parameter.

Furthermore, it was observed that the presence of the drug
does not signicantly impact membrane thickness. On the
other hand, electron density calculations indicate that the
negative electrical charges of the phosphate head group of
lipids are neutralized by interacting with the positive charges of
peptides. This reduces the tendency of both sodium ions and
water molecules to migrate to this region in the 4MDP1 system
compared to the pure and 1MDP1 systems. Finally, the RDF
calculation results align with the RNC results, demonstrating
that the presence of 4MDP1 has the most signicant impact on
the RDF of the two phospholipids DPPE and PAIPE.
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