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One of the major obstacles in treating diseases that affect the central nervous system is delivering drugs across
the blood-brain-barrier (BBB). Cell-penetrating peptides (CPPs) can be used as delivery vectors, but their
translocation mechanism is still poorly understood, in part due to the simplistic membrane models applied to
their interpretation. Here we investigate the translocation mechanism of two CPPs, R9 and MPG, using molecular
dynamics and enhanced sampling techniques on a realistic membrane model of human brain microvascular
endothelial cells. The results suggest that R9 induces greater membrane disruption compared to MPG, yet that
both face a significant free energy barrier to translocation. In both peptides the first interactions were initiated by
the N-terminus and prominently involved arginine residues even for MPG. The crucial role of the plasticity of
both partners (BBB bending, partial CPP unfolding) on the translocation energetics was also explored by sam-
pling ad hoc collective variables, revealing the important role of long polyunsaturated acyl chain lipids.
Together, these findings provide mechanistic insight into CPP-mediated transport and offer guidelines for

rational design.

1. Introduction

Recent epidemiological data estimate that approximately 43% of the
global population is affected by a nervous system disorder. Among these
individuals, about 85% suffer from diseases that directly affect the
central nervous system [1]. This highlights the urgent need for effective
therapeutic interventions. For decades, the efficient delivery of drugs to
the brain has been a significant obstacle in neuroscience and pharma-
cology, primarily due to the protective nature of the blood-brain barrier
(BBB) [2,3].

The BBB is a specialized structure that regulates the passage of
substances between the bloodstream and the central nervous system to
maintain an optimal neuronal environment. It is primarily composed of
endothelial cells (ECs), a basal lamina, pericytes, and astrocytes [4]. The
ECs form a hydrophobic layer with low transcytosis rates, and are con-
nected to one another by tight junctions, which prevent paracellular
transport [5]. Pericytes are mural cells that regulate capillary function
and exhibit phagocytic activity [6]. Astrocytic endfeet promote EC
specialization and can upregulate genes involved in efflux mechanisms
[7,8]. These three cell types adhere to the basal lamina, a three-

dimensional network of glycoproteins and proteoglycans that stabi-
lizes the cellular architecture and provides an additional physical barrier
limiting molecular entry into the brain [9]. Together, these comple-
mentary functions restrict passive diffusion across the BBB to only small
(<400 Da), highly lipophilic molecules, effectively excluding approxi-
mately 98% of small-molecule drugs [10]. Given this organization, ECs
represent the first major physical barrier that must be crossed and are
therefore the focus of this study. Their composition has been determined
[11]: while the BBB shares the fundamental zwitterionic (PC/SM) outer
and anionic/conical (PS/PE) inner asymmetry of typical eukaryotic
plasma membranes, the BBB is uniquely enriched in lipids with poly-
unsaturated acyl chains. While this lipid environment biologically serves
to suppress vesicular transcytosis, biophysically, the high degree of
unsaturation has repercussions on the conformational flexibility of the
lipid headgroups and their recognition by interfering molecules [12].
Cell-penetrating peptides (CPPs) are valuable tools that can address
the difficulties imposed by the ECs [10]. CPPs are a diverse group of
short sequences of amino acids (typically between 5 and 30 residues)
capable of efficiently traversing biological membranes while maintain-
ing membrane integrity. Due to the wide variety of existing CPPs, there
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is no rule for classifying them. However, the most widely adopted
categorization is from a physicochemical perspective, where CPPs can
be divided into cationic, amphipathic, and hydrophobic [13]. Although
their effectiveness as vectors for the delivery of molecules across the BBB
[14-16], the precise translocation mechanisms of CPPs remain incom-
pletely understood and occasionally controversial [17]. One reason for
this is the lack of molecular insights into peptide-lipid interactions and
the thermodynamics of the translocation process, details that often
cannot be grasped experimentally [18]. In such cases, molecular dy-
namics (MD) and related techniques have proved to be valuable alter-
natives for filling this gap [19-21].

However, one of the main drawbacks of using these techniques in
this context is the very low likelihood of observing spontaneous trans-
location of a CPP in a conventional MD simulation, which progresses
through femtosecond timesteps [22] while the CPP translocation
experimentally occurs in minutes or more [23]. These slow kinetics are
due to a complex underlying free energy profile, with minima separated
by high energy barriers making it difficult to properly sample the entire
translocation process under Boltzmann sampling conditions [24]. To
overcome this problem, enhanced sampling techniques are extensively
used [25-27].

The most popular enhanced sampling techniques rely on the iden-
tification of appropriate collective variables (CVs), which are parame-
ters that can differentiate between the important metastable states along
the putative pathway of the process under study [28]. The CVs that best
describe a complex biochemical process are usually not known from the
outset, and defining them is not a trivial task [29]. Hence, it is common
to use more than one CV, covering different collective degrees of
freedom that are empirically known to be important.

Coarse-grained (CG) representations are another way of accelerating
conformational sampling. Typical CG models for biomolecules reduce
the system complexity by replacing a group of 3 or 4 atoms by a single
interaction site or “bead”, whose parameters are chosen to preserve the
essential physicochemical properties of the original atomic group [30].
This simplification has implications for the accuracy of the results;
however, it also considerably extends accessible sampling times, which
are essential for the quantitative characterization of complex large-scale
motions, by simultaneously simplifying the underlying free energy
surfaces and reducing computational costs. The combination of
enhanced sampling and coarse graining can accelerate sampling by 3 to
4 orders of magnitude (assuming a suitable choice of CV), which is
especially valuable for large systems with slow conformational transi-
tions. Its application to investigate peptide translocation mechanism is
still novel despite a few recent proofs of concept [31-34].

