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Abstract
Cell-penetrating peptides (CPPs) can enter cells without inducing cytotoxic-
ity and can be coupled with cargo molecules to be used to deliver drugs,
DNA, or nanoparticles into cells. The peptide-membrane interactions driving
the internalization mechanism are not completely understood. In this study,
we introduce Computational Electrophysiology (CompEL) as a tool for the
computational investigation of CPP and membrane interaction leading to
internalization, focusing on cationic CPPs such as Arg9, MAP, TP10, and
TP2. CompEL induces membrane stress through ion imbalance, prompting
the membrane to alleviate this stress via pore formation. Using double
bilayer molecular dynamics (MD) simulations with one or eight peptides, we
show that CPPs can use these pores to translocate, whereas non-CPP non-
aleucine peptide fails to cross the membrane and instead contributes to
pore stabilization. In the eight-peptide systems we observe that some pep-
tides can cooperate to reach translocation or to foster pore stabilization.
This study introduces CompEL as a powerful tool for CPP research, shed-
ding light into the molecular peptide-membrane interactions governing CPP
translocation, and offering valuable insights for the design of next-
generation delivery systems.

KEYWORDS
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1 | INTRODUCTION

Cell-penetrating peptides (CPPs) represent a diverse
class of molecules renowned for their ability to traverse
biological membranes and facilitate the intracellular
delivery of various cargoes without inducing cytotoxicity
(Bertrand et al., 2009; Copolovici et al., 2014; Lindgren
et al., 2000). CPPs can internalize into cells coupled

with various cargoes, such as proteins, DNA, RNA,
nanoparticles or low molecular weight drugs (Endoh &
Ohtsuki, 2009; Kristensen et al., 2016; Li et al., 2012;
Säälik et al., 2004; Silva et al., 2019; Veldhoen
et al., 2006). Moreover, CPPs are currently being used
for therapeutic purposes, such as cancer treatment,
Alzheimer’s disease, and immunotherapy (Fathi
et al., 2025; Klimpel et al., 2019; Lee et al., 2025;
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Magzoub, 2020; Wu et al., 2019). Nevertheless, the
molecular mechanism of CPP translocation and inter-
nalization requires further investigation (Muñoz-Gacitúa
et al., 2022), for controlled rational design of these bio-
medically relevant molecules.

Many molecular mechanisms have been proposed,
which can be classified into energy-dependent and
energy-independent methods (Catalina-Hernandez &
Peralvarez-Marin, 2026; Gestin et al., 2017). Energetic
mechanisms entail endocytosis and vesicle formation
(Richard et al., 2005; Ruseska & Zimmer, 2020; Thorén
et al., 2003), whereas energy-independent mecha-
nisms include pore formation (Matsuzaki et al., 1996),
which can happen through the toroidal (involving lipids
in the pore stabilization process) (Bechara &
Sagan, 2013) or the barrel-stave (without the use of
lipids to stabilize the pore) (Copolovici et al., 2014)
models, the carpet model (through membrane destabili-
zation) (Pouny et al., 1992), the membrane thinning
model (Lee et al., 2005), and inverted micelle (Derossi
et al., 1996). More recently, CPPs have been discov-
ered to translocate across both the endosomal and
plasma membranes by a vesicle budding and collapse
(VBC) mechanism (Sahni et al., 2020, 2024). In fact,
the diverse possible translocation methods lead to talk
about a landscape of different internalization mecha-
nisms (Langel, 2019). In addition to these mechanisms,
other variables, such as peptide concentration, can
also affect the internalization dynamics (Magzoub
et al., 2002).

CPPs exhibit a wide range of structural and biochem-
ical characteristics, often classified based on their pre-
dominant physicochemical properties. Among these
classifications, peptides can be categorized as cationic,
hydrophobic, amphipathic or stimuli-responsive (Hunt
et al., 1997; Milletti, 2012). Cationic peptides, such as
Arg9 (Futaki et al., 2001) are characterized by an abun-
dance of positively charged residues, such as arginine
or lysine, which promote electrostatic interactions with
negatively charged cell membranes. Hydrophobic
peptides, such as TP2 (Marks et al., 2011), and K-FGF
(Lin et al., 1995) possess a high proportion of hydropho-
bic residues, facilitating interactions with lipid bilayers.
Amphipathic peptides, such as TP10 (Soomets
et al., 2000) or MAP (Lindgren et al., 2000; Steiner
et al., 1991), can be further divided into primary
amphipathic (featuring distinct hydrophobic and hydro-
philic regions within their sequences), secondary amphi-
pathic (which adopt amphipathic conformations upon
interaction with lipid membranes), proline-rich, and
histidine-rich (Iwasaki et al., 2015; Milletti, 2012). Stimuli-
responsive CPPs, such as pH-(low)-insertion-peptide
(An et al., 2010; Hunt et al., 1997) and the histidine-rich
synthetic peptide LAH4-L1 (Wolf et al., 2017) exhibit
their activity under certain conditions, for instance, under
acidic pH. Understanding the classification of CPPs

based on these physicochemical properties is essential
for elucidating their mechanisms of cell penetration and
optimizing their utility in biomedical applications
(De Oliveira et al., 2022).

Molecular dynamics (MD) simulations have been
extensively used to investigate the internalization
mechanisms, since they can provide meaningful
insights of peptide-membrane interaction at atomic
level (Catalina-Hernandez & Peralvarez-Marin, 2026;
Magzoub et al., 2001, 2005; Thorén et al., 2004). In this
study, we seek to study the insertion or translocation
abilities of CPPs. Nonetheless, the translocation pro-
cess takes from seconds to minutes (Kutzner
et al., 2011; Yesylevskyy et al., 2009), and is too com-
putationally demanding to be observed in a conven-
tional Molecular Dynamics (cMD) simulation. In this
regard, enhanced sampling techniques have been
employed to explore a larger conformational space,
such as Umbrella Sampling (US) (Huang &
García, 2013; Torrie & Valleau, 1977), Replica
Exchange (RE) (Nymeyer et al., 2005; Reid
et al., 2019), adaptive Steered Molecular Dynamics
(aSMD) in combination with cMD (Catalina-Hernandez,
Aguilella-Arzo, et al., 2025), and Weighted Ensemble
(WE) (Choe, 2021). Besides, coarse graining tech-
niques, such as MARTINI, have also been used to
study the thermodynamics of CPP translocation (Hu
et al., 2014) (interested readers are redirected to the
exhaustive review by Ouyang and colleagues; Ouyang
et al., 2022). However, these methods have inherent
limitations. For instance, US is primarily used to calcu-
late the free energy of translocation, aSMD requires
powerful computational resources, and they are
strongly biased methods requiring reaction coordinates,
whereas coarse-grained simulation have lower resolu-
tion. Therefore, we repurpose computational electro-
physiology (CompEL) (Kutzner et al., 2011) to elucidate
the key steps involved in CPP cell penetration. Com-
pEL has been previously used to study membrane pro-
teins, mainly ion channels (see the CompEL review in
(Kutzner et al., 2016)), but, to the best of our knowl-
edge, this is the first study to employ CompEL for the
study of CPPs and their mechanism of action.

Simulations at high temperatures (up to 500 K) have
been performed to study membrane disruption of small
molecules (Wang et al., 2019), following the high kinet-
ics rationale to enhance sampling (Daggett &
Levitt, 1992). Following a parallel reasoning, in Com-
pEL, we generate a difference in potential through ion
imbalance using a double membrane configuration
(Kutzner et al., 2011), allowing for enhanced sampling
and easier CPP-mediated membrane disruption.
Through this approach, we seek to identify critical
molecular events and kinetic barriers that dictate the
efficiency of CPP internalization. We aim to provide a
new possibility to unravel the interactions between
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CPPs and lipid membranes, shedding light on the pro-
cesses governing their cellular uptake.

In this regard, we chose four representative CPPs
(Arg9, MAP, TP10, and TP2) to compare them with our
previous study (Catalina-Hernandez, Aguilella-Arzo,
et al., 2025) and a negative control (Leu9, non-CPP) to
conduct the study. First, we ran simulations with one
peptide at different potentials to decide the appropriate
transmembrane potential for this system setup. Then,
we analyzed the simulations at the chosen transmem-
brane potential. Last, we simulated the systems with
eight peptides to study and analyze CPP cooperation
and aggregation.

In this study, we aim to expand the computational
toolkit for investigating membrane-active peptides (Avci
et al., 2018; Sani & Separovic, 2016), with a particular
emphasis on CPPs. To this end, we employ CompEL,
an entry-level, rapid, and reproducible computational
technique, to explore the molecular mechanisms under-
lying CPP internalization. Our objectives are to differen-
tiate between CPP-like and non-CPP peptides and to
compare single- to multiple-peptide simulations. Our
findings hold promise for guiding the rational design of
CPP-based delivery systems and advancing targeted
therapeutic interventions in biomedical research.

