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Molecular dynamics insights into the interactions
of a potential neurotherapeutic peptide
with model liposomes

Gulsah Gul

Peptide molecules capable of disrupting toxic protein aggregates implicated in neurodegenerative

diseases hold significant therapeutic potential; however, their clinical translation is constrained by rapid

proteolysis and poor penetration into brain tissue. Lipid-based nanoparticles provide a promising delivery

platform due to their ability to encapsulate diverse therapeutic cargos, reduce toxicity, and offer high

biocompatibility. Here, therefore, we investigated the interactions of a cationic inhibitor peptide, KR,

originally developed against Alzheimer’s disease, with PC/PG lipid bilayers containing varying cholesterol

concentrations using both atomistic and coarse-grained molecular dynamics (MD) simulations. Atomistic

simulations revealed that the membrane response to KR is concentration-dependent: higher peptide

loadings enhance lipid mobility and slightly increase the area per lipid, especially in cholesterol-free

membranes, where deeper insertion facilitates local membrane loosening. KR peptides were

preferentially associated with lipid headgroups through electrostatic and hydrogen-bond interactions,

predominantly mediated by C-terminal Arg residues. Cholesterol reduced membrane permeability and,

in coarse-grained simulations, strengthened both van der Waals and electrostatic interactions with PG

lipids, resulting in peptides forming roughly three times more contacts with PG than with PC lipids.

Across all systems, KR could not traverse the hydrophobic membrane core from bulk solution, yet

peptides were efficiently encapsulated when partially embedded within the bilayer interior. Our study

constitutes one of the first multiscale MD investigations of a potential neurotherapeutic peptide at the

molecular level and provides mechanistic insights for designing liposomal nanocarriers for peptide

delivery to the brain.

Introduction

Liposomes are vesicular structures composed of one or more
concentric lipid bilayers, typically consisting of phospholipids
and cholesterol, with sizes ranging from tens of nanometers to
several micrometers.1 They were first discovered when the
spontaneous self-assembly of lipids in aqueous media was
observed by Alec Bangham and his colleagues.2 Since then,
liposomes have been employed to deliver a wide variety of
bioactive molecules, from small-molecule anticancer drugs to
nucleic acids, proteins, and antibodies.3 Their growing popu-
larity stems largely from their structural versatility: liposomes
can encapsulate hydrophilic compounds within their aqueous
core, incorporate hydrophobic drugs into their lipid bilayers,
and accommodate amphiphilic molecules in the interfacial
regions between the two.4 Furthermore, they are able to enhance
the stability and biodistribution of therapeutic compounds,

facilitate cellular uptake, minimize systemic toxicity and enable
controlled release.3,5

Despite these advantages, most liposomal drug-delivery
efforts have centered on anticancer and antifungal drugs,
whereas applications targeting neurological diseases remain
relatively underexplored. Neurological disorders, however, pose
a growing threat to public health, and the increased incidence
of neurodegeneration observed in the post-COVID era high-
lights the urgent need for novel therapeutic strategies.6,7 In this
context, peptide-based therapeutics have shown great potential,
as they can disrupt pathogenic protein fibrils implicated
in disorders such as Alzheimer’s and Parkinson’s disease.8–10

Yet, they face major pharmacokinetic hurdles, including rapid
enzymatic breakdown and limited penetration across the blood–
brain barrier (BBB). Given these challenges, liposomal encapsula-
tion offers an effective strategy to enhance peptide stability,
prolong the circulation time and improve brain delivery. For
instance, Zheng et al. showed that H102, a b-sheet breaker peptide,
can be delivered to the brain via intranasal administration using
liposomes, resulting in improved memory in rats through reduced
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amyloid deposition.11 Likewise, Rezaei et al. combined experi-
mental and modeling approaches to demonstrate that encapsula-
tion of an antiangiogenic endostatin-derived peptide (ES-SS)
into POPC liposomes improved both structural stability and cell
viability compared to free peptide formulations.12

To rationally design such systems and optimize their per-
formance, molecular-level insights into lipid organization and
drug–membrane interactions are crucial. Molecular dynamics
(MD) simulations have therefore become indispensable tools
for exploring the structural and dynamical properties of lipid
assemblies at atomic resolution.13 Previously, atomistic MD
tools were utilized to investigate how antimicrobial peptides
interact with model membranes,14–17 providing mechanistic
information on lipid binding, peptide conformation, transloca-
tion, and membrane perturbation that are often inaccessible to
experimental observation. However, these simulations are typi-
cally restricted to planar bilayers and become computationally
prohibitive when extended to vesicular geometries, which
require much larger system sizes and longer timescales to
capture lipid rearrangement, curvature effects, and encapsula-
tion events. Coarse-grained (CG) molecular dynamics methods
overcome these limitations by reducing the level of atomic
detail, thereby enabling the study of complex phenomena such
as vesicle formation, fusion, and drug encapsulation over
microsecond to millisecond timescales.18,19

Accordingly, prior work has demonstrated the capability of
coarse-grained simulations to determine the physicochemical
behavior of liposomal systems. Vesicle-like structures of lipid-
based nanoparticles have been characterized to elucidate their
drug delivery potential,20 while variations in temperature and
solvent composition (ethanol concentration) have been shown
to modulate liposome self-assembly and stability.21 Drug–
membrane interactions have also been explored though only
sporadically; for example, the distribution and orientation of
hypericin molecules within lipid bilayers were resolved on the
microsecond timescale, providing mechanistic insight into
molecular alignment and partitioning behavior.22 Similarly,
simulations of naproxen and palmatine HCl, representing
poorly and highly water-soluble drugs, respectively, highlighted
the critical influence of drug physicochemical properties on
encapsulation efficiency and membrane stability.23 More recently,
reduced-scale CG models have been developed to investigate
marketed liposomal formulations, revealing structural details of

both passive and active loading formulations.24 However, coarse-
grained studies focusing on the encapsulation and membrane
organization of neurotherapeutic peptides within liposomal
carriers remain scarce.

So far, we extended the strategy of peptide delivery via
liposomes by examining the interactions of b-sheet breaker
peptides, which exhibit inhibitory activity against neurological
targets, with liposomal nanocarriers.25 Through molecular
docking and dynamics analyses, we identified that the KR
peptide, which is a cationic 12-amino acid sequence derived
from amyloid-b(16–20),26 displays strong binding affinity and
structural stability toward both amyloid-b and a-synuclein
fibrillar assemblies. In the present study, we further examine
the interaction and encapsulation behavior of KR peptides
within liposomes, considering both bilayer and vesicular forms
to determine their structural and dynamical characteristics in
lipid environments. Our work sheds light on significant inter-
actions governing peptide–lipid association and reveals the
effect of the lipid composition, peptide concentration and
initial configuration on the encapsulation process across multi-
ple scales under physiologically relevant conditions.