The objective of this study is to investigate the mechanisms of CPP
translocation through a realistic, experimentally-validated CG model of
the BBB [35] which has never been used in this context, focusing on how
each peptide's intrinsic properties influence binding, insertion, and local
membrane remodeling. Although CPPs in vivo often act collectively,
studying single peptides is essential to isolate their intrinsic pepti-
de-membrane interactions. When simulating multiple CPPs together,
many variables are introduced simultaneously, making it difficult to
distinguish effects arising from peptide-membrane interactions from
those due to peptide-peptide interactions. Building on this mechanistic
framework, we go beyond previous studies, as most simulations rely on
simplified membrane models [36-38] that cannot capture the compo-
sitional complexity of the BBB, including heterogeneous lipids, elevated
cholesterol content, and polyunsaturated species.

To achieve this goal, we employ the MARTINI coarse-grained force
field (widely used and validated for lipids, peptides, and proteins)
[30,39] which we combine with enhanced sampling simulations along
conformational coordinates related to membrane translocation, mem-
brane bending, and CPP unfolding. We select two CPPs: a nona-arginine
sequence (R9) and MPG, a chimeric peptide combining an HIV-1 fusion
domain with an SV40 nuclear localization sequence (GALFLGFL-
GAAGSTMGAWSQPKKKRKYV). These CPPs are both widely studied but
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have distinct properties: cationic, short, flexible, prone to endocytosis
and cargo-agnostic for R9 [40] vs primary amphipathic, long, struc-
tured, not susceptible to endocytosis and rather cargo-specific for MPG
[41]. To the best of our knowledge, this is the first CPP translocation
study employing a BBB membrane model with such compositional re-
alism. By providing a detailed characterization of CPP-BBB interaction
dynamics over extended timescales, this study offers a mechanistic
framework that may facilitate the rational design of optimized BBB-
penetrating peptides for CNS drug delivery.

2. Computational methods
2.1. Simulations parameters and tools

Peptide structures were initially retrieved from the ADAPTABLE
database [42]. After a 400 ns all-atom simulation in water using the
CHARMMS36 force field [43], the peptides were converted to their CG
representations following the standard CHARMM-GUI protocol [43-45]
(Fig. S1). The MARTINI2 CG force field [30,39] was used instead of the
newer MARTINI3 model [46] following reports that the latter does not
perform better than the former on the simulation of transmembrane
peptides [47], and because of the much larger number of lipids that have
been parameterized and validated in the older version (especially un-
usual lipids such as those found in the BBB). The membrane starting
structure was constructed similarly. This study uses a 9-component,
symmetrical membrane model by Wang et al. [35] that closely repli-
cates the physiological lipid composition of a human brain microvas-
cular endothelial cell: the average length of the hydrocarbon chain (18.4
carbon atoms) and number of double bonds (1.5) of the fatty acid tails
both match their experimental counterparts. The total number of lipids
was 510, distributed as N-oleoyl-d-erythro-sphingosylphosphorylcho-
line (OSM) (96), cholesterol (CHOL) (150), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (22), 1-stearoyl-2-arachidonoyl-sn-
glycero-3-phosphocholine (SAPC) (42), 1-stearoyl-2-arachidonoyl-sn-
glycero-3-phosphoethanolamine (SAPE) (74), 1-stearoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (SOPE) (32), 1-stearoyl-2-arach-
idonoyl-sn-glycero-3-phospho-r-serine (SAPS) (42), 1-stearoyl-2-lino-
leoyl-sn-glycero-3-phosphocholine (SLPC) (42), and 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphoinositol (SAPI) (10) (See Table S1
for structural details). Despite slightly diverging compositions, the api-
cal and basolateral bilayers were found by Wang et al. to have identical
trans-bilayer density profiles and similar permeation rate constants for
all tested compounds, in agreement with their experimental determi-
nation on an in vitro BBB model. Thus, only the apical bilayer was
considered in our simulations. All systems were submitted to energy
minimization until convergence.

MD simulations used a velocity-rescaling thermostat to maintain the
system at 300 K, using a time constant of 1.0 ps and coupling CPP,
membrane and solvent to separate heat baths. The system pressure was
kept constant at 1 bar using semi-isotropic Parrinello-Rahman scheme
(time constant 12.0 ps, compressibility 3.107* bar™!). Long-range in-
teractions were treated with a reaction-field approach for electrostatics
(relative dielectric constant of 15) and potential-shift Verlet scheme for
Van der Waals, both using a 1.1 nm cutoff. A time step of 10 fs was used
for the integration, and the systems were simulated either in water
(neutralized with Na'™ and Cl~ counterions) or in octane. The corre-
sponding salt concentration was 180 mM and very close to both the
experimental concentration and that used by Wang et al. [35]. The final
box dimensions were approximately 12 x 12 x 9 nm®.

MD simulations were performed using Gromacs [109] versions
2023.2 and 2024.2, compiled with PLUMED 2.9.2 [50] for enhanced
sampling.

2.2. CPP translocation simulations

To estimate the free energy barrier for a single CPP to translocate
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through the bilayer, we selected as CV the distance along the z-axis
(orthogonal to the membrane plane) between the center of mass (COM)
of the peptide and the local COM of the membrane. The latter was
computed as the COM of all lipid beads inside a cylinder of radius 2 nm,
aligned along the z axis and centered at the peptide COM [31].

Umbrella sampling (US) simulations were performed along this CV to
sample the CPP translocation mechanisms and obtain the associated free
energy profiles. US is an enhanced sampling technique that applies
biasing potentials centered at different values of a CV spanning the
entire reaction path [51]. Independent simulations (called windows) are
carried out restraining the system around each CV value, and the
resulting data are then combined by methods like the weighted histo-
gram analysis method (WHAM) to reconstruct the free energy profile
along the reaction coordinate [52]. Statistical uncertainties were esti-
mated via bootstrap resampling within WHAM, and error bars represent
the standard deviation over 200 bootstrap trials [52]. To obtain
reasonable starting structures for the US windows, we first pulled the
peptide across the membrane along the previously defined CV, with
values ranging approximately from 3.0 to —3.0 nm, at a rate of ~0.02
nm ns ' and using a 1000 kJ mol~! nm~2 restoring force. Pulling sim-
ulations can be compared to atomic force microscopy (AFM), an
experimental technique in which a cantilever tip physically pulls a
molecule. The main distinction lies in the pulling rate: because of
computational constraints, MD simulations are up to eight orders of
magnitude faster than AFM experiments, which results in higher mem-
brane disruption in silico [53]. Nonetheless, sufficiently long US win-
dows should allow the relaxation of such rate-dependent artifacts.