2 | MATERIALS AND METHODS

2.1 | Systems preparation

Peptides were initially modeled with ColabFold note-
book (Mirdita et al., 2022), which uses AlphaFold
(Jumper et al., 2021) monomer prediction to model the
peptides. Each peptide was put in a 7.5 � 7.5 � 7.5 nm
box solvated with TIP3 waters. The systems were mini-
mized for 5000 steps, equilibrated in the NVT ensemble
for 125,000 steps, and the production was run for
250 ns. The forcefield chosen was CHARMM36m,
which has been maintained throughout the study.
GROMACS (Abraham et al., 2015; Bekker et al., 1993;
Berendsen et al., 1995; Hess et al., 2008; Lindahl
et al., 2001; P�all et al., 2015; Pronk et al., 2013; Van
Der Spoel et al., 2005) software was used to run the
simulations. The temperature of all the simulations was
maintained at 350 K, to use the same temperature that
is going to be used in CompEL. Periodic boundary con-
ditions (PBC) were applied.

The simulations were analyzed using Jupyter Note-
book integrated development environment (IDE)
(Kluyver et al., 2016) and GROMACS. The trajectory of
the peptide was clustered using the MDAnalysis pack-
age in Python (Gowers et al., 2016; Michaud-Agrawal
et al., 2011), and the centroid structure was used as
input for the CompEL simulations run using GROMACS.

The membrane was composed of 128 POPC (1--
palmitoyl-2-oleoylphosphatidylcholine) molecules per

leaflet (256 POPC each bilayer and 512 in total in the
system) and solvated with TIP3P water. The system
was neutralized with KCl to a final concentration of
150 mM. The systems were built using CHARMM-GUI
(Jo et al., 2008; Lee et al., 2016; Wu et al., 2014) web
server. The system box size was 9.35 � 9.35 � 17 nm.

2.2 | CompEL simulations

In CompEL, a transmembrane potential triggered by
charge imbalance (ΔQ) between the two aqueous com-
partments separated by the membrane is used to gen-
erate an electric potential difference across a lipid
bilayer. In this approach, the electrostatic potential
arises self-consistently from the excess ions, rather
than from an externally applied electric field. Since
PBC are applied in all three spatial dimensions, a single
membrane system would not sustain a stable trans-
membrane potential, as the aqueous compartments on
either side of the bilayer are periodically connected. To
overcome this limitation, a double membrane configura-
tion was designed, creating two independent water
compartments separated by two membranes. This
setup allows a well-defined and stable charge imbal-
ance to be maintained between the inner and outer
aqueous regions, resulting in a constant transmem-
brane potential across each bilayer.

The double membrane system was prepared follow-
ing established CompEL protocols (Kutzner
et al., 2011, 2016; Weng et al., 2021). First, the equili-
brated single-bilayer system was duplicated, the sec-
ond copy was rotated, the simulation box size was
doubled along the membrane normal, and both sys-
tems were concatenated into a single simulation box.
GROMACS built-in gmx utilities were used. The desired
charge imbalance was then introduced by adding posi-
tive charges (K+ ions) in the inner water compartment
and negative charges (Cl� ions) in the outer water com-
partment, while maintaining overall electro neutrality of
the simulation box. Ion insertion was performed by
swapping water molecules with ions using the GRO-
MACS utility gmx insert-molecules. In Table 1, we pre-
sent the configurations for all the systems simulated in
this study, indicating the resulting charge imbalances,
corresponding membrane potentials, and ionic condi-
tions. Based on the compartment volume of approxi-
mately 350 nm3, the effective KCl concentration was
determined by the number of stoichiometric ion pairs
(K+/Cl�). While the number of pairs varies with ΔQ, the
total number of mobile ions in each compartment was
maintained at 56. Thus, the ionic strength remained
constant at approximately 133 mM across all simula-
tions. The ion number was kept constant in each water
compartment through the whole duration of the simula-
tion using the computational electrophysiology protocol
in GROMACS, which controls ion/water position
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exchanges (production files can be found at the GitHub
repository, see Section 2.4). In simulations containing a
peptide, the peptide was added in the inner water com-
partment, along with the corresponding counterions,
following the same procedure as before. Thereafter,
the system was minimized for 5000 steps and equili-
brated for approximately 2 ns (the different steps were
of 125, 125, 125, 500, 500, and 500 ps) while gradually
lowering the positional restraints (1000, 400, 400,
200, 40, and 0 kJ�mol�1�nm�2, respectively). Last, a
250 ns simulation was run for each system, with three
replicas in each case. All simulations were run at 350 K
to allow more mobility (Maragliano & Vanden-
Eijnden, 2006). Lipids and peptides were described
using the CHARMM36m force field. Long-range elec-
trostatic interactions were treated using the particle
mesh Ewald (PME) method with a real-space cutoff of
1.2 nm, while van der Waals interactions were force-
switched between 1.0 and 1.2 nm using a Verlet cutoff
scheme. A summary of the number of simulations run
can be found at Table 2, accounting for approximately
42 μs of simulation time (ca. 4 μs for membrane only
systems, ca. 19 μs for systems with one peptide, and
19 μs for systems with eight peptides). The simulations
were run using a workstation with a GPU RTX3080Ti,
at approximately 80 ns per day.

2.3 | Data analysis

MD simulation analysis was executed in a Jupyter Note-
book IDE (Kluyver et al., 2016), used along with the MDA-
nalysis package in Python, and gmx utilities (Gowers
et al., 2016; Hess et al., 2008; Lindahl et al., 2001;
Michaud-Agrawal et al., 2011; Pronk et al., 2013; Van Der

Spoel et al., 2005). PyLipID was used to analyze lipid
occupancy, which is a measure of the simulation time that
a protein residue is in contact with the lipids (Song
et al., 2022). Visual inspection and molecular graphics
were performed in VMD (Humphrey et al., 1996). Second-
ary structure was analyzed in VMD, which uses the
STRIDE program (Frishman & Argos, 1995) as the built-
in secondary structure algorithm.

The transmembrane potential corresponding to
each imposed charge imbalance (ΔQ) was estimated
from electrostatic potential profiles calculated using the
GROMACS tool gmx potential. The electrostatic poten-
tial was obtained by averaging the charge density along
the membrane normal (z-axis). To obtain a well-defined
reference potential, this analysis was performed over
the initial 10 ns of the simulations, during which the
membrane structure and ion distributions remained sta-
ble. The electric field was obtained by computing the
slope at each point of the potential plot.

Pore radius was calculated using an in-house
Python implemented with the Scipy library (Virtanen
et al., 2020). For each simulation frame, the pore region
was divided along the z direction into consecutive slabs
(z-stacks) of 2 Å thickness. Within each z-stack, the
positions of water oxygen atoms were extracted, and
pairwise Euclidian distances between all water mole-
cules in that slab were calculated. The maximum dis-
tance between any two water molecules within a given
z-stack was used to calculate the local pore radius at
that axial position. This procedure was repeated for all
z-stacks along the pore axis, and the minimum radius
among all z-stacks was taken as the pore radius for
that simulation frame, representing the narrowest con-
striction of the pore. The analysis was performed inde-
pendently for each frame of the trajectory.

TAB LE 1 System configurations in the computational electrophysiology (CompEL) method.

Transmembrane
potential (ΔQ)

# K+
in OWC

# K+
in IWC

# Cl-
in OWC

# Cl-
in IWC

# water
residues

Effective
[KCl] (mM)

Ionic
strength (mM)

0 28 28 28 28 22,850 133 133

8 30 26 26 30 22,820 123 133

12 31 25 25 31 22,831 119 133

16 32 24 24 32 22,839 114 133

24 34 22 22 34 22,832 104 133

Note: The composition is indicated for the system without peptides (membrane only, control simulations). When a peptide is added to the system (in the outer water
compartment), the corresponding counterions were added (in the same water compartment). OWC and IWC refer to the outer and the inner water compartments,
respectively.

TAB LE 2 Summary of the simulations and replicas run in this study.

Number of peptides 0 ΔQ 8 ΔQ 12 ΔQ 16 ΔQ 24 ΔQ

1 3 replicas 3 replicas 3 replicas 3 replicas 3 replicas

8 3 replicas 3 replicas 3 replicas 3 replicas (500 ns) –

Note: The columns show the different transmembrane potential through ion imbalance (ΔQ) used, and the rows indicate the number of peptides. If not indicated
otherwise, the simulations have been run for 250 ns.
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Lipid order parameter of C-H bonds (SCH) computes
the orientation of the lipids with respect to the mem-
brane normal (Rep�akov�a et al., 2005). SCH is calculated
using Equation 1:

SCH ¼ 3 � cos2θCH
� ��1

2

� �
ð1Þ

where θ stands for the angle between the C-H bond of
an acyl chain and a reference axis (the z axis in MD
simulations), and the angular brackets indicate an
ensemble average over time and lipid molecules. SCH

has negative values in lipid membranes, and thus it is
usually reported as -SCH (Piggot et al., 2017). SCH has
been computed for the palmitoyl (at position sn-1) chain
of POPC. All analysis scripts are available at our
GitHub repository (see Section 2.4). Matplotlib
(Hunter, 2007) was used for plotting Figures 1–5.