Computational methodology
Atomistic MD simulations

Model building. The KR peptide (FASTA code: KKLVFF
ARRRRA), which exhibits favorable binding free energies and
robust binding toward amyloidogenic targets,25 was selected in
this study as the drug candidate for liposomal delivery. Since
saturated lipids increase encapsulation efficiency, while nega-
tive lipids inhibit aggregation by triggering repulsive interac-
tions, DMPC/DMPG lipid systems were utilized as nanocarrier
models. Each system contained 512 lipids in total, with a
hydration level of 60 water molecules per lipid and 0.15 M
NaCl, as summarized in Table 1. To investigate the effect of
cholesterol (CHOL) on colloidal stability and peptide–lipid
interactions, its concentration was varied at 0, 15, and 30%.
Initial configurations were prepared using the CHARMM-GUI
membrane builder tool,27,28 utilizing the CHARMM36m force
field parameters.29,30

For peptide incorporation, KR peptide conformations were
obtained from cluster analysis of our previous peptide–protein

Table 1 Molar composition of system components used in atomistic simulations. Here, systems containing a single KR molecule are referred to as ‘‘KR,’’
while those with five KR molecules are denoted as ‘‘5KR’’ for clarity

Composition DMPC DMPG CHOL W NA CL KR

DMPC/DMPG 486 26 — 30 720 104 78 —
DMPC/DMPG/CHOL15 410 26 76 30 720 104 78 —
DMPC/DMPG/CHOL30 334 26 152 30 720 105 79 —
DMPC/DMPG/KR 486 26 — 30 720 104 84 1
DMPC/DMPG/CHOL15/KR 410 26 76 30 720 104 84 1
DMPC/DMPG/CHOL30/KR 334 26 152 30 720 105 85 1
DMPC/DMPG/5KR 486 26 — 30 696 104 108 5
DMPC/DMPG/CHOL15/5KR 410 26 76 30 696 104 108 5
DMPC/DMPG/CHOL30/5KR 334 26 152 30 696 105 109 5
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complex simulations.25 Either one or five peptide molecules
were placed randomly in the bulk water region of the equili-
brated membrane systems using VMD,31 and simulations were
carried out following the same protocol for bare membranes.

Simulation parameters. Firstly, energy minimization was
carried out using steepest descent algorithms with a force
tolerance of 1000 kJ mol�1. Equilibration simulations were
then performed under isothermal–isobaric (NPT) conditions
for 5 ns using a semi-isotropic c-rescale barostat.32 The system
pressure was set to 1 bar with a compressibility of 4.5 �
10�5 bar�1 and a pressure coupling constant of 5 ps. The
temperature was maintained at 310 K using a V-rescale
thermostat33 to reflect the realistic physiological environment.
Nonbonded interactions were treated with a 1.2 nm cutoff.
Coulomb interactions were determined using the particle mesh
Ewald (PME) method,34 while van der Waals forces employed a
cutoff scheme, with a force-switch modifier gradually shutting
down interactions between 1.0 and 1.2 nm. Hydrogen bonds
were constrained using the LINCS algorithm.35 Molecular
dynamics simulations were conducted in two independent
replicates, each running for 500 ns with a 2 fs timestep using
GROMACS version 2024.1.36

MD analysis. Trajectory analyses were conducted on the last
100 ns. The area-per-lipid (APL) values were calculated using
the Voronoi tessellation method implemented in FATSLiM,37

which accounts for the surface area contribution of cholesterol.
The bilayer thickness was obtained from the distance between
the centers of mass (COM) of the phosphorus (P) atoms in the
top and bottom leaflets. Lateral diffusion coefficients of lipids

were determined from the mean square displacement (MSD) of
P atoms using the gmx msd tool. The deuterium order para-
meters of lipid tails were computed as previously described38

using the following equation:

SCD ¼
1

2
3 cos2 y
� �

� 1
� �

(1)

where y represents the angle between a specific bond vector in
the hydrocarbon tail and the bilayer normal. SCD = 1 corre-
sponds to perfect alignment, while SCD = 0 shows random
orientation, and SCD = �0.5 displays anti-alignment of lipids.

Peptide–lipid hydrogen bonds were analyzed using VMD
with a 3.5 Å distance cutoff and a 351 angle criterion.

Coarse-grained MD simulations

Model building. For coarse-grained MD simulations, DLPC
lipids were used with the Martini 3 force field39 as it represents
both DLPC and DMPC with three beads per hydrocarbon tail
(Fig. 1). The membrane compositions also included 5% DLPG
and 0, 15, or 30% CHOL, whose coarse-grained representations
were likewise taken from the Martini 3 lipid models.39,40

Liposome starting structures were generated using the
CHARMM-GUI Vesicle Builder27,41 tool with an initial radius
of 9 nm and a water thickness of 4 nm.

For peptide encapsulation tests, KR peptides were modeled
using Martini 3 force fields with neutral terminal groups.39 Two
initial configurations were considered: (i) peptides randomly
distributed in the bulk water phase outside the pre-formed
vesicles and (ii) peptides positioned approximately half inside

Fig. 1 Molecular structures used in atomistic (a) and coarse-grained (b) MD simulations.
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and half outside the vesicles. The peptide-to-lipid mass ratio
was set to 1 : 40, consistent with experimental reports42,43 and
atomistic 5KR systems, corresponding to a total of 35 mole-
cules. Peptide insertion into the equilibrated liposomal systems
was conducted according to the specified scenarios using the
gmx insert-molecules module, and all system composition
details are presented in Table 2.

Simulation parameters. Following system construction,
steepest descent energy minimization was applied, after
which a 100 ns equilibration was performed with a 10 fs
timestep to relax the system and eliminate steric clashes.
During equilibration, pressure was maintained at 1 bar iso-
tropically using a c-rescale barostat32 with a coupling constant
of 5 ps and a compressibility of 4.5 � 10�5 bar�1. The
temperature was maintained at 310 K with a V-rescale
thermostat33 and a 1 ps time constant. The Verlet integration
scheme was used with a Verlet buffer tolerance of 0.005. For
non-bonded interactions, a cutoff distance of 1.1 nm was
applied, while electrostatics and van der Waals forces were
treated using the reaction-field44 and cutoff methods, respec-
tively. Each system simulated for a total of 2 ms with a 20 fs
integration timestep using GROMACS 2023.345 with GPU
acceleration, and three independent replicas were performed
to ensure reproducibility.

