Article

Membrane-Embedded Anti-Cancer Peptide Causes a Minimal
Structural Perturbation That Is Sufficient to Enhance
Phospholipid Flip-Flop and Charge Permeation Rates

Alfredo E. Cardenas and Ron Elber *

check for
updates

Academic Editor: Robert V. Stahelin

Received: 1 May 2025
Revised: 20 June 2025
Accepted: 23 June 2025
Published: 25 June 2025

Citation: Cardenas, A.E.; Elber, R.
Membrane-Embedded Anti-Cancer
Peptide Causes a Minimal Structural
Perturbation That Is Sufficient to
Enhance Phospholipid Flip-Flop and
Charge Permeation Rates. Life 2025, 15,
1007. https://doi.org/10.3390/
life15071007

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

The Oden Institute, University of Texas at Austin, Austin, TX 78712, USA; alfredo@ices.utexa.edu
* Correspondence: ron@oden.utexas.edu; Tel.: +1-512-232-5415

Abstract

A prime role of biological membranes is to form barriers for material transport into and
out of cells. Membranes consist of phospholipids with polar heads, which are presented to
the aqueous solutions, and hydrophobic tails that form the membrane core. This construct
prevents the permeation of hydrophilic, well-solvated molecules across the lipid hydropho-
bic barrier. The barrier is not absolute, and several approaches are available for efficient
translocation. Channels and pumps enable selective and efficient transport across mem-
branes. Another transport mechanism is passive permeation, in which permeants, without
assistance, directly transport across membranes. Passive transport is coupled to transient
defects in the membrane structure that make crossing the hydrophobic bilayer easier—for
example, displacements of head groups from aqueous solution-membrane interface into
the membrane core. The defects, in turn, are rare unless assisted by passively permeating
molecules such as cell-penetrating peptides that distort the membrane structure. One
possible defect is a phospholipid molecule with a head pointing to the hydrophobic core.
This membrane distortion allows head group flipping from one layer to the other. We show
computationally, using atomically detailed simulations and the Milestoning theory, that
the presence of a cell-penetrating peptide in a membrane greatly increases phospholipid
flip-flop rate and hence defect formation and the permeability of membranes.

Keywords: membrane permeation; cell penetrating peptide; membrane defect

1. Introduction

Biological membranes are highly heterogeneous systems [1,2]. They are primarily
made of phospholipids, but many inserts, such as transmembrane proteins, are also present.
Each of the phospholipid molecules is bi-functional. The phosphate head is charged or
polar, while the lipid tail consists of hydrocarbon chain(s) and is hydrophobic. Phospholipid
molecules form bilayers in which the polar head groups point to the aqueous solutions. A
membrane with a hydrophobic core (cyan lines) of DOPC lipids is shown in (Figure 1).

The lipids form a thin apolar layer of ~4 nm width and pose a barrier for translocation
across the membrane. This enables living systems to monitor material transport in and
out of the cell and use transport machinery such as channels and pumps embedded in the
membrane to control passage.

Membranes exist as two-dimensional fluids in which the phospholipid molecules
diffuse rapidly in the membrane layer on the nanosecond time scale but rarely cross
between the layers, a process called flip-flop [3,4]. The two layers of biological membranes
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have asymmetric composition. Why is it challenging to flip between the layers? The
difficulty in conducting a flip-flop motion is that the polar heads must cross an apolar
environment between two aqueous solutions, which is electrostatically penalized. The cost
is therefore similar to the translocation of a charge across a membrane. How to overcome
this barrier? One approach uses biological machinery such as flippases, floppases, and
scramblases [5] that translocate phospholipids from one layer to the other. This process

requires biological energy.

Figure 1. A membrane with a hydrophobic core of DOPC lipids (cyan lines). Oxygen atoms of water
molecules are shown as gray spheres, and the phosphate groups as yellow spheres (top) and orange
spheres (bottom). Also shown is a single phospholipid molecule (green) with the phosphate head
(red) migrating from the water-membrane interface to the membrane center from left to right.