Forty structures, uniformly spaced in terms of CV and spanning the
entire translocation process, were extracted from the pulling simulation
and used as starting conformations for the US windows. Each of these
was employed to initiate an independent 100 ns US simulation, in which
the peptide was restrained along the CV using a 1000 kJ mol~! nm~2
harmonic force. Convergence of the free energy surface was assessed by
dividing the trajectory into equal time blocks and verifying the stability
of the resulting profiles over them (Fig. S2). For a more detailed analysis
of the CPP-membrane interactions, 150 uniformly distributed frames
from the last quarter of relevant US windows were converted to the
CHARMM36 all-atom representations using the “backward” back-
mapping tool [54].

Dedicated GROMACS tools were used for hydrogen bond and water
and cholesterol density analyses at the critical points of the translocation
process. Hydrogen bonds are represented as the ratio between the total
number of bonds identified and the total number of frames, expressed as
a percentage. Values greater than 100% reflect the occurrence of mul-
tiple simultaneous bonds between the same pairs of residues in indi-
vidual frames of the trajectory. The LiPyphilic toolkit [55] was used to
further investigate the translocation-induced leaflet changes of mem-
brane lipids.

2.3. CPP folding/unfolding simulations

The radius of gyration (Rg) of the CPP backbone beads (a measure of
the distribution of beads around the center of mass) was used to quantify
the relative folding state of the CPPs. Because of the MARTINI model's
incapacity to explicitly represent hydrogen bonds, the secondary struc-
ture of CPPs, defined based on the all-atom representation, needs to be
frozen using high-modulus harmonic constraints which preclude any
folding or unfolding event [30]. To address this issue, the GoMartini
model was applied to CPPs beads. In this extension to MARTINI, the
harmonic potentials that impose secondary structure in conventional
simulations are replaced with Lennard-Jones interactions, allowing for
the dynamic formation and rupture of interactions, thereby enabling the
sampling of folding-unfolding transitions [56]. While GoMartini cannot
compete with an all-atom model's representation of the relative statis-
tical weights of folded and unfolded conformations, it is a valuable step
forward in our search of the best accuracy-to-sampling times tradeoff.
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To accelerate the slow folding/unfolding process to simulation-
compatible timescales and evaluate the associated free energy bar-
riers, well-tempered metadynamics (WTM) [57] was employed. In this
approach, a history-dependent, adaptive bias is applied in the CV space,
gradually filling free-energy basins with repulsive potential. The bias
deposition decreases over time, ensuring smooth convergence while
allowing controlled exploration of different CV values.

To compare folding behavior of CPPs under different environmental
conditions, WTM simulations were conducted in aqueous solution (1 ps),
octane (1 ps), and in the presence of a membrane (2 ps). For the latter,
two key positions of the CPP relative to the membrane were explored:
close to the membrane and adsorbed onto it. Hydrogen bonds were
computed as previously, and secondary structure was evaluated with the
DSSP algorithm [58]. The parameters for the WTM simulations were
chosen after systematic testing (Table S2 for details), and free energy
profile convergence was verified as described in Section 2.2 (Fig.S3-54).

2.4. Membrane bending simulations

CPPs are known for promoting curvature in membranes [59,60]. To
explore the influence of the CPPs on the membrane bending thermo-
dynamics, we applied WTM simulations to a CV previously developed in
our lab [61], which represents the overall curvature of a membrane
patch using a single variable I'. I measures the mean-square deviation of
the local Gaussian curvatures at all atoms on the membrane surface,
compared to a reference conformation of the same membrane (usually
taken to be the “flat”, equilibrated state of the isolated membrane in
which curvature is minimal). The accurate computation of local atomic
curvatures is ensured by adaptively resizing the atomic neighborhoods
on which they are computed, and meaningful mean-square deviations
are obtained by taking into account the migration of individual lipids
relative to one another between the current and the reference confor-
mations. Enhanced sampling simulations of BBB bending were con-
ducted in the absence and presence of a CPP. The comparison of
membrane bending energetics in both cases should allow for the isola-
tion of the peptide's influence. The parameters for WTM simulations and
free energy convergence checks are available in Table S3 and Fig. S5.

3. Results and discussion

Previous translocation studies have highlighted the importance of
analyzing multiple states along the CV to obtain a more comprehensive
understanding of the translocation mechanism, particularly those near
the highest free energy barrier [18,25]. For this purpose, three repre-
sentative intermediate positions were selected, corresponding to the
CPP being (A) adsorbed on the membrane surface, (B) inserted into the
hydrophobic core, and (C) at the head of the opposite leaflet. For
brevity, states A, B and C will be named as such throughout this section.

3.1. Translocation free energies of MPG and R9 through the BBB

We employed the US technique to estimate the free energy profile
associated with the translocation process across the BBB and identify key
interactions with membrane lipids. Notably, the free energy profiles for
both CPPs exhibit pronounced increases as the CPP penetrates the hy-
drophobic core, with barrier heights reaching 250 keal mol™! despite
state-of-the-art, microsecond-timescale sampling of the US windows
(Fig. 1). Comparison with existing results is delicate: on the experi-
mental front, the crossing of membranes by CPP can utilize a variety of
mechanisms depending on the nature of the membrane, that of the
peptide and its concentration, with limited visibility for the experi-
mentalist on the mechanism actually taking place [62]. On the compu-
tational front, the granularity of the model (all-atom or coarse-grained),
the enhanced sampling method and the collective coordinate to which it
is applied all condition the barrier height. In particular, the collective
coordinate defines the conformational volume accessible to the system
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Fig. 1. Free energy of translocation of R9 (red) and MPG (green) across the
BBB. Error bars represent the standard deviation estimated from 200 boot-
strap trials.

during the translocation process, and no guarantee can be obtained that
it encompasses the regions of lowest free energy, let alone the actual
(unknown) pathway.