2.4 | Data availability

The data supporting this article have been included as
part of the Supplementary Information. System, file sim-
ulation inputs, and code to reproduce the analyses pre-
sented can be found at:

https://github.com/APMlab-memb/CompEL_CPPs.
git. Due to file size limitations, the simulation trajectory
file will be shared upon request.

3 | RESULTS & DISCUSSION

3.1 | ΔQ benchmarking

In order to conduct the CompEL simulations, we cre-
ated a series of systems with increasing ΔQ, starting
from 0 (0 net charge in any of the two compartments) to
24, where the charge imbalance was obtained by

F I GURE 1 Graphical representation of CompEL initial configuration. (Top part) Modeled structure of Arg9, MAP, TP10, TP2 and Leu9
peptides. Peptides are represented as Van der Waals spheres, and colored as: Arg9 in cornflower blue, MAP in green, TP10 in orange, TP2 in
purple, Leu9 in red. (Left part) The initial configuration of the membrane is shown, specifying the total number of lipid molecules, in both bilayers,
and water molecules. The gray box and the peptide colored in orange indicate the starting position of the peptide in the CompEL simulation. The
polar heads (phosphate and choline groups) of the phospholipids are represented as surface, and the lipid tails are represented as licorice. The
inner and outer leaflets are colored in light and dark gray, respectively. Waters are represented as licorice and colored in cyan. Hydrogens are
hidden for clarity. In addition, we name the different compartments in the system, differentiating between the inner and outer water
compartments, and the inner and outer leaflets. The desired transmembrane potential through ion imbalance (ΔQ) is achieved by adding the
same number of positive (K+) and negative (Cl�) charges in the inner and outer water compartments, respectively. This ΔQ is represented by
the arrow and the red and blue boxes in the figure. (Right part) The electron density ratio plot of the system is shown, differentiating between
membrane part, water molecules, and K+ and Cl� ions.

CATALINA-HERNANDEZ ET AL. 5 of 24
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F I GURE 2 Legend on next page.
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placing ΔQ/2 K+ ions in the inner water compartment
and the other half by placing ΔQ/2 Cl� ions in the outer
water compartment (Figure 1). We initially ran four sets
of 250 ns simulations: at ΔQ 0, 8, 16, and 24, with three
replicas for each simulation. However, given the sud-
den change in simulation outcomes between ΔQ 8 and
16 (see below), we decided to add a new set of simula-
tions, at ΔQ 12, to try to better describe the phenomena
occurring.

We decided to use four canonical CPPs: Arg9,
MAP, TP10, and TP2 (Table 3). Besides, we chose
Leu9 as a negative control, a peptide not expected to
present CPP-like capacities due to its high hydropho-
bicity (Ash et al., 2004). In parallel, we ran a simulation
without a peptide, as a membrane-only control. We
chose POPC as membrane lipid, since it is extensively
used owing to its biological relevance, reliability, and
stability in MD simulations and relevance in physiologi-
cal systems (Ing�olfsson et al., 2017). The starting con-
figuration of the peptides and the membranes is
presented in Figure 1, where the total number of mem-
brane lipids and water residues is also displayed.
Besides, the electron density plot is included, indicating
membrane, water, and ion densities.

In order to quantify the potential and electric field
generated by the CompEL method, potential and field
distributions were calculated using the GROMACS
built-in gmx potential tool (Figure S1a). Both the trans-
membrane potential and electric field increase with the
imposed charged imbalance, reaching a voltage of
approximately 2 V in CompEL ΔQ 16 simulations (the
ones selected for detailed analysis, as discussed
below). The corresponding electric field across a single

membrane averages �0.3 V/nm (when considering the
symmetric double-membrane setup, the net field across
the simulation box sums to zero).

In physiological conditions, membrane potentials
typically range from �0 to �150 mV. We therefore
emphasize that the membrane potentials applied in
this study exceed physiological values. However, the
use of elevated transmembrane potentials is a
well-established practice in both experimental and
computational studies of membrane permeabilization.
Experimentally, voltages exceeding �0.5 V (even
though the exact value can vary depending on lipid
composition, membrane thickness, and experimental
conditions) are known to induce lipid bilayer poration
or electroporation (Weaver & Chizmadzhev, 1996).
Similarly, MD simulations routinely employ high elec-
tric fields or charge-imbalance approaches to induce
pore formation or enhance membrane permeability
within nanosecond-to-microsecond timescales. In fact,
the potential and field values used in this study are
similar to those used in other biological studies to
induce pore formation through the application of an
electric field (Gurtovenko & Vattulainen, 2005;
Tieleman, 2004; Tieleman et al., 2003). The applica-
tion of such elevated potentials in MD compensates
for intrinsic timescale limitations of atomistic simula-
tions, enabling the observation of rare membrane
remodeling events such as lipid rearrangement, pore
nucleation, and peptide insertion within computation-
ally accessible simulation times. The resulting mem-
brane potentials should therefore be interpreted as
effective, time-averaged values, rather than as direct
representations of experimental or physiological

F I GURE 2 Results in CompEL simulations with one peptide. (a) Illustrative summary of behaviors seen throughout the CompEL simulations
in each transmembrane potential through ion imbalance (ΔQ): 0, 8, 12, 16, and 24. We differentiate between peptide partitioning, insertion, and
translocation. The results represent the ratio of behaviors of the five peptides (Arg9, MAP, TP10, TP2, Leu9) in the three replicas conducted.
Color code: Partitioning in blue, insertion in purple, and translocation in orange. (b) Summary of the outcomes in the simulations of ΔQ
16 differentiating by peptide. (c) Bubble plot of the outcomes for each peptide (y axis), differentiating by the ΔQ (x axis). The size and number
inside of each bubble represent the number of each behavior. (d) Molecular representation of the final snapshot in the ΔQ 16 CompEL
simulations: Top pose (top image) and side pose (bottom image). Two behaviors are observed: Translocation of Arg9, MAP, and TP10, and
insertion with pore formation of TP2 and Leu9. Peptides are colored in its own color, inner membrane in white, outer membrane in gray, and
waters in cyan. Peptides are depicted as spheres, and membrane and waters as licorice. Only waters pertaining to the pore are shown in the top
pose. Hydrogens are omitted for clarity. A scale bar is added for size clarity. The black box indicates the peptide starting position.

TAB LE 3 Sequence and characteristics of the peptides used in this study. GRAVY score is calculated using the Kyte-Doolittle scale (Kyte &
Doolittle, 1982).

Peptide Length Sequence Type Net charge GRAVY score

Arg9 9 RRRRRRRRR Cationic +9 �4.5

MAP 18 KLALKLALKALKAALKLA Amphipathic +5 0.99

TP10 21 AGYLLGKINLKALAALAKKIL Amphipathic +4 0.93

Dynorphin A 17 YGGFLRRIRPKLKWDNQ Amphipathic 4 �1.26

TP2 13 PLIYLRLLRGQWC Hydrophobic +2 0.42

Leu9 9 LLLLLLLLL Hydrophobic 0 3.8

K-FGF 17 AAVALLPAVLLALLAP Hydrophobic 0 2.42

CATALINA-HERNANDEZ ET AL. 7 of 24
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values. Importantly, the goal of the present study is
not to reproduce absolute physiological membrane
potentials, but to compare peptide-specific behaviors
under identical electrostatic conditions. By applying
the same membrane potential across all systems, we
ensure that the observed differences in membrane

disruption, insertion, and translocation arise from
intrinsic peptide-lipid interactions rather than from vari-
ations in the applied field. Consequently, our results
should be interpreted in a comparative and mechanis-
tic framework rather than as a direct quantitative pre-
diction of biological membrane behavior.