We do not know the detailed molecular mechanisms of the translocating enzymes.
However, from a mechanical viewpoint, the translocation between the layers would have
been easier if the hydrophobic layer had been disrupted, creating a polar defect that can
assist the migration of the heads. For example, a phospholipid head is displaced to the
lipid core. Such a defect can form spontaneously as a thermal fluctuation, which will be
exceptionally rare and slow. Nevertheless, given a defect that places polar groups along
the diffusion pathway between the outer and inner leaflet, flip-flop motions will be easier
and faster.

What kind of membrane defects accelerate flip-flops? Large membrane breaks are
likely to do so. Indeed, proposals for membrane pores and channels that assist flip-flop
motions have been published [6,7]. It is not surprising that large, extensive damage to the
membrane integrity exposes more phospholipid molecules to the aqueous solution and
enhances their flip-flop rate. One could imagine a diverse set of membrane perturbations
that address the goal. Perhaps a more focused question would be, what is the minimal
membrane defect that can significantly enhance the flip-flop rate? In a recent paper, it was
demonstrated that a peptide on a membrane surface accelerates a flip-flop rate [8].

In several publications, we have shown that cell-penetrating peptides (CPP) that
interact with the surface of the membrane, or permeate it, cause local defects. In contrast
to transmembrane proteins that fit well geometrically in phospholipid membranes, the
structural complementarity of CPP with the membrane is imperfect. The defects mix
phosphate head-groups with lipid hydrocarbon chains [9,10] at the membrane core, and
support the migration of charged peptides across the membrane. We have introduced the
DAC model of peptide-membrane interactions (Defect Assisted by Charge [10]), which
explains permeation efficiency. The defect is an essential component of the permeation
mechanism. During the permeation, the polar phospholipid heads follow the peptide’s
positively charged residues into the membrane center [10]. Here, we ask a reverse question.
Consider a defect induced by a single permeating peptide. Is it sufficient to reduce the
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free energy barrier of phospholipid flip-flop? In this paper, we illustrate that the effect
is dramatic.

The perturbation induced by a single peptide is clearly smaller than the distortion
caused by an aggregate of several peptides, or a carpet of peptides on the membrane
surface [11]. To model the impact of an individual molecule, we consider the anti-cancer
peptide NAF-14-%7, embedded in a DOPC membrane, a system with which we have
considerable prior experience [12]. NAF-1 is the name of the protein from which the
peptide is derived, and 44-67 is the sequence of the peptide in the protein. Our previous
investigations suggest that the peptide center of mass is at a broad minimum in the
membrane core. The present investigation, therefore, asks, given that the peptide is at the
membrane center (we restrain it there), what is the rate of phospholipid flips?

2. Methods

The membrane system and initial input files were prepared with the Membrane
Builder option of CHARMM-GUI [13]. The two bilayer membranes contain 160 DOPC
14467 molecule inserted

at the membrane center, while the second model had only DOPC molecules. The initial

molecules. One of the membrane patches was built with an NAF-

configuration of NAF-1%%7 was taken from an earlier work [12]. A total of 10,743 water
molecules were included in the simulation box to fully hydrate the membranes. The
dimensions of the simulation boxes were 7.4 x 7.4 x 7.9 nm® and 7.7 x 7.7 x 9.0 nm?
1#-67 molecule,

respectively. Potassium and chloride ions were added for an ionic strength of 0.15 M.

for the pure DOPC membrane system and the membrane with an NAF-

The system with NAF-14%7 at the membrane center has about one C1~! at the mem-
brane core during the simulations detailed in Results and Discussions. No C1~! ions were
detected at the core of the pure DOPC system. A small number of K* ions permeates both
membrane systems. The simulations were conducted with GROMACS version 2021.4 [14].
The CHARMMS36m force field was used for the lipid molecules and NAF-1#-67 [15]. Water
molecules were modeled with CHARMM TIP3P [16]. Periodic boundary conditions were
applied to all three spatial directions. The particle mesh Ewald method [17] computed
the long-range electrostatic interactions with a real space cutoff of 1.2 nm, while the van
der Waals interactions were modelled with Lennard-Jones potentials that were smoothly
switched to zero from 1.0 to 1.2 nm. The simulations were conducted at a constant tem-
perature of 323.15 K and pressure of 1 bar using a Nosé-Hoover thermostat [18,19] with
a time constant of 1 ps and the Parrinello-Rahman barostat [20], with a period of 5 ps as
implemented in GROMACS. The pressure changes were coupled in the x-y dimension,
while the z-dimension varied independently. The trajectories evolve following a leapfrog
integrator with a time step of 2 fs. Bond lengths to hydrogen atoms in the lipid molecules
and peptide were constrained with the LINCS algorithm [21], while the bond distances of
the TIP3P water molecules were constrained with the SETTLE algorithm [22].