MD analysis. For trajectory analysis, the last 1 ms of each
simulation was typically used. Area-per-lipid (APL) values were
determined using FATSLiM,37 by partitioning the membrane
plane into Voronoi cells around each lipid headgroup. The
radius of gyration (Rg) was calculated using the gmx gyrate
module, based on the following equation:

Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

rij j � rh ið Þ2
vuut (2)

where Rg is the radius of gyration and hri is the mean distance
of phosphate beads (ri) from the COM of the liposome. The
liposome diameter was estimated as twice the Rg. The contact
ratio between peptides and liposome components was calcu-
lated using gmx mindist with a 0.6 nm cutoff to identify close
contacts. The resulting number of contacts was then divided by
the number of corresponding lipids and normalized to 1.
Radial distribution functions were found using the gmx rdf
module between selected and reference atoms or molecules.
Peptide–lipid interaction energies were extracted from outputs
of gmx energy to evaluate van der Waals and Coulomb
contributions.

Results and discussion
Atomistic MD simulation results

Prior to this study, we compared the binding characteristics
of b-sheet breaker peptides against those of amyloid-b and
a-synuclein fibrils, two key targets in neurodegenerative dis-
eases. Of 50 peptides examined, the cationic peptide KR
exhibited the strongest binding affinity along with robust
interactions with both targets.25 Since peptides are prone to
easy degradation and poor permeability from the BBB, we
proposed a strategy to deliver them via liposome nanocarriers.
For this aim, in this study, we performed molecular dynamics
simulations of KR peptides at two different concentrations
across DMPC/DMPG liposomes at 0, 15 and 30% CHOL levels
to understand peptide–lipid interactions, translocation beha-
vior and encapsulation potential.

The resulting membrane properties of both bare and peptide-
containing systems are summarized in Table 3. The area-per-
lipid and bilayer thickness values obtained for the DMPC/
DMPG membranes agree well with previous computational

Table 2 Molar composition of system components used in coarse-grained simulations

Composition DLPC DLPG CHOL W NA CL KR

DLPC/DLPG 3376 177 — 230 236 2676 2499 —
DLPC/DLPG/CHOL15 2859 178 535 230 268 2677 2499 —
DLPC/DLPG/CHOL30 2337 179 1078 230 376 2678 2499 —
DLPC/DLPG/KR 3376 177 — 230 446 2466 2499 35
DLPC/DLPG/CHOL15/KR 2859 178 535 230 445 2467 2499 35
DLPC/DLPG/CHOL30/KR 2337 179 1078 230 444 2468 2499 35

Table 3 Area per lipid, bilayer thickness, and lateral diffusion coefficients of DMPC/DMPG membranes in the absence and presence of 15% and 30%
cholesterol (CHOL). The bilayer thickness and lateral diffusion constants were calculated based on the phosphorus (P) atoms of all lipids

Lipid composition
Area per
lipid (nm2)

Bilayer
thickness (nm)

Lipid lateral diffusion
constant (mm2 s�1)

DMPC/DMPG 0.607 � 0.007 3.60 � 0.03 10.5 � 0.2
DMPC/DMPG/CHOL15 0.507 � 0.006 3.99 � 0.03 4.9 � 0.3
DMPC/DMPG/CHOL30 0.429 � 0.004 4.34 � 0.02 2.4 � 1.5
DMPC/DMPG/KR 0.607 � 0.007 3.60 � 0.04 10.3 � 0.4
DMPC/DMPG/CHOL15/KR 0.511 � 0.005 3.96 � 0.03 7.8 � 1.4
DMPC/DMPG/CHOL30/KR 0.429 � 0.004 4.34 � 0.03 1.6 � 0.1
DMPC/DMPG/5KR 0.617 � 0.007 3.56 � 0.03 12.1 � 0.9
DMPC/DMPG/CHOL15/5KR 0.515 � 0.006 3.93 � 0.03 5.0 � 0.2
DMPC/DMPG/CHOL30/5KR 0.433 � 0.004 4.32 � 0.03 1.9 � 0.2
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and experimental reports on DMPC, which describe APL values
of 0.60–0.61 nm2 and thicknesses of 3.60–3.61 nm under com-
parable thermal conditions.46–48 Lipid lateral diffusivities also
follow literature trends which yield B9 and B11 mm2 s�1 for
DMPC membranes at 30 1C and 35 1C, respectively.49,50

In the fluid state, where temperatures exceed the gel–fluid
transition, cholesterol enhances acyl chain ordering and bilayer
rigidity.51 Accordingly, the addition of cholesterol in our systems
reduced both the area per lipid and lipid mobility, while
increasing the overall membrane thickness. The APL decreased
to B0.51 and B0.43 nm2 at 15% and 30% CHOL, respectively,
whereas the bilayer thickness increased to B4.0 and B4.3 nm.
Lateral diffusion coefficients simultaneously dropped from
10.5 mm2 s�1 to 4.9 and B2.4 mm2 s�1, reflecting reduced
permeability and restricted molecular motion due to increased
lipid ordering. Similar concentration-dependent effects of cho-
lesterol have been reported for DMPC membranes at 30 1C, with
an APL value of B0.44 nm2 and a lateral diffusion constant of
B2 mm2 s�1 at 30% cholesterol, consistent with our results.49,52

These findings indicate that the presence of 5% DMPG in
mixtures produces similar results to DMPC-alone membranes.

Furthermore, as shown in Table 3, the presence of peptides
did not significantly alter membrane properties at either
concentration. However, in systems containing five KR mole-
cules, a modest increase in APL was observed across all
membrane models, with the effect being more pronounced in
the cholesterol-free bilayer. In the DMPC/DMPG membrane,
peptides penetrated more deeply into the bilayer, which, in
turn, promoted higher lipid lateral diffusivity. A similar trend
was observed in the DMPC/DMPG/CHOL15/KR system, where
the peptide remained embedded at the membrane surface,
leading to enhanced diffusivity. Taken together, these results
suggest that when peptides insert along their full length rather
than interacting only through their termini, lipid mobility is
enhanced in parallel with the accompanying increase in APL.