F I GURE 3 Analysis of CompEL ΔQ 16 simulations with one peptide. (a) Radar plot showing the occupancy of each residue with the lipid
polar headgroups. Each spoke represents the peptide residue, whereas the radial (inner) axis represents the percentage of occupancy (0–
100%). Shaded areas represent the occupancy magnitude for each residue, and higher radial values reflect higher occupancy at the
corresponding residue. Lipid occupancy is divided by inner and outer membrane contacts. Residue occupancy is defined as the ratio of
simulation time that a residue is in contact with the lipid. The average values for the three replicas are represented. The lipid occupancy referring
to the lipid acyl chains is shown in Figure S2. (b) Secondary structure plot. The secondary structure for each residue throughout the simulation is
shown. The plot represents the average of the three replicas. The analysis has been done through a tcl script that employed VMD Secondary
Structure tool (Humphrey et al., 1996). The arrow indicates the time in which the peptide inserts into the membrane.
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Consistent with experimental electroporation stud-
ies, the application of high transmembrane potential
leads to pore formation in the membranes. The pore
nucleation process observed in control simulations con-
taining only lipid bilayers (simulations without peptides)
is described in Figure S1b. Initially, water molecules
penetrate into the hydrophobic core of the lipid bilayer,
creating transient water defects. This is followed by the

nucleation of a water pore through the connection of
the inner and outer aqueous compartments. Once
formed, the pore supports a continuous flow of water
molecules across the membrane. Subsequently, lipid
polar headgroups reorient and insert into the pore inte-
rior, promoting pore enlargement, until the pore gets
stabilized, characterized by a sustained and large water
flux and a high density of lipid polar headgroups lining

F I GURE 4 Results of CompEL ΔQ 16 simulations with eight peptides. (A) Number of behaviors observed. Only relevant (i.e., translocation
and insertion) results are shown. A complete depiction of the results can be seen in Figure S4. The values include the results in the three
replicas. (B, C, D, E, F) Molecular representation of the system at the end of the 500 ns of simulation. The peptides represented are Arg9, MAP,
TP10, TP2, and Leu9, respectively. Peptides are shown as Van der Waals spheres (left) or cartoon (right). Surface of the polar heads is shown,
differentiating between inner (white) and outer (gray) leaflets. Water molecules are shown as licorice, representing in bigger size the water
residues in the pore. Hydrogens are omitted for clarity. A scale bar is added for size clarity. Simulation process can be observed in Video S1.

CATALINA-HERNANDEZ ET AL. 9 of 24
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the pore. These pores get stabilized in a size of
ca. 2 nm and can be stable during the whole simulation
(see Table 4, membrane-only simulations).

The formation of a pore in the membranes facili-
tates peptide insertion. However, the interaction of the
peptide with the pore and the membrane differs
depending on the nature of the peptide. We show the
results of each observed behavior for all transmem-
brane potential simulations (Figure 2a). Among the
tested conditions, the ΔQ 16 simulations exhibit the
greatest diversity of behaviors and a relatively bal-
anced occurrence for each category, enabling mean-
ingful differentiation between peptides. For this
reason, subsequent analyses focus on the ΔQ 16 sim-
ulations (Figure 2b). Figure 2c further illustrates the
dependence of peptide behavior on the applied ΔQ.
Increasing ΔQ results in a higher frequency of inser-
tion and translocation events, supporting the use of

higher ΔQ values and underscoring their association
with more pronounced membrane-perturbing
behaviors.

We classify peptide-membrane interactions into
three distinct behaviors. First, inner leaflet adsorption or
partitioning: the peptide remains in the inner water com-
partment while interacting with the inner part of the
membrane. Second, insertion (Figure 2d: TP2, Leu9):
the peptide uses the pore formed to penetrate the
hydrophobic core of the membrane, interacting with
lipid polar headgroups on the outer side while remain-
ing in contact with the inner leaflet. In some cases, this
state is accompanied by continuous water flux, defining
a water pore. Third, outer leaflet stabilization or translo-
cation (Figure 2d: Arg9, MAP, TP10): the peptide not
only inserts via the pore but also crosses the mem-
brane, interacting with the outer leaflet and the outer
water compartment.

F I GURE 5 Analysis of CompEL ΔQ 16 simulations with eight peptides. Secondary structure analysis is shown, representing the
conformation of each of the eight peptides through the 500 ns of the simulation. The plot represents the average structure in all three replicas.
The labels in the y-axis indicate the first residue of each peptide.

TAB LE 4 Average pore radius (Å) during the 250 ns of CompEL ΔQ 16 simulation. Standard deviation (SD) values are shown. The pore
radius is averaged over all frames in the simulation.

# replica Control Arg9 MAP TP10 TP2 Leu9

1 0 31.8 ± 6.7 0.6 ± 0.3 11.5 ± 2.8 4.7 ± 1.9 7.21 ± 0.9

2 24.8 ± 5.5 6.3 ± 2.1 8.2 ± 2.8 3.7 ± 0.6 10.6 ± 2.6 16.8 ± 1.2

3 21.2 ± 5.4 0 0.4 ± 0.2 9.3 ± 1.8 16.7 ± 3.4 20.5 ± 4.1

10 of 24 CATALINA-HERNANDEZ ET AL.

 1469896x, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70536 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [16/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.2 | CompEL simulations at ΔQ 16

3.2.1 | Peptide analyses

The results of all the simulations, divided by peptide,
can be seen in Figure 2b (Table S1). Focusing on ΔQ
16 simulations (Figure 2d), we see how the transloca-
tion is the most common result for TP10, whereas Arg9
and MAP partition in most cases, but they also have
the ability to translocate the membrane. On the other
hand, TP2 and Leu9 are the only peptides that do not
show translocation capabilities and get inserted in the
membrane in most cases.

Consistent with our simulation results, experimental
studies have identified TP10 as a highly efficient trans-
locating peptide across lipid bilayers. In particular,
Moghal and collaborators reported that TP10 transloca-
tion is strongly enhanced by the presence of a mem-
brane potential, even at relatively low voltages,
highlighting the voltage sensitivity of this peptide
(Moghal et al., 2020). Notably, those experiments
showed that TP10 translocates without permeabilizing
the membrane to water-soluble fluorescent probes,
indicating that translocation occurs via transient, nar-
row, and unstable pores or pre-pore states rather than
through long-lived, fully water-filled pores.

While the CompEL simulations employed here
involve higher effective membrane potentials and stabi-
lize water-filled pores to enable observation of translo-
cation events within accessible timescales, the
qualitative agreement is striking: TP10 consistently
exhibits the highest translocation propensity among the
peptides studied. This suggests that the enhanced
translocation of TP10 observed in our simulations
reflects an intrinsic peptide property that is also mani-
fested experimentally, even under conditions where
pore formation is transient and below the detection
threshold for large solutes. Together, these observa-
tions support the interpretation that membrane potential
facilitates TP10 translocation through electrostatically
assisted membrane destabilization, with the nature and
lifetime of the permeabilizing defects depending on the
magnitude and duration of the applied potential.

Peptide behaviors can also be spotted in Figure 3a,
which shows the occupancy of the peptide residues by
lipid molecules. Occupancy, analyzed with PyLipID
(Song et al., 2022), measures the simulation time in
which a residue is in contact with a lipid. In short,
Figure 3a shows how peptides interact with POPC mem-
branes. We differentiate between the inner and the outer
part of the membrane, and between the interaction with
the polar head and the hydrophobic tail of the lipids (see
Figure S2a). In this regard, TP10, the peptide that trans-
locates in most cases, shows a higher occupancy in the
outer part of the membrane, demonstrating the translo-
cation behavior. On the other hand, in the case of the
other four peptides, we see a higher occupancy in the

inner part of the membrane. Besides, TP2 and Leu9, the
peptides that do not translocate in any replica, also show
interaction with the outer leaflet, indicating that the inser-
tion mechanism entails interaction with both leaflets.

Observing the residues that show a higher occu-
pancy, Arg9 and Leu9 show a homogeneous behavior,
with a similar occupancy for all residues, given that they
are polychains of the same amino acid. Nonetheless, we
see a clear difference in the occupancy of these two pep-
tides: Arg9 preferably interacts with POPC polar heads
(Figure 3a), whereas Leu9 shows a higher interaction
with lipid tails (Figure S2a). These behaviors are
explained by the cationic polar nature of arginine, prefer-
ably interacting with the negative charge in the phos-
phate group, and the hydrophobicity of leucine, rather
interacting with the hydrophobic lipid tails, respectively
(Alaybeyoglu et al., 2016; Lopez et al., 2006). In parallel,
in the cases of MAP, TP10 and TP2 we see how, on
average, cationic (K, R) or partly polar (Y, N, Q) amino
acids show a higher occupancy with the polar heads
(Alaybeyoglu et al., 2016) and, conversely, hydrophobic
amino acids (L, I, W) preferably interact with the lipid tails
(Figure S2a). Interestingly, we see how W12 has a high
occupancy with the lipid tails in TP2, which proves that
this residue, together with L7-L8, is stabilizing the peptide
in the hydrophobic core of the membrane and, therefore,
hampering its translocation. In fact, tryptophan was found
to strongly interact with the hydrophobic part in the inter-
facial region of the membrane (MacCallum et al., 2008).

In parallel, peptide secondary structure was analyzed
(Figure 3b). We observe that Arg9 and MAP are mostly
unstructured during the simulations, as seen in previous
studies (Choe, 2023; Oba et al., 2023), TP2 and TP10
remain at a stable structure, and Leu9 is the only peptide
where we see a drastic change during the simulation,
reaching more than 50% of α-helix structure when it gets
inserted in the membrane, phenomena previously
described in other studies (Eiríksd�ottir et al., 2010;
Fiedler et al., 2010; Whitley et al., 2021). TP2 is highly
structured in the N-terminal, whereas TP10 shows a
higher α-helix percentage in the C-terminal part
(Fanghänel et al., 2014). Furthermore, the hydrogen
bonds analysis (Figure S2b) shows that Arg9 prefers to
interact with lipids, predominantly polar heads as dis-
cussed before, which correlates with the lack of second-
ary structure. On the other hand, Leu9 or TP2 have the
highest number of intrapeptide hydrogen bonds, owing
to their higher hydrophobicity. Leu9 and TP2, together
with TP10, show the highest percentage of secondary
structure, again correlated with a higher number of intra-
peptide H bonds (Almeida et al., 2012).