3. Results and Discussions

Steepest descent minimization of the initial configurations reduces the maximum
force on any atom to less than 1000 kJ/(mol nm). The minimization was followed by
a series of equilibration steps for a total of 375 ps in the two systems using the default
input files generated by CHARMM-GUIL. Equilibration was followed by a longer run for
250 ns. For the system containing NAF-1#%7, an additional harmonic restraint with a force
constant of 42,000 kJ / (mol nm?) was added to the center of mass of NAF-1447 to keep it
at the membrane center. At the end of this simulation with the peptide at the center, the
membrane structure was distorted, with about one hundred water molecules entering the
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membrane core. Several phosphate head groups moved towards the membrane core as

well (Figure 2).

Figure 2. Snapshots of a membrane with NAF-144-67

restrained to the center. The peptide is shown
as a blue ribbon, which is partially helical. As in Figure 1, the lipid chains are in cyan. The lower
phospholipid heads are in orange, while the top layer is in yellow. The mobile phospholipid is in
green while the phosphorus atom is in red. Water molecules are in gray. The three snapshots from
left to right illustrate the migration of the phospholipid from the water-membrane interface to the

membrane center.

From the 250 ns trajectory with the peptide inserted (configurations are saved every
100 ps), we tracked one of the phosphate groups from the membrane surface to the center
of the membrane (shown in green in Figure 2). The free-energy landscape for phospholipid
migration into the lipid domain in the presence of NAF-1#4%7 is flat (Figure 3), and this
choice has little impact on the results. The phosphate-group positions serve as anchors
in the Milestoning calculations [23]. The anchors form centers of Voronoi cells in the
Milestoning reaction space, and we computed transitions between the interfaces of the
Voronoi cells (milestones).

22
20
B = Pure membrane

18+ —— NAF1 at the membrane center
16—
14
12

10

[ Membrane-water

Membrane |
| interface

center

Free energy (kcal/mol)

S N & & X

0 01 02 03 04 05 06 07 08 09 1
normalized flipping coordinate

Figure 3. The free energy profile for the migration of a single phospholipid head from the water—
membrane interface to the center of the membrane. The red curve is for the membrane containing at
the center the NAF-1#4%7 peptide. The reaction coordinates are parameterized from 0 (phosphate
head group at the membrane-water interface) to 1 (the phospholipid head group is at the center of
the membrane). See the text for more details about the reaction coordinates.
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As we illustrate in Figure 3, the barrier height for a phospholipid flip in the system
with the peptide is low. We therefore used a simple reaction coordinate, the distance along
z (the normal to the membrane plane) of the phosphorus atom from the membrane center.

14467 at the membrane

Milestoning employs this coordinate for the system containing NAF-
center. The position of the membrane center is computed as the average position along z of
the terminal methyl of the phospholipid tails. Twenty-four configurations were selected
(Milestoning anchors) from a displacement of 2.2 to —0.1 nm to the membrane center.

Saving intermediate trajectory snapshots of a phospholipid approaching the center
of the membrane is straightforward in the simulation that includes the peptide, as the
free-energy barrier is low (Figure 3). This is because the peptide itself causes significant
membrane disruption. Without the peptide, the displacement of a phospholipid head into
the membrane center is an activated process and a rare event with a barrier height of about
20 kcal/mol. A similar barrier height for the same membrane system has been obtained by
others [4].