Lipid order parameters are another important indicator of
the membrane structure, reflecting how regularly the lipid tails
are packed. In this sense, deuterium order parameters for
DMPC and DMPG lipids across different membrane models
are shown in Fig. 2. As the cholesterol concentration increases,
its condensing effect led to higher lipid ordering in both PC
and PG components.53 In the presence of a single KR molecule,

Fig. 2 Lipid deuterium order parameters (SCD) of DMPC and DMPG in DMPC/DMPG membranes with varying cholesterol levels, in the absence and
presence of KR peptides.
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the order parameter profiles nearly overlapped with those of the
peptide-free membranes. However, the addition of five peptides
introduced a slight perturbation in acyl-chain ordering, with PG
lipids exhibiting a more pronounced decrease. Nevertheless,
peptides did not exert a major influence on the structural or
dynamic properties of the membranes. Spatial distribution
analysis (Fig. 3) further confirmed that peptides interact pre-
dominantly with the membrane surface rather than penetrating
deeply into the bilayer. As a result, their presence did not
substantially alter main characteristics such as the area per
lipid, thickness, lateral diffusion, or order parameters, display-
ing that the membrane architecture remains intact.

A detailed examination of peptide conformational behavior
at the membrane surface revealed that peptides predominantly

adopt a random coil conformation and interact with the lipid
headgroups from their Arg-rich C-terminus (Fig. 4). In particu-
lar, they had a tendency to bend around Arg11 or Arg9 residues
during surface adsorption. In systems containing five peptides,
the peptides generally interacted more with the membrane
rather than forming clusters among themselves. However, even
though membrane binding is generally favored, hydrophobic
interactions occasionally triggered peptide–peptide associa-
tion. For example, in the CHOL15 system, a dimeric peptide
cluster was observed, stabilized by reciprocal interactions
between the Val4 and Phe5 residues of the two peptides
(Fig. S1(a)).

In this dimeric state, both peptides continued to interact
with the membrane through their C-terminal regions (Fig. S2),

Fig. 3 Distribution of KR peptides across DMPC/DMPG membranes with varying cholesterol content. The upper panel shows systems containing a
single KR peptide, while the lower panel shows systems with five KR peptides. Here, peptide molecules are represented by yellow van der Waals spheres.

Fig. 4 Conformations of peptides in DMPC/DMPG membranes with varying CHOL levels at 500 ns. Membranes are represented as rectangles, and
peptides are shown as yellow cartoons reflecting their surface conformations. For each membrane model, two independent simulations with a single KR
peptide were performed, and the resulting conformations are shown side by side.
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while residues 3–5 remained engaged in peptide–peptide con-
tacts, indicating that dimer formation does not substantially
interfere with membrane surface association. Consistently,
dimerization is accompanied by an increase in short-ranged
non-bonded peptide–peptide interactions, primarily driven by
Lennard-Jones (van der Waals) contributions, as illustrated in
Fig. S3. As no large peptide aggregates are observed within the
simulated timescales and peptide concentrations, no signifi-
cant disruption of the membrane structure or dynamics is
detected under the conditions studied.

Peptide insertion was greater in DMPC/DMPG membranes,
with the central region, including Phe5 and Phe6, appearing to
play a key role in facilitating deeper penetration into the bilayer
(cf. Fig. S1(b)). To further support this observation, we quanti-
fied the average distance of the peptides from the bilayer
midplane and obtained values of 2.3 � 0.2 nm, 2.5 � 0.3 nm,
and 3.0 � 0.2 nm for membranes with single KR containing
0%, 15% and 30% CHOL, respectively. All independent trials,
whether with a single peptide or five peptides, yielded the same
trend (cf. Fig. S4 and S5), proving the diminished membrane
permeability with increasing CHOL content. In line with this
observation, the average total non-bonded interaction energies
between the peptides and the membranes become disfavored
in the presence of CHOL (Fig. S3), supporting the reduced
membrane affinity observed in cholesterol-containing bilayers.

These findings are also supported by the density distribu-
tions of different molecular groups relative to the membrane

center (z = 0), shown in Fig. 5. The peptide density profiles align
with the insertion depths reported above: in CHOL-free mem-
branes, peptide density peaks are located approximately �2 nm
from the bilayer center, while in CHOL-containing systems,
these peaks broaden toward the bulk solvent. As the CHOL
concentration increases, its peak height increases as expected
and the phosphorus headgroup peaks become sharper due to
enhanced lipid ordering. Furthermore, the water density exhi-
bits a steeper decay toward the bilayer midplane, consistent
with reduced water permeability.

Ion density profiles (Fig. S6) indicate that Na+ ions redis-
tribute depending on the peptide position. For example, in
membrane models containing a single KR peptide, Na+ density
decreases in the leaflet where the peptide resides and increases in
the opposite leaflet, reflecting repulsive interactions with the catio-
nic peptide and the reduced accessible membrane surface area for
Na+ in the peptide-occupied leaflet. In contrast, Cl� densities
remain relatively unchanged. Because Na+ has a much smaller ionic
radius than Cl�, its charge is concentrated over a significantly
smaller surface area, resulting in a higher charge density. This
higher charge density strengthens its electrostatic interactions with
negatively charged membrane headgroups, explaining why Na+

responds more strongly than Cl� in our simulations.
In CHOL-containing membrane systems with five KR peptides

on the other hand (Fig. S6(c)), Cl� density increases on the
peptide-facing side of the membrane due to attractive interactions
between the anions and the cationic peptides. The reduced degree

Fig. 5 Density distributions of phosphorus (P), water (W), sodium (Na), chloride (Cl), peptide (KR), and cholesterol oxygen (O3) in DMPC/DMPG
membranes with varying cholesterol levels, relative to the membrane center (z = 0). Profiles are shown for bare membranes (a), membranes containing a
single KR peptide (b), and membranes containing five KR peptides (c).
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of peptide insertion into the bilayer in these systems leaves more
of the peptide exposed to the solvent, providing an additional
opportunity for Cl� ions to interact with them. The relatively
symmetric ion profiles observed in DMPC–DMPG membranes
with five KR peptides arise from the deeper insertion of the
peptides into the bilayer.

The preferential interactions between cationic peptides and
anionic lipid membranes are mainly driven by electrostatic inter-
actions and hydrogen bonding.14 Although DMPC is zwitterionic,
and DMPG is negatively charged, both lipids carry negatively
charged groups in their headgroups, which facilitate interactions
with the cationic residues of the peptides. However, in DMPC, the
presence of both positive and negative charges partially balances
these interactions, reducing the overall affinity. Additionally, the
smaller headgroup volume and larger lipid area of DMPG make it
energetically more favorable for peptides to associate with DMPG,
as this allows the displacement of more water molecules from
the lipid headgroups.54 Therefore, both enthalpic contributions
through peptide–lipid interactions such as electrostatics and
hydrogen bonding and entropic gain through water expulsion
from structured hydration layers around lipid headgroups direct
peptides more towards DMPG than DMPC.