Most theoretical studies investigating the mechanism of CPPs are
carried out with single-component model lipid bilayers [36-38]. Using a
simple projection of the distance between CPP and membrane centers of
mass, Kumara et al. [33] obtained a barrier of 31 kcal mol~! with a
coarse-grained model of R10 and a DOPC bilayer; Kabelka et al. [31]
found 40 kcal mol ! using a collective variable very similar to our own
and a coarse-grained model of Buforin II and POPC bilayer. While such
barrier heights appear lower than ours, they are extremely high in ab-
solute, with crossing timescales of 10® years under the Eyring-Polanyi
theory [63].

Moving on to more realistic multicomponent models is essential to
correctly reproduce the properties of biological membranes, which also
condition their interactions with CPPs [64]. Catalina-Hernandez et al.
[26] simulated several CPPs in different membrane models consisting of
DPPC, DPPC:DOPC:CHOL and DPPC:DOPC:DPPS:DOPS:CHOL using an
all-atom model. They reported average translocation barrier heights of
226 keal mol~? for the multicomponent membranes and concluded that
bilayer complexity is positively correlated with the free energy penalty
to crossing. This correlation was also observed by Gimenez-Dejoz and
Numata [21] for the translocation of five CPPs (including R9) across
DPPC and DPPC:DOPC:CHOL membranes, with barriers of up to 160
keal mol™! for the latter; they also confirmed the preestablished
assessment that cholesterol tends to stiffen the membrane and impair the
translocation of CPPs [65-67]. Considering the complexity of our BBB
model and its high cholesterol content, the barrier heights we obtained
are in line with existing studies; in fact, the reduced permeability of the
BBB compared to other simpler model membranes is well documented
for drug-like molecules [68].

As previously mentioned, the timescales associated with such large
barriers have no chance to be overcome at usual temperatures. From the
computational point of view, the MARTINI2 particles are known to be
too attractive, resulting in an overestimation of interaction energies
which is well documented for membrane-protein interactions [69] and
could contribute to artefactually high free energy barriers to CPP
translocation. However, this effect is at least partially compensated by
the overall acceleration of conformational motion due to the removal of
high-frequency modes in MARTINI compared to all-atom, which limits
the “ruggedness” of the underlying free energy landscape - this is
attested by the similarly high barriers found in the previously cited all-
atom simulations. Clearly, considering the variety of CPPs, membranes
and computational methods covered in the available literature, the
barrier heights cannot be solely attributed to modeling errors. On the
contrary, they most likely indicate that the unassisted, spontaneous
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translocation of a single peptide is not the preferred internalization
mechanism for CPPs. While this mechanism in bilayers is currently
believed to be non-enzymatic [70,71] it probably involves the formation
of durable pores [12,72,73], inverted micelles [72,74] and transient
prepores [75] via the collective action of multiple CPPs via the collective
action of multiple CPPs. Additional mechanisms may include the
“masking” of peptide charges through the formation of complexes with
amphiphilic molecules [76] or the modulation of membrane potential
[77,78]. In the cellular context, energy-dependent assisted transport
(macropinocytosis, clathrin-mediated...) can take place [62] - all of
which can circumvent the barriers and are thus more likely to occur.
However, these complex, multipartner mechanisms, which often over-
lap each other, are mostly beyond the scope of free energy methods even
using coarse-grained representations; because of this, in-depth studies of
individual CPP-membrane interactions such as ours and those cited
above retain value as the fundamental ingredients involved in these
more complex real-life internalization processes.

Finally, a difference of approximately 10 kcal mol~! between the
barriers can be observed. Interestingly, Catalina-Hernandez et al. [26]
report qualitatively similar behavior, with barriers of 226.9 kcal mol ™!
for R9 and 254.26 kcal mol~! for the amphipathic MAP peptide. In
absolute terms, these results indicate that, regardless of peptide class,
single-peptide translocation across an intact bilayer is energetically
unfavorable. In relative terms, the differences between our barriers and
those reported by Catalina-Hernandez et al. are about 4% and 12%,
respectively. While these differences are moderate, they do not alter the
main conclusion: the membrane imposes a substantial energetic penalty
that dominates peptide translocation.

To analyze the energetics of CPP translocation in more detail, con-
formations corresponding to intermediate states A, B and C (defined
above) were extracted. State B matched the highest point on the PMF for
both CPPs, confirming previous findings on other CPP/membrane pairs
[33,36]. As a reference, a representative conformation of the isolated
membrane against which to measure membrane disruptions was used.

Water ingress into the hydrophobic core and artifacts in the density
of lipids around the CPP are symptomatic of CPP-induced membrane
perturbations. To evaluate them, the water and cholesterol densities
along the z axis (perpendicular to the membrane plane) were calculated
(Fig. 2). For RY, it is noticeable that when the peptide penetrates the
hydrophobic core, it drags the headgroups inward. This creates a defect
in the membrane, which allows water to permeate it. However, the
defect remains limited to the direct vicinity of the CPP: the formation of
more extensive and long-lasting defects, such as barrel-stave or toroidal
pores, require the collective action of multiple CPP molecules, triggered
by higher peptide concentrations [79]. Furthermore, it is crucial that
even these more elaborate defects remain transient: as noted by Allolio
et al. [80], many CPPs are suspected to function by inducing transient
local deformations or fusion pores that reclose rapidly. If these pores
were long-lived or permanent, the peptides would cause massive de-
polarization and cytotoxicity, contradicting their known non-toxic
profile at therapeutic concentrations. Cholesterol density is also per-
turbed, which is usually associated with the membrane's response to
high bending [81,82]. In states A and B, it migrates from the lower
leaflet and congregates around the peptide in the upper leaflet.
Considering that the US windows are long enough to relax transient
conformational stress, these defects can be considered meaningful, long-
lived adaptations of the bilayer to the CPP which locally minimize the
free energy penalty to permeation.