3.2.2 | Membrane disruption analysis

An interesting analysis is the pore that is formed in the
membranes during the simulations. Transient, small
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pores are spontaneously formed in biological mem-
branes (Bennett et al., 2014). In CompEL, owing to
membrane stress (Lee et al., 2004) caused by the ion
imbalance, pores are also generated without the pres-
ence of a peptide (membrane control, Table 4)
(Levine & Vernier, 2010; Tarek, 2005), highlighting that
peptides are not responsible for pore formation. Still,
some of these peptides are able to translocate using
the pre-formed pores, as seen in previous studies (He
et al., 2015; Park et al., 2024; Sun et al., 2015; Thi
Hong Nguyen, 2024).

Lipid order parameter (SCH) analyses have been per-
formed to test the organization and orientation of lipids in
the membrane (Figure S3). We see similar results to the
ones observed by Ferreira et al. (Ferreira et al., 2013), and
thus conclude that the lipids are well-oriented in the mem-
brane. Besides, the application of a transmembrane poten-
tial is known to generate lateral membrane tension and
bilayer stretching, leading to an increase in the area per
lipid. MD simulations of electroporation and charge-
imbalance membrane systems have consistently reported
bilayer deformation, thinning, and lateral expansion under
applied electric fields or ion imbalances (Delemotte &
Tarek, 2012; Gurtovenko & Vattulainen, 2005; Leontiadou
et al., 2004; Tieleman, 2004). These structural responses
arise from electrostatic stress acting on lipid headgroups
and are intrinsically linked to pore nucleation and stabiliza-
tion. The pore formation observed in our CompEL simula-
tions is therefore consistent with previously reported
membrane responses to strong electrostatic perturbations.

3.3 | CompEL simulations at higher
P:L ratio

Simulations with only one peptide are useful to test the
method, but since CPPs do not cross a membrane as
individual monomers (Duchardt et al., 2007; Hirose
et al., 2012), we simulated the same POPC CompEL
system with eight peptides and 256 lipids (per bilayer),
corresponding to a 1:32 protein: lipid (P:L) ratio, as in
previous studies (Leontiadou et al., 2006). This P:L
ratio showed full peptide binding in previous studies
(Lee et al., 2013; Magzoub et al., 2002), it was shown
to be enough to create stable pore channels for melittin
(Irudayam & Berkowitz, 2012) and is close to the ratio
used by Herce and Garcia (Herce & Garcia, 2007) in
the study with Tat peptides (1:18). Besides, more pep-
tides would require larger water compartments, and we
wanted to keep the same system conditions as for one
peptide.

Three replicas of CompEL 250 ns simulations were
run for ΔQ 0, 8, 12, and 16. ΔQ 24 was discarded in
order to reduce the electric field applied to the system.
As in the CompEL simulations with one peptide, the
ΔQ 16 simulations presented the possibility of observ-
ing peptide translocation and were consequently used

for simulation analysis (Figure 4 and Video S1). System
stabilization was not achieved with 250 ns (as shown
by the RMSD analysis, Figure S5), thus the ΔQ 16 sim-
ulations were extended to 500 ns. The global results
seen for ΔQ 0, 8, and 12 can be seen in Figure S4 and
Table S2.

3.3.1 | Peptide analysis

As shown in Figure 4a, Table S2, and Video S1, the
results reveal different translocation and insertion behav-
iors among the peptides. From a total of eight peptides,
one Arg9 peptide is able to translocate in each replica,
achieving a total of three translocation events in total in
the three replicas. MAP shows one translocation and
one insertion in each replica, with a total of three translo-
cations and three insertions among the three replicas.
Thus, Arg9 and MAP were the peptides with the highest
translocation ratio, as reported in experimental studies,
where it was shown that Arg9 and MAP are CPPs with
high efficiency (Liu et al., 2012; Mo et al., 2011). For
TP10, only one TP10 translocates in one replica,
whereas in the other two replicas, 2 and 3 TP10 pep-
tides get inserted in the membrane. For TP2, which
showed no translocation capacity in simulations with
one peptide, one TP2 peptide is now able to translocate
in two replicas, with a total of two translocation and
seven insertion events in the three replicas, confirming
TP2 ability to translocate symmetric phospholipid mem-
branes (Cruz et al., 2013). Last, as in simulations with
one peptide, Leu9 does not show translocation capacity,
but it does show insertion behavior, with 22 peptides get-
ting inserted across the three replicas. In short, ΔQ
16 simulations demonstrate the CPP behavior of the four
CPPs used in the study, whereas Leu9, the negative
control without CPP characteristics, can get inserted but
has no translocation capacity.

At the molecular level (Figure 4b–f), Arg9 peptides
show two possible behaviors: partitioning, where they
get adsorbed to the inner leaflet and interact with the
polar heads, or translocation, where they cross the
membrane and interact with the polar heads in the
outer leaflet. In both cases, Arg9 peptides interact with
POPC polar heads, owing to the positive charges in
Arg9’s structure and negative charges in the polar
heads, as discussed previously. The opposite behavior
is seen for Leu9 peptides, which mostly get inserted in
the membrane, preferring the interaction with the hydro-
phobic lipid tails. The other three CPPs (MAP, TP10,
TP2) have hydrophobic, polar, and charged amino
acids in their structure and can, therefore, interact with
the polar heads in the partitioning and translocation
behaviors, or get inserted and interact with the aliphatic
lipid chains.

Regarding the secondary structure (Figure 5), we
see similar results to the ones discussed for
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simulations with one peptide (Figure 3b), with Arg9
mainly unstructured, most MAP peptides unstructured,
even though some showed β-sheet structure, TP10
with a stable α-helix structure in the C-terminal, and
Leu9 gaining secondary structure owing to the mem-
brane insertion (Eiríksd�ottir et al., 2010; Fiedler
et al., 2010; Whitley et al., 2021). Only TP2 shows con-
siderable differences, since it changes from β-sheet to
α-helix, with most peptides unstructured during the sim-
ulation, which can be related to a higher partitioning or
translocation behaviors and, therefore, lower insertion
ratio, typically associated with α-helix formation, as
seen for Leu9.

Comparing these results with the simulations con-
taining a single peptide, an overall increase in translo-
cation or insertion events is observed, highlighting the
importance of peptide number for translocation capacity
(He et al., 2015; Muñoz-Gacitúa et al., 2022; Oba
et al., 2023). However, the effect of increased peptide
concentration is peptide-dependent and reflects distinct
underlying mechanisms. In systems containing Arg9,
the higher number of translocation events is primarily a
consequence of the increased number of peptides
available to exploit transient membrane defects or
pores, rather than enhanced peptide–peptide coopera-
tivity. In fact, Arg9 peptides display minimal inter-
peptide interactions (Figure 4b; Choe, 2023; Sun
et al., 2014; Thi Hong Nguyen, 2024; Thi Hong
Nguyen & Vazdar, 2024) and predominantly form
hydrogen bonds with lipid headgroups (Figure S6).
Consistently, Arg9 exhibits a high proportion of intra-
peptide hydrogen bonds (�80%, Table 5), indicating
that Arg9 peptides remain largely monomeric while
translocation occurs, even in multi-peptide systems.

Conversely, the other peptides do show coopera-
tivity behavior, supported by a higher inter-peptide H
bond ratio (Figure S6 and Table 5), in line with previ-
ous reports (Fanghänel et al., 2014). This cooperativ-
ity manifests differently depending on the peptide.
MAP peptides exhibit an increased number of translo-
cation events compared to the single-peptide system,
an effect primarily attributable to the higher number of
peptides available to cross the membrane through the
ΔQ-induce pore rather than to enhanced peptide–
peptide cooperativity. Still, MAP peptides show higher
cooperativity capacity compared to Arg9 (Figure S6
and Table 5), confirming the amphipathic nature of
MAP, capable of interacting with polar heads and lipid
acyl chains, and among themselves. In fact, the hydro-
phobic part of the peptide is corroborated by the

capacity to get inserted in the membrane and get sta-
bilized without the presence of the pore, just by inter-
acting with the hydrophobic core of the membrane
(Figures 4c and S7).

Interestingly, this cooperative behavior can also
reduce translocation probability for certain peptides.
TP10 shows a reduction in translocation events in the
multi-peptide simulations despite the higher peptide
number. This behavior correlates with an increased
propensity for peptide–peptide interactions
(Figure S6), favoring stable aggregates at the mem-
brane interface and within the bilayer. In this case, the
presence of multiple peptides favors mutual stabiliza-
tion through inter-peptide hydrogen bonding
(Table 5), leading to a competition between coopera-
tive insertion and peptide translocation. Conse-
quently, TP10 peptides tend to remain interacting and
organized as clusters (Figures 4d and S7), which
limits their ability to cross the membrane. These
results suggest that, for TP10, increased peptide con-
centration shifts the balance from translocation
toward cooperative membrane association.