To further understand these enthalpic contributions, we
analyzed hydrogen bonding patterns in our simulations, which
reveal how peptide–lipid interactions stabilize the association
with DMPG. Peptide residues involved in hydrogen bonds with
lipids are summarized in Table 4, alongside the lipid atoms
participating in these interactions. It is observed that more
hydrogen bonds were formed in cholesterol-free systems, con-
sistent with the greater accessibility and flexibility of lipid
headgroups in the absence of cholesterol. Hydrogen bonds
mainly occur between Arg side chains of peptides (–NH1 and
–NH2) and the phosphate oxygens (O13 and O14) of DMPC and
DMPG. Notably, the more C-terminal Arg residues (Arg9, Arg10,
and Arg11) exhibited higher occupancies than Arg8. Although
Arg residues dominate hydrogen bonding, Lys, Leu and Ala also
contributed to peptide–membrane association though less
prominently. This is attributed to the ability of Arg guanidi-
nium groups to form multiple hydrogen bonds simultaneously,
enhancing interaction stability.25,55,56

Coarse-grained MD simulation results

Coarse-grained MD simulations enable the investigation of real-
istic vesicular membrane systems which can mimic liposomal

drug encapsulation, allowing access to larger spatial scales,
membrane curvature, and longer timescales than atomistic
simulations alone. To extend the mechanistic insights obtained
from atomistic membrane systems, coarse-grained MD simula-
tions were therefore carried out on DLPC/DLPG vesicular mem-
branes at the same cholesterol concentrations, using two
different initial peptide configurations. In the first set of simula-
tions, all peptides were initially placed in the bulk solvent to
monitor their translocation toward the lipid bilayer and to assess
the energetic feasibility of membrane permeation. As shown in
Fig. 6, none of the peptides penetrated the membrane core
throughout the simulations; instead, they remained embedded
in the headgroup region of the outer leaflet. In contrast, when
peptide candidates were initially positioned partially inside and
partially outside the vesicles, they became attached in the head-
groups from both the inner and outer leaflets (Fig. 7). However,
no transfer occurred from the membrane core to the extracellular
region, nor from the extracellular region into the core.

It should be noted that the vesicles simulated in this study
have an estimated diameter of B20 nm, which falls within the
commonly used scale for CG simulations21 but is smaller than
that of typical therapeutic liposomes (generally 50–200 nm).57

Due to the computational limitation on modeling larger vesi-
cles, the relatively small vesicle size results in a high membrane
curvature which may influence peptide binding and insertion
as well. Nonetheless, the agreement between atomistic and
coarse-grained results supports the generality of the observed
peptide–membrane interaction trends within the accessible
simulation timescales.

Fig. 6 and 7 show that peptides progressively interact with
the lipid headgroups and adsorb onto the membrane surface
throughout the simulation period. Across all models, the
vesicles exhibit only minor local shape deformations, and no
permanent disruption of the bilayer structure is observed in the
presence of peptides. The extent of adsorption depends
on cholesterol levels, with up to 30% cholesterol promoting
peptide binding. In both initial configurations, more peptides
were observed to remain in the aqueous phase in DLPC/DLPG
liposomes compared to cholesterol-containing systems. In CHOL-
containing vesicles, by 1 ms, nearly all peptides were incorpo-
rated into the bilayer via either leaflet. Over the next 1 ms, the
vast majority of peptides maintained interaction with the
liposomes, although one or two peptides were occasionally
found in the aqueous phase. These comparative interaction

Table 4 Amino acid residues and lipid atoms that participate in hydrogen bonding. Only bonds with an occupancy above 30% during the last 100 ns of
the simulation trajectories are considered

Lipid composition
Amino acids participating
in hydrogen bonding

Lipid atoms participating
in hydrogen bonding

Total number of
hydrogen bondsa

DMPC/DMPG/KR Arg10, Arg9, Arg11 O14, O11, O13 12, 15
DMPC/DMPG/CHOL15/KR Arg11, Arg8 O14, O13 9, 13
DMPC/DMPG/CHOL30/KR Arg9, Arg11, Arg8, Arg10 O14, O13, O11, O12 14, 14
DMPC/DMPG/5KR Arg10, Arg9, Arg11, Arg8, Ala7, Leu3, Lys2 O14, O11, O13, O32 56, 58
DMPC/DMPG/CHOL15/5KR Arg9, Arg10, Arg8, Arg11 O14, O13, O22, O11 41, 43
DMPC/DMPG/CHOL30/5KR Arg11, Ala12, Arg9, Arg10, Arg8, Ala7 O13, O14, O11, O32, O22 30, 51

a The total hydrogen bonds obtained from the two independent trials are listed in the table as comma-separated values.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
7:

42
:0

6 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04834f


7992 |  Phys. Chem. Chem. Phys., 2026, 28, 7984–8000 This journal is © the Owner Societies 2026

patterns are illustrated in the magnified final-frame snapshots
shown in Fig. 8.

Time-dependent association behavior further reveals differ-
ences between the two initial configurations. As shown in
Fig. 7, peptides initially placed within the membrane core
began to disperse within the first 100 ns, moving toward the
inner leaflet headgroups. Rather than forming aggregates, they
tend to become separated over 1 ms simulation. Similar to the
externally placed configuration, peptide penetration across the

membranes remains limited due to surface interactions; how-
ever, the initial positioning allows peptides to orient toward the
membrane surface more rapidly. In other words, peptides
initially located entirely outside the membrane adsorb more
slowly, whereas those partially embedded display faster and
stronger surface interactions.

The radial distribution functions of the phosphate headgroups
relative to the liposome center of mass (see Fig. 9) revealed two
distinct peaks at approximately 8 nm (r1) and 11 nm (r2),

Fig. 7 Peptide–liposome associations in DLPC/DLPG bilayers without cholesterol (top) and with 15% CHOL (middle) and 30% CHOL (bottom), over 2 ms
of simulation. In all systems, peptides were initially placed half inside half outside the pre-formed and equilibrated liposomes.

Fig. 6 Peptide–liposome associations in DLPC/DLPG bilayers without cholesterol (top) and with 15% CHOL (middle) and 30% CHOL (bottom), over 2 ms
of simulation. In all systems, peptides were initially placed randomly outside the pre-formed and equilibrated liposomes.
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corresponding to the inner and outer PO4 headgroup regions,
respectively. The higher intensity of the first peak indicates a
greater number of PO4 groups, and hence more PC lipids, present
in the inner leaflet, as expected from the vesicle structure. The
distance between these peaks was similar in all systems, giving a
bilayer thickness between B3.1 and 3.2 nm. At first glance, this
contradicts the bilayer thickening effect typically observed with

increasing cholesterol content; however, the discrepancy stems
from the unequal total lipid numbers obtained during vesicle
construction. By keeping the vesicle radius constant across all
systems, rather than maintaining the same lipid count, the
calculated bilayer thicknesses converge to similar values. As a
result, the intrinsic thickening effect of cholesterol is masked by
the geometric constraint imposed during vesicle generation.