We now examine the evolution of the peptide-induced membrane
curvature along the translocation pathway. Fig. 3 maps the local atomic
curvatures on the membrane leaflets (which are used to compute the
bending conformational coordinate I' — see section 2.4 for details).
Although it is the smallest peptide used in this study, R9 induced sig-
nificant curvature in the membrane (Fig. 3). Polyarginines are known to
form membrane defects, especially membrane bending, mainly because
of the strong electrostatic effects between the arginine side chains and
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Fig. 2. Water and cholesterol density graphs and side view of the key R9 translocation intermediate states A, B and C (see text). The isolated membrane (BBB) is
shown as reference. RO is represented in green, with its N-terminus in magenta. Membrane features are colored as follows: hydrophobic core (blue lines), phosphorus
from SA lipids (yellow spheres), phosphorus from other lipids (red spheres), and water (cyan spheres).

the phosphate group in lipids [60,83].

When closely examining the hydrogen bonding interactions involved
in R9 translocation, it is possible to observe that SAPE appears as the
main lipid partner interacting with R9, with an increasingly important
role as the peptide moves through the membrane (Fig. 4). Density maps
of SAPE PO4 in the x-y plane measured over the last quarter of the
simulation confirm a dynamic behavior that follows the passage of CPP
(Fig. 4). Other SA (1-stearoyl-2-arachidonoyl-sn-glycerol) lipids such as
SAPI and SAPS also make durable contacts with the CPP. Such contacts
can result in the dragging of the corresponding lipids across the mem-
brane in the wake of the CPP. By shielding the CPP from the remainder
of the membrane, these dragged lipids can mediate unfavorable in-
teractions (in particular with the hydrophobic core), lowering the
translocation free energy barrier. By following the CPP, they are very
likely to end up in the opposite leaflet, from which other lipids might in
turn depart to alleviate steric clashes. This can be thought of as an
induced form of flip-flop, the leaflet exchange process that is known to
facilitate peptide translocation [74,84-86]: in fact, in our simulations,
only cholesterol was seen to feature spontaneous flip-flops; such events
for all other lipids were exclusively due to the CPP translocation process.
Lipids that change leaflets in the wake of the CPP can take a long while
to reintegrate their original leaflet, resulting in durable changes to the
membrane which explain the asymmetric nature of the obtained PMFs
(also observed in other free energy studies [21,26] Similar peptide-
mediated flip-flops have also very recently been reported by Cardenas
and Elber for an anticancer peptide in a DOPC bilayer [87]. Our work
shows that they are strongly lipid-specific and actively participate in the
membrane-CPP recognition process.

Since the predominant role of SA lipids as CPP interaction partners
cannot be solely attributed to their abundance in the membrane
composition (POSM is even more represented), it is probably also related
to the unique properties of their long unsaturated tails: these can adopt
“angle-iron” [88] conformations which limit their effective lengths. This
facilitates their travel toward the distal membrane leaflet, providing the
CPP with a mobile “apolar cage” which assists its sliding through the
hydrophobic core. It also favors the bending of the membrane by locally
reducing its stiffness [88-92], again aiding CPP translocation. Finally,
the lateral diffusion of the lipids is also increased, favoring their
regrouping around the CPP. Thus, the complete mechanism can be
conceived as a positive feedback loop between the CPP and the

conformation and position of SA lipids within the membrane. Unfortu-
nately, it is impossible to dissociate the quantitative effects on the
translocation PMFs of direct interactions between CPPs and SA lipids
from those of collective effects on membrane dynamics involving SA and
other lipid types simultaneously: simulating a “chimeric” BBB depleted
in SA lipids would thus not provide an unarguable reference to evaluate
the free energy contribution of these lipids, despite their clear impor-
tance. Interestingly, the preferential interaction of the CPP with several
distinct SA lipids suggests that the nature of the lipid chains is the main
driver of CPP recognition, rather than the more traditionally invoked
nature of lipid headgroup. This could be due to the MARTINI forcefield's
limited ability to represent the chemical differences between head-
groups (notably, the absence of an explicit hydrogen bonding term).
However, since all SA lipid headgroups feature salt-bridging moieties, it
is conceivable that a constant, nonspecific “background” population of
salt bridges is preserved, shifting the specificity to the nature of the lipid
chains. Previous studies have also observed that polyunsaturated fatty
chains enhance headgroup flexibility [12] and are thus likely to
modulate the recognition of the latter by peptides.

Coming back to our analysis of water and cholesterol density, we
observed a different behavior for MPG. In comparison to R9, MPG did
not significantly affect water density. The alteration in cholesterol dis-
tribution was less marked than for R9, despite a similar tendency to
deplete the leaflet opposite to the CPP. This suggests a less damaging
passage through the membrane for MPG (Fig. 5). Electrostatic anchoring
of N-terminal and cationic residues emerges as a central determinant of
MPG's membrane engagement and orientation (Fig. 6). Although lysine
and arginine contribute to surface binding, arginine forms bidentate
interactions with lipids, and therefore binds strongly [73]. This is
evident in state B, where ARG25 maintains persistent contact with the
upper leaflet, favoring orthogonal orientation. On the other hand, lysine
side chains are often used to chemically link cargoes such as oligonu-
cleotides, which MPG was originally designed to translocate [93]. Thus,
in the presence of such a cargo, lysine engagement with the membrane
may be reduced. Additionally, guanidinium bidentate interactions with
lipid headgroups make it plausible that it can drag lipids inward,
potentially facilitating local flip—flop events during translocation as seen
earlier with SA lipids.