TP2 shows a clear cooperative behavior in the
eight-peptide simulations, characterized by a substan-
tial increase in inter-peptide hydrogen bonds and stable
peptide aggregates (Table 5 and Figures 4e and S7).
Unlike Arg9, TP2 relies on peptide–peptide interactions
to achieve membrane insertion, and this cooperative
assembly plays a central role in its interaction with the
bilayer. Moreover, cooperativity also helps to achieve
peptide translocation, as the hydrophobicity of TP2
allows the peptides to get inserted and stabilized in the
bilayer, and the polar amino acids facilitate the interac-
tion with the polar headgroups in the lower leaflet,
which leads to translocation.

Finally, Leu9 peptides show a strong tendency to
self-assemble (Figure S6), which facilitates their inser-
tion in the membrane (Illya & Deserno, 2008). Leu9 dis-
plays the highest self-assembly propensity (Table 5),
preferentially interacting with other peptides and with
lipid acyl chains. As shown in Figure S7, Leu9 aggre-
gates contribute to pore stabilization, with polar atoms
(N, O) oriented toward the aqueous phase while carbon
atoms face the hydrophobic lipid tails.

Altogether, these observations point to at least two
distinct mechanistic classes of CPP behavior in multi-
peptide systems: a predominantly monomeric, lipid-
mediated translocation mechanism exemplified by
Arg9, and a cooperative, aggregation-driven mecha-
nism characteristic of peptides such as TP10 and TP2.

TAB LE 5 Average ratio of intra-peptide H bonds formed during the 3 replicas of 500 ns of CompEL ΔQ 16 simulations with 8 peptides.

H bonds Arg9 MAP TP10 TP2 Leu9

Average 82.5 ± 0.7 60.7 ± 3.5 57.8 ± 4.2 51.7 ± 4.9 51.8 ± 1.9

Note: Standard error of the mean (SEM) values are shown.
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3.3.2 | Membrane disruption analysis

Table 6 shows the pore analyses conducted for ΔQ
16 simulations with eight peptides. Arg9 and MAP do
not contribute to the pore persistence, but TP10, TP2,
and specially, Leu9 are able to stabilize it. This behav-
ior is depicted in Figure S7, where we see how one
MAP peptide is inserted in the bilayer, but does not
allow water flow, opposite to TP10, TP2, and Leu9,
which cooperate and are able to stabilize the pore.
Interestingly, the nature of the pores differs between
simulations containing one and eight peptides. In simu-
lations with a single peptide, lipid polar headgroups
show a high degree of involvement in pore formation
(Figures 4d and S8), resulting in a pore with a toroidal-
like nature (Sengupta et al., 2008; Yang et al., 2001). In
contrast, in simulations with eight peptides, lipid
molecules contribute less to pore stabilization, while
peptides play a dominant role, giving rise to a barrel-
stave-like pore character (Figures 4d–f, S7, and S8)
(Yang et al., 2001).

These simulations have also allowed us to observe
lipid flip flop from the inner to the outer leaflet in sys-
tems containing peptides (Figure 5B–F). Lipid flip-flop
occurs concomitantly with peptide translocation across
the water channel (Choe, 2023; Leontiadou
et al., 2006; Muñoz-Gacitúa et al., 2022; Tieleman &
Marrink, 2006; Vernier et al., 2006), and preferentially
from peptide-enriched to peptide-free bilayers
(Leontiadou et al., 2006). Contrastingly, no lipid flip-flop
events have been observed in peptide-free control sim-
ulations over the timescales sampled. This observation
is consistent with previous studies suggesting that
membrane-active peptides can facilitate lipid flip-flop by
transiently stabilizing polar headgroups during peptide
insertion or translocation, or by perturbing bilayer struc-
ture (Nguyen et al., 2019).

3.4 | Translocation and insertion
mechanisms

Snapshots illustrating representative translocation
(Arg9, Figure 6a–g) and insertion (Leu9, Figure 6h–m)

events are shown in Figure 6. The representative snap-
shots of MAP, TP10, and TP2 processes are shown in
Figure S9. The sequence of pore formation and annihi-
lation is compared follows the stages described by
Levine & Vernier and can be consistently divided into
pore initiation, pore construction, pore maturation, and
subsequent degradation and deconstruction (Levine &
Vernier, 2010).

In the Arg9 simulations, translocation proceeds
through a four-step process. First, pore initiation occurs
through the formation of a water defect that connects
the two aqueous compartments (Figure 6b). As dis-
cussed above, this step is induced by the transmem-
brane potential and is not directly driven by peptide
action. Second, during pore construction (Figure 6c),
lipid polar headgroups from opposing leaflets migrate
toward the defect, followed by pore maturation
(Figure 6d), characterized by a large number of waters
and stabilization by lipid headgroups. At this stage,
Arg9 peptides are attracted to the electrostatically
favorable pore environment. Third, a peptide inserts
into the membrane through the matured pore
(Figure 6e) and remains associated with it for approxi-
mately 300 ns. Finally, the peptide crosses to the outer
leaflet, coinciding with the process of pore annihilation
(Figure 6f). Pore closure involves (i) pore degradation,
when water molecules and polar heads start to migrate
out of the bilayer and the pore starts to thin, followed by
(ii) pore deconstruction, defined by the absence of
headgroup participation. Fourth and last, the Arg9 pep-
tide has crossed the bilayer and stabilized in the outer
leaflet, triggering pore dissolution (Figure 6g) and com-
pleting pore annihilation, when all water molecules are
expulsed from the membrane. Comparing the average
pore sizes of membrane-only control simulations
(Table 4) and simulations with eight Arg9 peptides
(Table 6), it is seen how Arg9 translocation leads to a
decrease in average pore size, indicating that peptide
translocation and pore closure are related.

The MAP translocation mechanism (Figure S9) fol-
lows the same sequence of pore initiation, construction,
and maturation induced by the applied transmembrane
potential. Upon pore maturation, a MAP peptide inserts
into the membrane and subsequently translocates.

TAB LE 6 Average pore radius (Å) during the 500 ns of CompEL ΔQ 16 simulation with 8 peptides.

# Replica Arg9 MAP TP10 TP2 Leu9

1 6.2 ± 1.5
1 peptide

6.2 ± 1.6
1 peptide

11.5 ± 2.2
3 peptides

4.7 ± 1.2
2 peptides

15.5 ± 2.3
7 peptides

2 5.3 ± 1.4
1 peptide

5.5 ± 1.4
1 peptide

5.7 ± 1.6
1 peptide

10.6 ± 2.1
3 peptides

20.1 ± 2.7
8 peptides

3 6.0 ± 1.5
1 peptide

5.7 ± 1.5
1 peptide

9.3 ± 1.8
2 peptides

16.7 ± 2.3
3 peptides

24.7 ± 3.8
7 peptides

Average 5.3 ± 0.5 5.8 ± 0.5 8.8 ± 0.9 10.7 ± 0.8 20.1 ± 1.6

Note: SD values are shown. The pore radius is averaged over all frames in the simulation. The second line indicates the number of peptides involved in pore
formation in each replica.
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Notably, due to its amphipathic nature, MAP can inter-
act not only with waters molecules and polar head-
groups, but also with the hydrophobic core of the
membrane. This facilitates insertion even as the pore
undergoes degradation and deconstruction, resulting in
a reduction of the average pore size compared to con-
trol simulations (Tables 4 and 6). After pore closure,
MAP remains stabilized within the membrane,
interacting with polar headgroups from both leaflets.

This stable insertion correlates with a transition toward
an α-helical conformation, consistent with previous
reports (Fiedler et al., 2010; Whitley et al., 2021).