Fig. 9 Radial distribution functions, g(r), of phosphate (PO4) headgroups (blue curves) and KR peptides (red curves) relative to the liposome center of
mass (COM) for simulations where peptides were initially placed outside the liposomes (a) or positioned half inside and half outside (b). Data were
collected from 1 to 2 ms trajectories. The distance between the two PO4 peaks approximately corresponds to the bilayer thickness.

Fig. 8 Magnified peptide–liposome association snapshots in DLPC/DLPG bilayers containing 0, 15, and 30% CHOL (left to right) at 2 ms. The upper panel
corresponds to the external initial placement of peptides, whereas the lower panel corresponds to their initial partial embedment.
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The RDF peaks of peptides corroborate the positional trends
shown in Fig. 6 and 7. Upon addition of cholesterol, the peaks
shift slightly inward, reflecting the increased compactness of
the bilayer and causing peptides to position closer to the
membrane surface. Fig. 9(a) demonstrates that when the pep-
tides are initially placed in the bulk water phase, they do not
traverse the membrane but instead remain localized near the
outer PO4 headgroups. In contrast, Fig. 9(b) illustrates that
peptides can populate both the inner and outer PO4 regions
when they begin in a half-inserted configuration. Additionally,
they approach distances below 8 nm in the DLPC/DLPG and
DLPC/DLPG/CHOL15 systems, whereas in DLPC/DLPG/CHOL30,
they show no tendency to penetrate toward the membrane core
(also see Fig. S7). Although the intensity of the radial distribution
profiles increases with cholesterol content, the overall bilayer
structure remains preserved.

The thickness of pure DLPC bilayers at 30 1C has been
reported to be 3.14 nm46 and 3.26 nm,58 with corresponding
APL values of 0.632 nm2 and 0.608 nm2, respectively. For DLPG
bilayers, Pan et al. reported a thickness of 2.91 nm and an APL
of 0.656 nm2.59 When compared with these reference values at
30 1C, our APL and thickness values in the DLPC/DLPG bilayer
obtained at 37 1C (0.673 nm2 and 3.20 nm, respectively) are
consistent with the expected temperature dependence of lipid
bilayers: a slight increase in APL accompanied by a slight
decrease in bilayer thickness at higher temperatures.59 Upon
addition of CHOL, a decrease in APL values was observed (see
Fig. 10(a)), consistent with the well-known condensation effect
that enhances lipid packing and promotes bilayer compactness.
However, compared to atomistic DMPC/DMPG bilayers, the mag-
nitude of the APL reduction appears less pronounced in the
present DLPC/DLPG system. This behavior can be primarily
attributed to the shorter acyl chain length of DLPC (C12 : 0), which
results in reduced hydrophobic matching with the rigid sterol ring
of cholesterol and limits its packing efficiency.60 In addition, the
higher intrinsic fluidity of DLPC bilayers may further attenuate
the condensation effect of cholesterol.61 Thus, the APL declined
from 0.67 nm2 in the CHOL-free bilayer to 0.65 nm2 and 0.63 nm2

at 15% and 30% CHOL, respectively. Furthermore, peptide-
induced effects also modulated membrane packing: when all
peptides interacted with the membrane solely from the outer

leaflet (‘‘KR-out’’), the APL values were higher than that in the
partially inserted (‘‘KR-half in’’) configuration, indicating that
superficial binding perturbs lipid packing more strongly than
partial insertion.

Vesicle diameters were estimated as twice the radius of
gyration (Rg) of the phosphate headgroups, as previously
described.21 According to Rg values presented in Fig. 10(b),
DLPC/DLPG liposomes exhibited diameters of around B20 nm,
with a slight decrease upon CHOL addition, confirming the
trend of bilayer thickness values obtained from RDF peaks.
Notably, in cholesterol-containing vesicles, the Rg values for
both peptide initial configurations were very close to those of
the peptide-free controls, indicating that, at the concentrations
studied, encapsulated peptides did not significantly alter the
vesicle size.

As mentioned above, the diameter range studied here corre-
sponds to the higher membrane curvature than that of typical
experimental liposomes, which can induce asymmetry between
the two leaflets.62 In particular, the inner leaflet becomes more
tightly packed, while the outer leaflet becomes more loosely
packed, as confirmed by the density profiles. This curvature-
induced asymmetry may alter headgroup orientations and local
charge distribution at the membrane interface.63 Nevertheless,
the key peptide–lipid interaction behavior observed in the
coarse-grained vesicle simulations (e.g., preferential binding
to anionic lipids, dominant Arg–phosphate interactions, and
no membrane crossing) was consistent with those obtained
from atomistic bilayer simulations, indicating that the curva-
ture differences do not fundamentally hinder cross-scale com-
parison within the scope of the present study.

To assess which lipid type the peptides preferentially inter-
acted with, we analyzed the number of contacts formed with
each lipid over time. After a rapid increase within the first
500 ns, the peptide–lipid contacts began to stabilize, reaching a
plateau over the last B1 ms of the simulations, suggesting
convergence (Fig. S8). When considering the scenario where
peptides are initially outside the vesicles (Fig. 11(a)), interaction
with DLPG accounted for B75% in the CHOL-free system,
decreasing slightly to 66–67% in the CHOL-containing ones.
Contacts with CHOL followed a similar trend in 15% and 30%
concentration levels, reaching 12–13%. For partial peptide

Fig. 10 Average area-per-lipid (APL) (a) and radius-of-gyration (Rg) (b) values of DLPC/DLPG liposomes with varying CHOL levels, shown for bare
liposomes (no peptides) and for systems where peptides were initially placed either outside the vesicles (KR out) or half inside and half outside (KR half in).
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displacement shown in Fig. 11(b), in the DLPC/DLPG system,
peptides initially had no close contact with DLPG, but within
100 ns, contacts with DLPC sharply decreased, while contacts
with DLPG increased. By 2 ms, DLPG contacts (69%) were
roughly twice those with DLPC (31%). Upon addition of CHOL,
peptide–cholesterol contacts increased as expected, accompa-
nied by a reduction in contacts with PC lipids. However, in both
liposome models, contacts with PG lipids remained consis-
tently high, remaining at or above 60%. These observations are
supported by Fig. 12, where the radial distribution function of
peptides relative to PO4 beads shows a pronounced peak
at B0.5 nm for DLPG phosphate beads, indicating a
higher binding affinity of the peptides for DLPG lipids. Such
preference toward anionic lipids agrees with earlier findings for
other cationic peptides, such as CM15, which similarly

exhibited stronger binding to POPG-containing membranes
than to zwitterionic PC bilayers due to strong electrostatic
attraction.14