The reduced membrane stress associated with the crossing of MPG
compared to R9 logically translates into fewer leaflet switch events
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Fig. 3. Map of local atomic curvatures at the membrane headgroup beads of the upper and lower leaflets for the key R9 translocation intermediate states A, B and C
(see text). The membrane is seen along the z axis, orthogonal to the membrane plane; dimensions along the x and y axes are expressed in nanometers. Lighter areas

represent high curvature regions. All graphs share a common scale.

(Fig. S6). As for R9, these still mainly involve SA lipids, and not the
equally highly represented POSM or SLPC. The synergy between SA
leaflet switches, membrane bending and peptide translocation described
for R9 also applies here. However, in contrast to R9 where all the lipids
return to their original leaflet, MPG translocation triggers a persistent
membrane asymmetry in which a few SAPC and SAPS from the inner
leaflet remain in the outer one. This effect likely arises because MPG
contains hydrophobic residues and reorientates when translocating.
Such reorientation can cause a locally altered packing of the bilayer,
creating a region where the bilayer becomes tighter on one side and
more open in the other. Once accommodated in this region, bulky lipid
headgroups may hinder their return of the original leaflet in the simu-
lation time scale. However, caution must be taken in interpreting this
data as in the presence of cargo, arginine and lysine residues triggering
the translocation might not be available or exposed.

Analysis of local curvature, using the same scale and color scheme of
R9's analysis confirms the milder effect of MPG on the membrane's
integrity (Fig. 7). Despite this, and unlike R9, the curvature defects on

the upper leaflet have not completely relaxed once MPG reaches the
lower leaflet (state C). These observations can be explained by the fact
that, unlike the much more compact and chemically homogeneous R9,
MPG spans the entire membrane width during much of its translocation,
favored by its amphipathic nature.

3.2. Free energy as a function of membrane curvature

Membrane bending is known to play an active role in the regulation
of biological processes, via the reciprocal effects of membranes and
proteins on each other's plasticity when both partners come into close
vicinity [94]. In particular, arginine-rich CPPs are known to induce
negative Gaussian curvature to facilitate the formation of transient
membrane defects leading to translocation [95] In the “toroidal pore” or
“water defect” models described in the literature, curvature generation
is a prerequisite for reducing the energy penalty of charged peptide
insertion [80,96] and the creation of pore defects [80,97]. We examine
this effect for the studied CPPs, by monitoring how they affect the BBB's
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bending propensity when adsorbed on its surface (intermediate state A
defined above). Because of its high cholesterol and sphingomyelin
content, dense packing and long acyl chains, the BBB is more rigid than
simpler membranes. Estimates of bending moduli for model BBB

bilayers range from 80 to 120 kBT, four to six times larger than the
equivalent values for simple DOPC or POPC membranes [92,98,99].
Since membrane bending is instrumental to the translocation process,
this rigidity contributes to the previously discussed low permeability
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and high free energy barriers. Hence, CPPs which are able to stabilize
bent membrane conformations should be less penalized.

The free energy profiles obtained along the bending coordinate I'
(see Computational Methods) confirm that R9 favors and stabilizes high-
curvature membrane conformations: the free energy minimum shifts
from a flat membrane in the absence of R9 to a curved one in its pres-
ence, with curvature I' = 0.6 (Fig. 8, left). This finding supports previous
observations that one of the mechanisms of arginine-rich CPPs trans-
location involves inducing membrane curvature [83]. In addition, the
slope of the PMF around the minimum is markedly lower in the presence
of BBB, signaling an enhanced membrane plasticity which should
entropically favor translocation. Interestingly, the membrane de-
formations induced in our simulations cause the bending of lipid
headgroups to interact with the peptide (Fig. 8). This is perfectly
compatible with the initiation of a toroidal pore in which the reor-
ientation of phosphate groups allows the insertion of the arginines inside
the membrane [12].

On the other hand, the presence of MPG on the membrane surface
has a much weaker effect on curvature: conformations with moderate
curvatures (I' ~ 0.3 in Fig. 8, right) are slightly favored, but the flat
membrane remains the preferred structure. I' = 0.45 features an inter-
section point, suggesting that more bent structures are unfavorable,
probably due to steric and electrostatic constraints imposed by the
peptide. Furthermore, the slope of the PMF around the minimum is not
affected by the presence of the CPP, which seemingly does not alleviate
the BBB's rigidity. Because the crossings of the BBB by R9 and MPG both
involve membrane bending, the stabilization of bent conformations by
R9 is a facilitating factor for the translocation of this peptide that does
not exist for MPG. Presumably, it contributes to bringing the free energy
barrier to R9 translocation, otherwise higher, within range of that of
MPG. However, quantifying this effect would require 2D enhanced
sampling simulations, introducing bias along both the translocation and
bending conformational coordinates; unfortunately, these have a pro-
hibitive computational cost since all possible values of the second co-
ordinate must be fully equilibrated at every value of the first. In any

case, the effect is not sufficient to invert the order of free energy barriers
between both CPPs. Additionally, even though MPG does not actively
promote bending, the associated barrier is small (around 5 kcal mol ™,
see Fig. 8); paying such a small price would still be a worthwhile tradeoff
to alleviate unfavorable steric and electrostatic interactions that would
otherwise occur for the MPG in a flat membrane.