Therefore, for the pure DOPC membrane system, we added a harmonic pulling
potential that forced the position of one of the phosphorus atoms from the membrane-
water interface to the membrane center. The barrier, without the defects created by the
CPP, is significantly larger and challenging to converge in free-energy calculations. The
pulling creates a membrane distortion that only affects the layer containing the displaced
phosphate group (Figure 4). As the phospholipid head approaches the membrane center,
the asymmetry of water penetration indicates that the system is not in equilibrium on the
time scale of the pulling. The displaced phospholipid “remembers” the layer it originated
from, a phenomenon called hysteresis. At equilibrium, the response should be symmetric
when the peptide is at the center.

Figure 4. The lower layer of the membrane is distorted, but the upper layer remains unperturbed
when a single DOPC molecule is pulled to the center of the membrane from the lower layer. This
observation suggests that the system is not in equilibrium, in which both sides of the membrane on
either side of the permeating phospholipid should be similarly distorted. Hence, this simulation
suffers from hysteresis. The color code is the same as in Figure 2.

The asymmetry and hysteresis make it hard to converge the exact Milestoning calcula-
tions. It produces a non-differentiable free-energy peak at the membrane center. For that
reason, we used a different reaction coordinate for the pure phospholipid system (Figure 5).
We consider the difference in the minimal distances of the displaced phosphate group to
the phosphates in each membrane layer:

dair = dply = iy (1)
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where d%ﬁ” and dlrzfz” are the minimal distances of the displaced phosphate to the upper-
and lower-layer phosphates, respectively. If the head is exactly at the center, the difference
is zero, and its absolute value is maximal when one of the distances, upper or lower, is
close to zero. We computed the minimum distance with the function

_ B
doin = logXs exp (rél) )

that ensures the minimum distance is differentiable. 7; is the distance between the displaced
P (phosphorus) atom and every P atom i in the layer X, and B is a parameter. A large
value of B makes dX. closest to the exact lowest value for the minimal distance. We used

B = 300 nm in our simulations.

Figure 5. The reaction coordinate used for the flipping of a DOPC phospholipid in a pure DOPC
membrane. The figure shows the flipping phospholipid in green with its phosphorus atom in red.
The phosphorus atoms are in yellow and orange for the upper and lower layers of the membrane,
respectively. The distances between the phosphorus atoms closest to the flipping P atom are shown
with blue lines. The difference between d%fl’er and dlr:l’f‘;f’ is the reaction coordinate (d4;fs) used in the
Milestoning calculation. When the difference between the distances is zero, the phospholipid is at
the center of the membrane. When the phospholipid is at a water-membrane interface, the absolute
value of the difference is at its maximum. For the reaction coordinate, we define the maximal value of
the difference as zero (no translocation of the phospholipid to the center) and the minimal distance
(displaced phospholipid at the center) as one.

The expectation is that at the transition state dg;rf = 0. We enforced this condition
with a harmonic restraint and ran a 1 ps trajectory that kept the displaced phosphate
close to the membrane center. To verify that the restraint condition created configurations
close to the transition state, we performed a committor test. We extracted 20 different
configurations from this trajectory and conducted unbiased trajectories. In 12 of those
trajectories, the phosphate group drifted towards the lower layer, and in the other eight
trajectories, it drifted towards the upper layer, demonstrating that this trajectory was
sampling a region close to the transition state for phospholipid flipping (committor ~0.5).
Then, we considered one of the 12 trajectories where the phosphate went to the lower layer
and extracted 47 anchor configurations for the Milestoning calculation. In the calculation,
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we used dy;¢¢ as reaction coordinate with a separation between anchors of about 0.05 nm
when djifr < 1.0 nm, and 0.1 nm for larger d ;s

A python script (Python version 3.8) ScMiles2 [23] was used to run and analyze the
corresponding Milestoning calculations using GROMACS 2021.4 as the MD engine [14]
and PLUMED 2.8 [24] to control and evaluate the positions of the corresponding reaction
coordinate during the different Milestoning steps.

In the first Milestoning step (“seek”), we ran short trajectories starting from the set
of anchors to determine configurations at connected milestones. For the single Cartesian
reaction coordinates considered in this work, milestones are planes equidistant from a
neighboring set of anchors. Therefore, from the initial set of 24 anchors used in the

Milestoning calculation for the system containing NAF-144-67

, configurations were sampled
on 23 milestones. For the pure membrane system with 47 anchors, the number of milestones
is 46.