In TP10 simulations (Figure S9), the early stages of
pore initiation, construction and maturation are compara-
ble to those observed for Arg9 and MAP. Following pore
maturation, three TP10 peptides insert into the mem-
brane through the stabilized pore. Similar to MAP, TP10
peptides adopt a stable α-helical conformation upon

F I GURE 6 1. Arg9 translocation procedure in CompEL ΔQ 16 simulation with 8 peptides. Representative snapshots illustrate the structural
organization of the membrane during the translocation process, portraying the key steps: (a) simulation start, some peptides adsorb to the bilayer
surface, (b) pore initiation, with water molecules entering in contact, (c) pore construction, the polar heads from both bilayers interact, (d) pore
maturation, with polar heads connected, resulting in a larger pore; a peptide gets attracted to the pore and starts the insertion, (e) one peptide
gets inserted into the pore, (f) the peptide reaches the outer leaflet, causing pore deconstruction, with no more interactions between polar heads,
and (g) the peptide finalizes the translocation and stabilizes into the outer leaflet, leading to pore dissolution. 2. Leu9 insertion procedure in
CompEL ΔQ 16 simulation with 8 peptides. (h) Start of the simulation, (i) Pore initiation, and peptide insertion, (j) Pore construction, (k) Pore
maturation, (l) More peptides insertion, and (m) Eight peptides insertion. Arg9 and Leu9 peptides are colored in red and represented as Cartoon,
while showing the sidechain atoms (C in red, N in darker blue, O in white). The polar heads surface is shown and colored based on the bilayer:
Inner in white, outer in gray. Water molecules are shown as transparent cyan surface. Lipid tails are omitted for clarity. The insertion and
translocation processes of the other CPPs (MAP, TP10, and TP2) are shown in Figure S9.
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insertion. Peptide insertion is accompanied by a
decrease in the average pore size (Tables 4 and 6), but it
does not lead to pore closure. Experimental studies have
reported a multi-step mechanism for TP10-membrane
interactions in the absence of applied membrane poten-
tial. At high peptide-to-lipid ratios, TP10 was shown to
first translocate across lipid bilayers without detectable
formation of stable pores, leading to peptide accumula-
tion at both membrane interfaces, and only subsequently
inducing membrane permeabilization to large fluorescent
probes (Islam et al., 2014). This behavior suggests that
translocation can occur through transient, narrow, or
unstable defects that do not allow passage of larger sol-
utes. A similar sequential process has been described
for melittin, where peptide redistribution between leaflets
precedes cooperative pore formation (Lee et al., 2013).
In our CompEL simulations, translocation events are
tightly coupled to the formation of water-filled pores, as
the applied transmembrane potential promotes defect
stabilization. Therefore, while our simulations capture
pore-enabled peptide transport and cooperative effects
at higher peptide numbers, they do not fully resolve the
early, transient, or non-classical intermediates proposed
experimentally. The comparison suggests that
TP10-induced pore formation is likely a concentration-
and symmetry-dependent cooperative process, and that
CompEL preferentially samples the pore-stabilized
branch of this mechanistic landscape.

For TP2 (Figure S9), pore initiation, construction,
and maturation again precede peptide insertion. Three
TP2 peptides insert into the membrane via the matured
pore. In one case, insertion progresses to full transloca-
tion, with the peptide interacting with polar headgroups
of the outer leaflet and stabilizing in that leaflet. As
observed for other peptides, insertion promotes pore
degradation, leading to stabilization of a reduced
pore size (Table 6) (Cruz et al., 2013).

Leu9 exhibits a distinct behavior characterized pre-
dominantly by an insertion rather than full translocation
(Figure 6h–m). Following pore initiation (Figure 6i), a
peptide positioned near the defect rapidly participates
in pore construction (Figure 6j), and insertion occurs
concomitantly with pore maturation (Figure 6k). Subse-
quently, additional peptides are attracted to the pore
and insert into the membrane (Figure 6l), with all pep-
tides stabilizing the pore after the first 120 ns of the
simulation (Figure 6m). In contrast to other systems,
multiple Leu9 peptides stabilize the matured pore, pre-
venting pore degradation and deconstruction, resulting
in a long-lived, peptide-stabilized pore that persists for
the remainder of the 500 ns simulation.

Across all systems, peptide orientation follows a con-
sistent pattern: peptides are initially oriented parallel to
the membrane during peptide partitioning, reorient per-
pendicularly during insertion, and they finally adopt a
parallel orientation again upon translocation, consistent
with previous observations (Leontiadou et al., 2006).

Several experimental and theoretical studies have
proposed the pre-pore model to explain CPP transloca-
tion across lipid bilayers. In this framework, peptides
cross the membrane through transient, nanoscale
defects generated by thermal fluctuations in lipid packing
(Hasan et al., 2019; Moghal et al., 2020). These pre-
pores are typically short-lived and narrow, as their
expansion is energetically limited by the line tension at
the pore. In tension-free membranes, such defects are
rare and rapidly close; however, increases in membrane
tension (either due to external forces, peptide binding, or
applied electric fields) enhance both the frequency of
defect formation and their effective radius (Islam
et al., 2017). In the present CompEL simulations, pep-
tide translocation does not occur through a transient,
subcritical defect but rather through a fully developed,
water-filled pore. Following pore initiation, pore construc-
tion and maturation lead to a continuous aqueous chan-
nel stabilized by lipid headgroups. This pore remains
stable in membrane-only control simulations (Table 4)
and during peptide insertion (Table 6, Leu9), whereas it
collapses in some cases where translocation occurs
(Table 6, Arg9, and MAP). Thus, the conductive struc-
ture observed here differs from the classical short-lived
pre-pore described in tension-free systems. Neverthe-
less, the two mechanisms may be mechanistically
related. The applied transmembrane potential in Com-
pEL increases membrane stress and can stabilize lipid
packing defects that would otherwise remain transient.
In this sense, the observed conductive pore may repre-
sent a voltage-stabilized analogue of a pre-pore, where
a stable transmembrane channel enables peptide inser-
tion and translocation within the simulated timescale.

As discussed above, when a CPP completes trans-
location, it promotes pore closure (He et al., 2015;
Huang & García, 2013; Sun et al., 2014) (Figure 6d),
characterized by water and lipid headgroups expulsion
from the membrane hydrophobic core (Levine &
Vernier, 2010), as observed for Arg9 and MAP, which
exhibit the smallest average pore sizes (Table 6). More-
over, TP10 only translocates in the second replica
(Table S2), precisely the one in which pore closure
occurs (Table 6), confirming the relationship between
these two events. TP2 also shows translocation in two
of the replicas, but pore closure is not seen, which can
be related to the TP2 lower net charge (+2), possibly
not being enough to reduce the transmembrane poten-
tial under the pore-forming threshold. Still, we hypothe-
size that in longer timescales, more TP2 peptides are
able to translocate, ultimately inducing pore closure
(we extended the TP2 simulations to 1 μs, but no signifi-
cant changes were observed, so larger timescales may
be needed), as TP2 has been seen to translocate with-
out inducing strong bilayer perturbations (Cruz
et al., 2013). Within the framework of the pre-pore
model, peptide insertion appears to transiently stabilize
a voltage-induced pore, while completion of
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translocation seems to trigger pore collapse, ensuring
bilayer integrity. We note that the precise contribution of
charge imbalance to pore lifetime seems to be important,
and further work including more variables, such as differ-
ent membrane compositions, membrane asymmetry
studies should be pursued, and direct experimental vali-
dation remains an important direction for future work.

3.5 | CompEL discussion

In the CompEL simulations, we have seen how CPPs
are able to use the pores formed due to ion imbalance
to internalize (Sun et al., 2014, 2015). In short, the four
CPPs have demonstrated translocation capabilities, as
opposed to our previous CPP study (Catalina-Hernan-
dez, Aguilella-Arzo, et al., 2025), where only Arg9
(TP10 was not studied) was able to achieve transloca-
tion. In this sense, we have seen how CPP
translocation can occur through pore formation, leading
to pore closure and potentially explaining the lack of
cell toxicity of CPP translocation (Trofimenko
et al., 2021). On the other hand, Leu9 causes larger
pore sizes, marking the difference compared to pep-
tides with CPP characteristics, since Leu9 peptides are
not able to translocate and they are indeed able to sta-
bilize the pore, a behavior correlated with other bioac-
tive peptides such as antimicrobial peptides (AMPs)
(Leontiadou et al., 2006).

An apparent discrepancy between simulations and
experiments is that no peptide insertion or translocation
events were observed at ΔQ 8, despite the correspond-
ing membrane potential being substantial (Figure S1),
whereas experimental studies report that the relatively
low membrane potential (�100 mV) significantly
enhance peptide-induced pore formation and CPP
translocation rates (Moghal et al., 2020; Rashid
et al., 2020). This difference likely reflects fundamental
distinctions between atomistic MD simulations and
experimental system rather than a reduced effective-
ness of membrane potential in CompEL. First, pore
nucleation is a stochastic rare event. In experiments,
membrane potentials act over millisecond-to-second
timescales and across micron-scale membrane areas,
greatly increasing the probability of defect formation. In
contrast, atomistic MD simulations are limited to
nanosecond-to-microsecond timescales and
nanometer-scale membrane patches, requiring stron-
ger electrostatic perturbations to observe pore forma-
tion within accessible computational times. Second,
biological membranes are structurally heterogeneous
and may contain pre-existing curvature stress, compo-
sitional asymmetry, or protein-induced defects that
make pore nucleation more likely. Such factors are
absent in the symmetric, protein-free bilayers employed
here. Finally, CompEL imposes a global charge imbal-
ance across a periodic double-membrane system,

whereas in vivo membranes may experience localized
and transient electric fields that can concentrate elec-
trostatic stress in restricted regions. Taken together,
these differences likely explain why higher effective
membrane potentials are required in simulations to trig-
ger pore-mediated insertion and translocation events.
Therefore, our results should be interpreted in terms of
mechanistic trends under controlled electrostatic stress
rather than as a direct quantitative mapping to experi-
mental voltage thresholds.