3.3. Influence of CPP secondary structure

Molecular compactness has a pivotal role in membrane trans-
location, as distinct secondary structures can significantly modulate a
peptide's capacity to penetrate lipid bilayers [100]. To assess the influ-
ence of peptide folding on the translocation process, Rg was used as a CV
in WTM simulations (see Computational Methods) which were per-
formed on 2 different intermediate states: the first few contacts between
CPP and BBB (called state AO from here on) and the previously defined
intermediate state A (corresponding to the adsorbed CPP). Analogous
WTM simulations were also performed on the CPP in bulk water and in
octane, as references and to mimic the conditions encountered by the
CPP far from the membrane and within the membrane core, respec-
tively. The results show that R9 in water is unstructured, with accessible
Rg ranging from 0.6 nm to 1.0 nm but a preference for the 0.85-1.0 nm
range due to a moderate kinetic barrier around 0.7 nm. In the presence
of the membrane, whether near or fully adsorbed onto its surface, the
span of Rg values does not drastically change, but the more folded
conformations (Rg < 0.8 nm) tend to be stabilized and the kinetic barrier
disappears. This indicates that the membrane enhances the peptide's
conformational freedom and therefore facilitates translocation from an
energetic perspective: if rigidification occurred at this stage, it would
make translocation entropically less favorable. In octane, such a rigidi-
fication is indeed observed and only the folded structure remains sta-
tistically relevant (which is expected for a polar CPP in a purely
hydrophobic environment). Such conditions can be encountered in the
membrane core; however, by this point the peptide has already crossed
the principal free energy barrier (intermediate B discussed above), so



C.E.Y. Leal et al. BBA - Biomembranes 1868 (2026) 184525

Upper leaflet Lower leaflet

2 4 6 8

Fig. 7. Map of local atomic curvatures at the membrane headgroup beads of the upper and lower leaflets for the key MPG translocation intermediate states A, B and C
(see text). The membrane is seen along the z axis, orthogonal to the membrane plane; dimensions along the x and y axes are expressed in nanometers. Lighter areas
represent high curvature regions. Lighter areas represent high curvature regions. All graphs share a common scale.

R9+BBB —
BBB —

MPG + BBB ——
BBB —

1

Free energy (kcal/mol)

Free energy (kcal/mol)
O R N WA OO N ©® ©

o
o
iy
(&)
o
w
o
»
a
o
[}
o
~
(&)

Fig. 8. Comparison of bending free energy profiles between the membrane alone (cyan) and in the presence of R9 (left) and MPG (right) (purple). Membrane
components in the coarse-grained representation are colored as follows: hydrophobic core (cyan spheres), phosphate- and oxygen-containing functional groups (red
spheres), and nitrogen-containing functional groups (blue).



C.E.Y. Leal et al.

this effect does not alter the overall permeation energetics.

Hydrogen-bond analysis of state AO shows that R9 interacts with the
membrane primarily through its N-terminus (Fig. 9 and Fig. S7),
whereas in state A all arginine side chains form persistent hydrogen
bonds with lipid headgroups, ensuring anchoring of the peptide at the
surface (Fig. 9 and Fig. S8). The persistence of arginine bidentate in-
teractions has been highlighted in the literature as a key factor under-
lying the effectiveness of arginine-rich CPPs in membrane translocation
[101-103], since stable anchoring at the surface is considered a critical
first step [18]. DSSP analyses confirm that R9 is predominantly un-
structured in all the intermediate states considered, in line with exper-
imental observations [104] although loops change to slightly more rigid
turns and bends in octane (Fig. S9-S11).

The results for MPG show that compact conformations are favored
across environments, with the main difference lying in the energy cost
for adopting extended configurations (Fig. 10). In water, the peptide
tends to fold to minimize the exposure of hydrophobic residues to the
polar solvent: extended conformations are penalized by ~20 kcal mol L.
When the peptide is near the membrane surface (A0), higher Rg becomes
more easily accessible because the membrane provides a thermody-
namically favorable interface where side chains can interact, thereby
reducing the energetic penalty to unfolding. This partial unfolding of
MPG is accompanied by a reorientation of the peptide: in the folded
state, the C-terminus points toward the membrane, with LYS24 and
ARG25 playing an essential role in lipid interaction (Fig. 10 and Fig. S12
for details), while in extended states the N-terminus maintains mem-
brane contact (Fig. S12). Indeed, ARG25 could be the main responsible
for the delivery of MPG to the surface by electrostatic attraction to the
negatively charged lipids. A similar reorientation behavior was also
reported in other CPPs with C-terminal lysine residues. This trend can be
explained by the hydrophilic nature of lysine, which tends to orient
toward the aqueous phase [105]. When the peptide is adsorbed in the
membrane (A), folded conformations are strongly favored by electro-
static interactions involving GLY1, LYS22-23, ARG25 and LYS26, but
also by steric restriction (Fig. 10 and Fig. S13 for details).

It should be kept in mind that these results correspond to the free
form of MPG, in which the charged C-terminus is free to interact with the
membrane. As mentioned in section 3.1, in the functional peptide, these
charged residues (especially LYS) serve as an anchor to cargos, meaning
that their availability for membrane interaction would be reduced.
However, our results also capture the involvement of the N-terminus,

Free Energy (kcal/mol)

Radius of Gyration (nm)

R9 in water

R9 in octane

R9 + membrane (A)
R9 + membrane (A0)
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which is coherent with experimental studies that have identified this
region as the main driver of the initial membrane contact [93]. This
agreement with experimental data further supports the effectiveness of
simulations in recovering mechanistic features of CPP-membrane
interactions.

In octane, the exposure of hydrophilic residues to the hydrophobic
medium imposes an even higher energetic penalty for extended con-
formations. Interestingly, MPG consistently favors compact states across
intermediates, suggesting that the dominant barrier to translocation is
enthalpic rather than entropic, at least when considering the monomer
without the cargo. Together, the results suggest that MPG's mostly hy-
drophobic nature enables a less disruptive passage through the mem-
brane; and that its translocation is less entropically demanding
compared to R9, accounting for its slightly lower free energy barrier for
translocation. Nevertheless, the enthalpic cost for crossing the hydro-
phobic core still imposes a significant barrier. It should be noted that the
HIV-1 Fusion Domain, constituting the N-terminal portion of MPG, has
been shown to form a well-defined alpha helix which transition to a
beta-like elongated structure in the presence of increasing concentra-
tions of cholesterol [106].