The time evolution of the non-bonded interaction energies
over the final 1 ms of the simulations (Fig. S9) indicates that the
interaction energies show equilibration with no systematic drift
in this time window. Accordingly, average non-bonded inter-
action energies calculated during this period are presented in
Fig. 13. Comparison with respect to the initial peptide place-
ment reveals that partial insertion into the vesicle cores is
energetically more favorable, as evidenced by the more negative
interaction energies in all models. As cholesterol content
increases, peptide–lipid interaction energies, like the number
of peptide–lipid contacts, also increase. For example, the
total non-bonded peptide–liposome energies in Fig. 13(b) are

Fig. 11 The normalized ratio of peptide–lipid contacts in DLPC/DLPG (left), DLPC/DLPG/CHOL15 (middle), and DLPC/DLPG/CHOL30 (right) liposomes,
shown for systems where peptides were initially placed either outside the vesicles (a) or half inside and half outside (b).

Fig. 12 Radial distribution functions (g(r)) of phosphate (PO4) headgroups of DLPC (DLPC_PO4), DLPG (DLPG_PO4), and both lipids combined (all)
relative to the peptides, shown for systems where peptides were initially placed either outside the vesicles (a) or half inside and half outside (b).
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approximately �8500.2 kJ mol�1, �9900.3 kJ mol�1, and
�10 213.8 kJ mol�1 for 0, 15 and 30% CHOL levels, respectively.

However, this trend contradicts with the atomistic simula-
tions, where increasing CHOL content leads to a reduction in
peptide–liposome interaction energies. This discrepancy may
arise from several factors inherent to the modeling approaches
and system specifications. In coarse-grained models such as
MARTINI, electrostatic interactions can be amplified due to
reduced dielectric screening and the localization of charges on
coarse-grained beads, potentially leading to stronger peptide–
lipid interactions, particularly with anionic lipids. Although
peptide-to-lipid ratios are similar in both scales, CG simula-
tions can still show stronger surface accumulation and collec-
tive binding effects due to larger system sizes and longer
sampling times, which enhance the probability of peptide–lipid
encounters. In addition, cholesterol may alter the membrane
curvature and lipid packing more flexibly at the coarse-grained
level, increasing the effective contact area between peptides
and surrounding lipids. In contrast, atomistic simulations
capture cholesterol-induced membrane ordering and stiffening
more explicitly, which may restrict peptide insertion and
reduce close peptide–lipid contacts, resulting in weaker non-
bonded interaction energies.

As shown in Fig. 13, at 15% CHOL, both van der Waals and
Coulomb interactions between peptides and DLPC reach their
maximum, whereas at 30% CHOL, they decrease in parallel
with the reduced DLPC concentration. This suggests that
15% CHOL enhances the interaction surface with DLPC, while
30% CHOL has the opposite effect. In contrast, peptide–DLPG
interactions increase in both CHOL-containing systems despite
DLPG representing only 5% of the lipids. Consistently, atomis-
tic simulations reveal that peptide–PC interactions weaken with
increasing CHOL content, whereas peptide–PG interactions
strengthen (Fig. S3).

Although the total non-bonded interactions with DLPC are
larger in magnitude, normalization per lipid (Fig. S10) reveals
that van der Waals interactions are approximately threefold and
Coulomb interactions about fivefold higher with DLPG across
all models. As cholesterol lacks charged groups, it does not
contribute to Coulomb interactions with peptides. van der
Waals interactions with CHOL are also minimal, indicating
that the enhancing effect of CHOL on peptide–lipid interac-
tions is not driven by direct peptide–cholesterol contacts, but
by the increased interaction surface with PC lipids. This is
further supported by the peptide–peptide interactions: increas-
ing CHOL content favors van der Waals interactions among
peptides, whereas Coulomb interactions diminish, suggesting
that electrostatic forces are primarily directed toward the
membrane surface rather than between peptides. These results
are consistent with our previous observations.

Lastly, to quantify lipid selectivity toward PG and to enable
comparison with the CG results, we performed MM-PBSA
binding free energy calculations64 for a single KR peptide
interacting with pure DMPC and pure DMPG membranes at
the atomistic level. Initially, the systems were analyzed analo-
gously to a protein–ligand binding process,65 with the membrane
acting as the receptor surface and the peptide as the ligand.
However, this approach led to an artificial overestimation of
electrostatic interactions (data not shown). Therefore, the peptide
was subsequently treated as a membrane-associated protein, and
periodic boundary conditions were applied to the membrane
system using the geometric multigrid.

Based on these calculations, average binding free energies
were estimated to be �140 kJ mol�1 and �392 kJ mol�1, for PC
and PG membranes, respectively. While absolute MM-PBSA values
should be interpreted with caution due to known methodo-
logical limitations, energy decomposition analysis (Table S1)
reveals consistently stronger interactions with PG membranes,

Fig. 13 Average non-bonded interaction energies between peptides (KR) and liposomes (left), van der Waals energies between peptides and each lipid
type as well as peptide–peptide interactions (middle), and coulombic interactions with each lipid type and between peptides (right) in DLPC/DLPG
liposomes with varying CHOL levels. Panels (a) and (b) correspond to systems where peptides were initially positioned outside the vesicles and half inside
half outside, respectively.
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with approximately twofold higher van der Waals and B3.5-fold
higher electrostatic contributions than those obtained for PC
membranes. Thus, a deviation of around 30% from the relative
trends of CG interaction energies was identified, highlighting
qualitative agreement but quantitative differences between the
two approaches.