In the second Milestoning step (“sample”), we used one of the milestone configurations
obtained by the “seek” step and ran a 4 ns restrained trajectory keeping the position of the
selected phosphorus atom at the milestone plane. This was accomplished by adding a har-
monic potential with a force constant of 42,000 kJ /(mol nm?). We saved 500 configurations
from these 4 ns trajectories, and used the last 450 configurations as initial configurations for
the next Milestoning step (Figures 1 and 2).

In the third step, we ran 450 unrestrained trajectories, starting from the saved con-
figurations, until they were terminated at any other milestone. The Python version 3.8
script saved the identity of the milestone that was hit and the trajectory time. Next, we con-
structed the transition matrix Wj;,
i to milestone j. We also computed the lifetime of the milestone ¢;, which is the average time

which provides the transition probability from milestone

it takes the trajectory initiated at milestone i to reach any other milestone. From the matrix
Wi; we can compute the vector of fluxes between the milestones—y;, g' = q'W. With the
fluxes at hand, we can write the free energy, F = —kTlog(q-t), and the Mean First Passage
Time, (T) = }; qi°t;/q where gy is the flux at the final absorbing milestone (the product in
which the phosphate head group is at the center of the membrane).

Putting the low barrier in the presence of a CPP in perspective, we note that in the
presence of a single CPP in the membrane center, the membrane is already permeable to
charged groups such as the phosphate head. Hence, the membrane’s permeability changes
once the permeating peptide is inside the center. To further probe the impact of the CPP on
membrane structure, we characterize structural features of the defect. In Figure 6, we show
the number of phosphate groups along the normalized reaction coordinate.

Figure 6 shows the number of phospholipids at the membrane center at fixed positions
of the phospholipid that follows the reaction coordinate. The plot does not include the
work or the probability of bringing the translocated phospholipid to the different positions
along the reaction coordinate. This work is shown in Figure 3. In Figure 7, we consider the
number of phospholipids at the membrane center multiplied by the probability that the
translocated phospholipid will be at a given position along the reaction coordinate (see
Figure 3). We call this quantity “weighted number”.

The weighted number of phosphate atoms as a function of the flipping coordinate
in the pure DOPC membrane is so small that it is not detectable in Figure 7. This is not
surprising given the general feature of the membrane as a barrier. It is more interesting
that the presence of a CPP enhances the number of the phosphate atoms slightly shifted
into the membrane. The defect created by the CPP is causing the membrane to become
somewhat narrower, as is reflected by the peak of the phosphate distribution of a reaction
coordinate near 0.2.
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Figure 6. The number of additional phospholipid heads that are at the membrane center as a function
of the position of the flipping phospholipid head, which we monitor along the reaction coordinate.
Without the peptide at the membrane center, the number is less than 3 when the translocated
phospholipid reaches the center. The peptide, with a charge of +5, supports a steady and larger
number of phospholipids at the center (between five to seven).

I T

= Pure membrane 4
— NAF1 at the membrane center

0.2 04 0.6 08 1
normalized flipping coordinate

Figure 7. The weighted number of phosphorus atoms at the membrane core along the normalized
flipping coordinate. The weight is performed according to the respective milestone probability
obtained in our calculations (Figure 3). It is the probability of the translocated phospholipid reaching
a position along the reaction coordinate multiplied by the number of phospholipid heads that are
at the membrane core (shown in Figure 6). We define the membrane core as the region of the
membrane that is less than 1 nm from the membrane center along the z coordinate. This evaluation
was performed using the 450 configurations extracted in every milestone (the error bars are obtained
as the standard deviation of the average).
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weighted number of water molecules
(8]

A similar feature of membrane thinning is also seen in Figure 8 in which we examine
the number of water molecules along the permeation coordinate. Again, we observe a
peak in the number of water molecules inside the membrane at a value of about 0.2. There
is some permeation at the water-membrane interface for the pure membrane, which is
missing for the phosphate heads in Figure 7. Nevertheless, the number of permeating water
molecules is exceptionally small for the pure membrane.