Secondary structure analysis reveals that MPG remains largely
disordered in all states, albeit to a lesser extent than R9 (Fig. S14-16). In
water, this result is consistent with experimental observations [104],
while the behavior in the membrane may seem controversial, given that
this peptide is expected to assume more defined secondary structures.
Electrostatic interactions play a central role in the structural modulation
of peptides on the membrane. For instance, it is documented that some
CPPs that can form p-sheet structures in fully anionic membranes tend to
adopt random coil structures in membranes with more physiologically
representative compositions [104]. This observation suggests that the
absence of defined secondary structures may be attributable to the lack
of a full negative surface charge that might be required to stabilize more
ordered peptide conformations. Collectively, these findings indicate that
under these conditions MPG's association with the membrane is driven
more by electrostatic interactions with lipids than by the stabilization of
specific secondary structures. However, these analyses should be inter-
preted with caution due to their inherent limitations. Weakly structured
peptides can adopt a wide range of functionally similar conformations,
with only slight differences in compactness, making thorough sampling
challenging. Furthermore, despite the validation and replication of
experimental trends by the GoMartini model [56], its representation of

AO

Fig. 9. Left: free energy as a function of Rg for R9 in different conditions. Right: representative conformations of the free energy minima for states AO and A in the
presence of the membrane. The peptide is represented in green, with its N-terminus in magenta. Membrane features are colored as follows: hydrophobic core (cyan
lines), oxygen (red spheres), phosphorus (dark tan spheres), and nitrogen (blue spheres).
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Fig. 10. Left: free energy as a function of Rg for MPG in different conditions. Right: representative conformations of the free energy minima for states A0 and A in the
presence of the membrane. The peptide is represented in purple, with its N-terminus in magenta and C-terminus in green. Membrane features are colored as follows:
hydrophobic core (cyan lines), oxygen (red spheres), phosphorus (dark tan spheres), and nitrogen (blue spheres).

folding and unfolding free energy landscapes remains approximate,
which might have more consequences for small peptides than for larger
globular proteins. However, when comparing different systems relative
to one another, we expect possible artifacts to cancel out, preserving the
overall message.

Finally, it is important to acknowledge the limitations of this study.
The literature shows that CPPs can use multiple translocation mecha-
nisms, and that transitions between them can be triggered by peptide
concentration [13,107]. At higher concentrations, CPPs may switch to
less energetically costly and cooperative mechanisms [108] that were
not considered here. This is particularly true for the case of MPG pep-
tide, in which aggregation around the cargo forms a protective hydro-
phobic cage allowing the translocation through the hydrophobic core of
the membrane [108]. Although simulating a single peptide is a crucial
step toward understanding CPP translocation, allowing us to identify
key residues involved in membrane interactions and to obtain a ther-
modynamic perspective, the absence of concentration effects remains a
limitation that warrants further investigation.

4. Conclusions

In the present study, we combined coarse-grained molecular dy-
namics simulations and enhanced sampling techniques to describe the
translocation mechanism of two well-known CPPs (R9 and MPG) in a
realistic membrane model. With this coarse-grained approach, we trade
the explicit description of atomic interactions against the possibility to
gain access to long timescales, compatible with large-scale membrane
rearrangements and crucial for the accurate evaluation of free energy
barriers. Our work is a valuable addition to the growing number of
applications of these methods to membrane translocation problems.
While R9 penetration causes significant disturbances in the membrane,
MPG follows a less disruptive interaction pathway despite its larger size.
Nevertheless, despite inducing distinct patterns of membrane pertur-
bation, both peptides face large resistance when entering the membrane.
This behavior is consistent with the complexity of the BBB and its spe-
cific composition, suggesting that the resistance appears to be largely
governed by membrane composition rather than solely by the CPP's
chemical class (cationic vs. amphipathic). Unfortunately, evaluating the
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role of specific membrane components is made difficult by the existence
of collective effects in such complex multi-component membranes.
However, this does not diminish the importance of primary sequence
design. Rather, it redefines the role of specific residues: instead of
merely “lowering” the barrier, the amino acids dictate the mechanistic
pathway, and the frequency of translocation attempts via surface
recruitment. For highly restrictive membranes like the BBB, this implies
that design efforts should prioritize maximizing membrane residency
time and structural adaptability to satisfy the bilayer's inherent ther-
modynamic constraints. Additionally, the high barrier also suggests that
translocation might be facilitated for alternative uptake routes or other
system conditions.

The simulations also suggest that both peptides initiate membrane
interactions via their N-terminus suggesting that preserving this region
is important for peptide insertion. Additionally, even in MPG, arginine
was shown to be pivotal for membrane binding. Nevertheless, studying
free peptides allowed us to highlight sequence-dependent features that
govern their interaction with membranes and can modulate their ca-
pacity as CPPs. Our study also highlights the strikingly different effects
of the CPPs on membrane curvature, which hints at an underlying in-
direct recognition mechanism between CPP and membrane. Notably,
our results reveal that both CPPs selectively recruit highly unsaturated
lipids (SAPE, SAPI, SAPS) during translocation, which redistribute be-
tween both leaflets in the wake of the CPP's passage via induced flip-flop
events. This suggests that curvature-adaptative lipid species actively
participate in alleviating the mechanical stresses induced by peptides.
Finally, we revealed the remarkable role of the membrane in stabilizing
CPP conformations that are disfavored in bulk water (folded for R9,
unfolded for MPG), thereby reducing the entropic penalty to trans-
location. We hope that our results may pave the way for a better
fundamental understanding of complex CPP-BBB interactions, para-
mount for the design of optimized CPPs to carry therapeutic cargos
across the BBB.
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