Charge seems to be an important factor in deciding
translocation, so simulations containing K-FGF (Lin
et al., 1995), a neutral CPP, and Dynorphin A (Fischli
et al., 1982; Smith & Lee, 1988), a positively charged
peptide that did not show internalization behavior in our
last study (Catalina-Hernandez, Lopez-Martin,
et al., 2025) (Table 3), have been run. Both systems
containing eight peptides and ΔQ 16 showed no trans-
location behaviors, with only insertion or partitioning in
both cases (Figure S10). Therefore, we can conclude
that the charge is not the sole determinant of the trans-
location process in CompEL.

Another determinant in the translocation process is
membrane composition. All simulations in this study
were performed using symmetric, zwitterionic POPC
bilayers, which provide a well-defined reference system
for methodological development. However, it is well
established that CPP-membrane interactions and
translocation efficiency are highly sensitive to lipid com-
position, including the presence of negatively charged
lipids, cholesterol content, and membrane asymmetry
(Alves et al., 2008; Sharmin et al., 2016; Zakany
et al., 2023). Accordingly, the present results should be
interpreted as a proof-of-concept demonstrating the
applicability of the CompEL approach to study CPP-
induced membrane perturbations, rather than as a
comprehensive description of CPP behavior in physio-
logically realistic membranes or as a direct representa-
tion of endosomal escape in vivo. Nonetheless, the
peptide-specific differences observed here suggest that
intrinsic physicochemical properties (charge density,
amphipathic nature, hydrophobic content) may differen-
tially regulate membrane destabilization across distinct
biological membranes. Extending this framework to
charged, cholesterol-containing, and asymmetric
bilayers represents an important direction for future
studies, whereas CompEL simulations using
endosomal-like lipid compositions could help elucidate
how membrane context modulates CPP behavior dur-
ing endosomal escape (Madani et al., 2011; Magzoub
et al., 2005).

In conclusion, the CompEL approach provides a
robust and physically motivated framework to study
membrane processes under an applied transmem-
brane potential. According to the CPP translocation
process (Herce & Garcia, 2007; Yandek et al., 2007),
peptides adsorb or partition to the inner leaflet. They
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then destabilize the membrane while attempting to
reach the polar heads in the outer leaflet, ultimately
causing pore formation and allowing peptide transloca-
tion. However, it is challenging to observe pore forma-
tion in cMD, owing to the energetic cost of the process
(Bennett et al., 2014). Precisely, by imposing a charge
imbalance between aqueous compartments, CompEL
generates a self-consistent membrane potential without
the need for an external electric field, allowing ions,
water, lipids, and solutes to respond dynamically. This
method has been applied to investigate electroporation,
membrane permeability, and peptide-membrane inter-
actions, offering a direct way to probe voltage-
dependent phenomena while maintaining full atomistic
resolution. In addition, CompEL enables comparative
analyses under well-defined electrostatic conditions,
making it particularly suitable for identifying relative
trends across systems or perturbations, thus enabling
the observation of unbiased translocation of CPPs.

At the same time, CompEL has intrinsic limitations
that must be considered when interpreting the results.
In particular, the applied charge imbalance typically
leads to pore nucleation at sufficiently high potentials,
such that translocation events observed in CompEL
simulations necessarily occur via pore-mediated mech-
anisms. As a consequence, alternative translocation
pathways that may operate under lower or transient
membrane potentials, such as direct peptide insertion,
non-pore-mediated mechanisms or energy-dependent
mechanisms, are not explicitly captured. Moreover, as
with other voltage-driven MD approaches, the mem-
brane potentials required to observe rare events within
accessible simulation times exceed physiological
values, and results should therefore be interpreted in a
comparative and mechanistic rather than quantitative
physiological framework. Despite these limitations,
CompEL remains a powerful tool for dissecting voltage-
dependent membrane perturbation mechanisms when
its scope and assumptions are clearly defined.

While the transmembrane potentials applied in this
study exceed physiological membrane potentials, it is
important to distinguish between global applied voltages
and local electric fields experienced by membranes in
biological contexts. Local electric fields of comparable
magnitude can arise transiently from charge separation,
molecular dipoles, and asymmetric distributions of
charged residues, particularly in confined environments
such as endosomal membranes. Recent work has
highlighted the role of peptide dipoles and local electro-
static effects in promoting membrane destabilization and
endosomal escape, without invoking a sustained global
membrane potential (Batta et al., 2021).

In this context, the present CompEL simulations are
not intended to reproduce physiological electric field
directly, but rather to provide mechanistic insight into
how strong electrostatic stress, whether arising from
applied potentials or local charge imbalances, couples

to membrane deformation, pore formation, and peptide
translocation. Our results therefore emphasize general
physical principles underlying voltage-assisted mem-
brane perturbation, while physiological relevance
should be interpreted in terms of transients, localized
electrostatic effects rather than sustained macroscopic
membrane potentials.

4 | CONCLUSIONS

In this study, we have performed CompEL simulations
to study CPP behavior under applied potential in model
lipid membranes. The first step in CPP translocation
through pore formation is the peptide adsorption to the
membrane, destabilizing the membrane and allowing
pore formation, which the CPPs will use to translocate.
However, to observe the complete translocation in cMD
simulations is cumbersome, owing to the energetic cost
of pore formation. Precisely, CompEL enhances pore
formation via ion imbalance in the membrane, allowing
the computational study of CPP translocation.

In short, in ΔQ 16 CompEL simulations with one
peptide, TP10 showed the highest translocation capac-
ity, followed by Arg9 and MAP, with TP2 and Leu9 not
showing internalization behavior. More translocation
events were seen in ΔQ 16 CompEL simulations with
eight peptides, where Arg9 and MAP showed the high-
est translocation capacity, followed by TP2 and TP10.
Moreover, CompEL simulations have also revealed that
once pores spontaneously form in the cell membrane
under charge imbalance conditions, peptides can stabi-
lize them (such as Leu9) or translocate through them
(such as Arg9, MAP, TP10, or TP2).

We present CompEL, a method with significantly
lower computational requirements compared to US,
where up to 4 μs (Huang & García, 2013) are needed.
Besides, CompEL is entry-level, easier to parallelize,
and less GPU-intensive than aSMD (Catalina-Hernan-
dez, Aguilella-Arzo, et al., 2025). In this study, simula-
tions at several ΔQ values were required to perform
method calibration, but in subsequent studies, simula-
tions at only one ΔQ (e.g., ΔQ16) need to be run, con-
siderably decreasing the overall computational cost.
Additionally, CompEL increases the feasibility of per-
forming replicas and allows simulations with a higher
number of peptides, being able to analyze peptide
cooperativity or aggregation. Moreover, CompEL is an
enhanced molecular dynamics technique, but, contrary
to aSMD or US, in CompEL the peptide is not forced to
translocate the membrane; rather it provides an unbi-
ased exploration of the peptide-membrane interaction.
Thus, CompEL can be used to describe at the molecu-
lar level the peptide interaction with the membrane, and
with higher resolution than coarse-graining methods.
Simulations using a potential difference and a single
membrane can be conducted, but peptides may
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translocate to the opposite membrane via the PBC,
which is prevented in CompEL, enabling the encapsu-
lation of peptides between two membranes, which also
simplifies analysis and enhances control over the
system.

We believe that this study can be a first step in the
use of CompEL for CPPs computational research. How-
ever, CompEL simulations only account for CPP translo-
cation via pore formation, whereas CPPs can internalize
through additional mechanisms, as discussed above. In
this study, each condition was simulated using three
independent replicas, which is sufficient to identify robust
qualitative trends but may limit sampling of rare stochas-
tic events such as pore formation and peptide transloca-
tion. Accordingly, reported differences in CPP efficiency
should be interpreted as relative trends, and the
absence of observed translocation reflects limited sam-
pling within the simulated time window rather than its
impossibility. Besides, while we have conducted simula-
tions with symmetric, neutral, zwitterionic POPC bila-
yers, future work should explore negatively charged
bilayers (e.g., containing PS or PG), more physiologi-
cally relevant compositions (e.g., asymmetric containing
phosphatidylethanolamine or cholesterol), and compari-
son with experimental studies in order to perfect this
technique. Lastly, CompEL requires the application of a
high voltage, which necessitates cautious interpretation
of the results. Additional simulations may be needed to
further increase the sampling of the systems, possibly
combining CompEL with elevated temperatures to
increase molecular mobility. Future studies should also
investigate different P:L ratios to assess the influence of
P:L ratio in CPP internalization.

In conclusion, we propose the use of CompEL to
computationally study CPP insertion or translocation at
a molecular level, which is challenging to achieve with
other techniques. Furthermore, CompEL can be
expanded to study the interaction of other types of
membrane-active peptides, such as AMPs, antiviral, or
anticancer peptides.
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