—— Pure membrane
—— NAF1 at the membrane center

0.2 04 0.6 08 1
normalized flipping coordinate

Figure 8. Similar to the previous figure (Figure 7), but counting the number of water molecules in the
membrane core for the two membrane systems. A significant difference between the two figures is
the permeation of water molecules into the pure membrane. The number of water molecules at the
core is about 2 for the unperturbed pure membrane (the weighted number > 0 because the milestone
probability is high when the normalized flipping coordinate is close to zero). When the flipping
peptide is at the center, the number of water molecules at the core is about 35. However, the milestone
probability is very small at that location and the plot looks flat close to one for the pure membrane.

In this paper, the simulations were conducted with a restraint on the center of mass
position of the NAF-1#%7 peptide to the membrane center. This restraint improves the
statistics of the calculations, but we may ask how probable this configuration is. We have

14467 permeation across the

previously computed the potential of mean force for NAF-
DOPC membrane, calculations that were supported by experimental data [12]. These
calculations have demonstrated that the center of the membrane is a broad minimum for
the peptide. To illustrate that the peptide remains in the center even without the restraint,
we conducted an independent 300 ns simulation without the restraint starting from the

peptide position used in the rest of the paper (Figure 9).
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Figure 9. The distance of the center of mass of the peptides NAF-14%7, NAF-14%7, and NAF-1%0-¢7
to the membrane center, obtained by 300 ns MD simulations after removing the harmonic restraint
that forced the peptides to the membrane center. The simulations illustrate that the original peptide

remains in the center while the shorter versions drift away from it.

We also show that the results are sensitive to the peptide length. Removing three or
six residues from the peptide’s N-terminal changes the center of mass location significantly
and reduces the number of phospholipids that are dragged to the center (Figures 9 and 10).
The last observation supports our initial goal of seeking peptides of minimal length that

still assist in creating membrane defects. Hence, NAF-1#%7 is close to minimal length for
this class of peptides.
wN—s——————r——§+——7—
— NAFI®Y 7
J— 47-67
81 NAFlso 7 ]
‘ — NAF1

ES

_' M' f '

| thl m.\m Mumy

0 50 100 150 200 250 300
time (ns)

number of phosphates at the membrane core
N

Figure 10. Number of phosphate groups at the membrane core after removing the center of mass
restraint and performing a 300 ns MD run for the three peptides NAF-1447, NAF-14-%7 and
NAF-150-67. The membrane core is defined as the region within 1 nm of the bilayer center.



Life 2025, 15,1007

11 of 12

References

In Figure 10, we show the number of phospholipids that are dragged to the membrane
center under the influence of the different peptides. Note that the original peptide drags to
the center about five phospholipids, which is comparable to the number dragged by the
restrained peptide (Figure 6). As the other peptides drift away from the membrane center,
their ability to bring phospholipids to the membrane core also reduces.

4. Conclusions

In the present manuscript, we examine the process of phospholipid flip-flop, which
has long been considered a specialized event in biological systems. Biological membranes
are highly asymmetric, and specialized proteins retain this high level of asymmetry, which
is assumed to be crucial for membrane function [3].

Because of bilayers’ amphipathic nature, a flip-flop motion is unlikely since it requires
the passage of a charged phospholipid across the hydrophobic environment. Indeed, a
straightforward estimate of the barrier for a flip-flop suggests a barrier of about 20 kcal /mol.
This is sizable but not impossible to cross on the time scale of cell life. Therefore, in biology,
additional machinery such as flippases is required [3].

The main topic of this manuscript is, however, flip-flop events that are assisted by
membrane perturbations. A significant perturbation creates a defect in which the core is no
longer purely hydrophobic, and the barrier for a flip-flop event is reduced to effectively
zero. Large perturbations like pore formation are known to accelerate exchanges between
the bilayers [6]. However, it is not known how small a perturbation can be, and it still
significantly enhances flip-flop rates. We show that an anti-cancer peptide reduces the
flip-flop free energy barrier to essentially zero, indicating another plausible function of
these intriguing CPP molecules.

More research will have to be carried out to better characterize the required peptide
properties and the impact of membrane heterogeneity. However, the current study demon-
strates the impact of defects on passive permeation and on flip-flop events that can be
classified as permeation events.
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