Conclusions

In summary, we analyzed the interactions of KR peptides with PC/
PG lipids at both atomistic and coarse-grained levels. Atomistic
MD simulations were performed on DMPC/DMPG bilayers con-
taining 0, 15, and 30% cholesterol at two peptide concentrations.
The key findings from these simulations are summarized below:
� While single-peptide addition did not significantly alter

bilayer properties, insertion of five peptides increased the area
per lipid and enhanced lipid lateral mobility along with a slight
perturbation in the order parameter.
� The presence of cholesterol reduced membrane perme-

ability and decreased the peptide insertion depth due to its
condensing effect.
� KR peptides preferentially interacted with DMPG over

DMPC, driven by stronger electrostatic attraction, favorable
hydrogen bonding, and entropic gains from water displace-
ment around PG headgroups.
� Peptide–lipid hydrogen bonding was dominated by Arg

residues, particularly Arg9–Arg11, which formed stable interac-
tions with phosphate oxygens; cholesterol reduced hydrogen-
bond formation by limiting the number of accessible phos-
phate headgroups.
� Ion distributions also responded to peptide binding: Na+

was displaced from the peptide-facing leaflet and accumulated
in the opposite leaflet, while Cl� increased near peptides in
multi-peptide, cholesterol-containing systems due to electro-
static attraction.

To complement these atomistic insights and investigate
longer timescale behaviors, coarse-grained MD simulations
were conducted on DLPC/DLPG bilayers at the same cholesterol
concentrations, with two different initial peptide placements.
The main observations are as follows:
�When starting in the bulk solvent, peptides adsorbed onto

the outer headgroup region and remained surface-bound. Partial
initial insertion enabled encapsulation, allowing peptides to
stably occupy both inner and outer leaflets, although no peptide
fully crossed from one side to the other.
� Vesicles measured B20 nm in diameter, showing no

significant expansion or contraction upon peptide encapsula-
tion at the studied concentrations.
� Fully external peptides bound more slowly, whereas par-

tially inserted peptides rapidly oriented toward headgroups
and dispersed without forming aggregates, consistent with
energetics reflecting partial insertion as more favorable with
more negative total non-bonded energies.
� Interaction strength per lipid was dominated by DLPG,

with Coulomb (B5�) and van der Waals (B3�) forces stronger

than those with PC lipids, confirming the peptides’ preferential
binding to anionic membranes.

Hence, our results demonstrate that coarse-grained MD
simulations agree well with the atomistic findings and empha-
size that proper encapsulation of KR peptides critically depends
on both the lipid composition and initial peptide placement,
highlighting the importance of the preparation strategy. Speci-
fically, cationic peptides can be successfully encapsulated
into anionic membranes; however, long-range electrostatic
attractions with the membrane surface can have two key
implications: (i) passive diffusion of peptides into pre-formed
liposomes is unlikely due to adsorption and surface stacking
and (ii) efficient drug release may be hindered by peptide
trapping within the vesicle core, potentially slowing release.
To address these challenges, active loading strategies, pH or
ion gradients, could enhance encapsulation efficiency, while
optimizing the proportion of anionic lipids or incorporating
pH-responsive lipids may facilitate peptide delivery despite
potential entrapment. These complex mechanisms warrant
further investigation using blood–brain barrier models or
experimental in vitro tests, guided by the mechanistic frame-
work presented here for developing liposomal drug delivery
systems targeting neurological diseases.
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Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary infor-
mation: Fig. S1. Representative conformations of aggregated
peptides in DMPC/DMPG/CHOL15 membrane highlighting
interacting residues (a) and peptide insertion in DMPC/DMPG
membranes from two independent trials (b). Fig. S2. Peptide–
lipid association for the peptide dimer in the DMPC/DMPG/
CHOL15 membrane. C-Terminal Arg residues interact with the
lipid headgroups, while Leu3, Val4 and Phe5 participate in the
dimer interface. Fig. S3. Short-ranged non-bonded interaction
energies between peptides (KR) and between peptides and lipid
components (DMPC, DMPG, and CHOL) over time. Here, LJ
stands for Lennard-Jones interactions, while Cou represents
coulombic electrostatics. Fig. S4. Distribution of KR peptides
across DMPC/DMPG membranes with varying cholesterol con-
tent, taken from the second independent trial. The upper panel
shows systems containing a single KR peptide, while the lower
panel shows systems with five KR peptides. Here, peptide
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molecules are represented by yellow van der Waals spheres. Fig.
S5. Average center-of-mass (COM) distance between peptides
and DMPC/DMPG membranes with varying cholesterol (CHOL)
concentrations, calculated over the last 100 ns of the simula-
tions. The left panel shows systems containing a single KR
peptide, whereas the right panel shows systems containing five
KR peptides. Fig. S6. Magnified density distributions of phos-
phorus (P), water (W), sodium (Na), chloride (Cl), peptide (KR),
and cholesterol oxygen (O3) in DMPC/DMPG membranes with
varying cholesterol levels, relative to the membrane center (z =
0). Profiles are shown for bare membranes (a), membranes
containing a single KR peptide (b), and membranes containing
five KR peptides (c). Fig. S7. Peptide distribution in the lower
leaflet of DLPC/DLPG liposomes containing 0, 15, and 30%
CHOL (left to right) at 2 ms. For clarity, only the inner-leaflet
PO4 beads and peptides are shown, rendered as tan and yellow
van der Waals spheres, respectively. Fig. S8. The time evolution
of peptide–lipid contacts in DLPC/DLPG bilayers containing 0,
15, and 30% CHOL (left to right). The upper panel (a) corre-
sponds to the external initial placement of peptides, whereas
the lower panel (b) corresponds to their initial partial embed-
ment. Fig. S9. Short-ranged non-bonded interaction energies
between peptides (KR) and between peptides and lipid compo-
nents (DMPC, DMPG, and CHOL) over time. The upper panel
(a) corresponds to the external initial placement of peptides,
whereas the lower panel (b) corresponds to their initial partial
embedment. Fig. S10. Average van der Waals (left) and cou-
lombic (right) interaction energies-per-lipid between peptides
and each lipid type in DLPC/DLPG liposomes with varying
CHOL levels. The upper panel (a) corresponds to the external
initial placement of peptides, whereas the lower panel (b)
corresponds to their initial partial embedment. Table S1.
MM-PBSA binding free energies of the single KR peptide with
pure DMPC and DMPG lipid membranes, including van der
Waals (VDWAALS) and electrostatics (EEL) contributions. The
Poisson–Boltzmann equation was solved using the geometric
multigrid approach (solvopt = 2) with linear PB (ipb = 1) and
periodic boundary conditions (bcopt = 10) to minimize unphy-
sical edge effects. The parameter eneopt was set to 1 as the
charge-view method (eneopt = 2) is not supported for protein-
membrane systems; consequently, the EEL term includes both
coulombic and reaction-field (EPB) energies. See DOI: https://
doi.org/10.1039/d5cp04834f.

Acknowledgements

The financial support was provided by the TÜBİTAK 2218 –
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