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ABSTRACT: One of the mechanisms accounting for the toxicity
of amyloid peptides in diseases like Alzheimer’s and Parkinson’s is
the formation of pores on the plasma membrane of neurons. Here,
we perform unbiased all-atom simulations of the full membrane
damaging pathway, which includes adsorption, aggregation, and
perforation of the lipid bilayer accounting for pore-like structures.
Simulations are performed using four peptides made with the same
amino acids. Differences in the nonpolar−polar sequence pattern
of these peptides prompt them to adsorb into the membrane with
the extended conformations oriented either parallel [peptide
labeled F1, Ac-(FKFE)2-NH2], perpendicular (F4, Ac-
FFFFKKEE-NH2), or with an intermediate orientation (F2, Ac-
FFKKFFEE-NH2, and F3, Ac-FFFKFEKE-NH2) in regard to the
membrane surface. At the water−lipid interface, only F1 fully self-assembles into β-sheets, and F2 peptides partially fold into an α-
helical structure. The β-sheets of F1 emerge as electrostatic interactions attract neighboring peptides to intermediate distances where
nonpolar side chains can interact within the dry core of the bilayer. This complex interplay between electrostatic and nonpolar
interactions is not observed for the other peptides. Although β-sheets of F1 peptides are mostly parallel to the membrane, some of
their edges penetrate deep inside the bilayer, dragging water molecules with them. This precedes pore formation, which starts with
the flow of two water layers through the membrane that expand into a stable cylindrical pore delimited by polar faces of β-sheets
spanning both leaflets of the bilayer.
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■ INTRODUCTION
One of the hallmarks of amyloid diseases is the aggregation of
peptides into fibril-like structures in the intracellular or
extracellular space of different tissues and organs.1−3 This
process disrupts the integrity of the plasma membrane,
accounting for ion permeation that contributes to cellular
dysfunction.4,5 In the same vein, amyloid peptides can function
as natural antibiotics by destroying the cell wall of invasive
bacteria, suggesting that they play a role in our immune
system.6−10 Thus, understanding the molecular mechanisms of
membrane damage by amyloids will not only enable our ability
to design compounds that can inhibit the formation of toxic
structures but also allow us to engineer better antimicrobial
peptides. Despite extensive studies, these mechanisms remain
mostly unknown. In silico studies have the potential to fill this
knowledge gap.
General insights into the kinetics and thermodynamics of

amyloid aggregation in solution and on the surface of lipid
membranes have been obtained using coarse-grained mod-
els.11−19 Some of these insights are supported by experiments
including the role played by hydrophobic interactions in the

nucleation process.14,20 However, an atomistic understanding
of amyloid-induced membrane damage is required to develop
new strategies to interfere with the damaging process. Recent
all-atom simulations have successfully described the formation
of transient pores by α-helical antimicrobial peptides.21−24 The
structure of these α-helices is preserved throughout the
poration process, which makes them easier to simulate than
amyloids.25 The latter undergo conformational changes in
which bonds are formed and broken to account for β-sheets
with the correct interhydrogen bond registry. Accordingly,
most all-atom simulations in explicit solvent are performed
starting with a preformed amyloid pore on the membrane
surface.26 By comparing different pore structures modeled as
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β-barrels, these studies provide insights into the most stable
hydrogen bond registry.27−30

All-atom simulations also show that the competition
between peptide−peptide and peptide−lipid interactions is
critical to account for amyloid aggregation on the surface of
lipid membranes.31−34 Although this is consistent with
experimental studies reporting a strong dependence of amyloid
aggregation rates on lipid composition and membrane phase
(gel versus fluid),35−39 the interplay between different
intermolecular interactions remains poorly understood. Un-
biased all-atom simulations could shed light into this interplay
and provide insights into pathways leading to pore
formation.40 This type of simulation has been achieved
recently for short amphipathic peptides with the sequence
Ac-(FKFE)2-NH2, in which nonpolar (phenylalanine, F) and
polar (positive lysine, K, and negative glutamate, E) amino
acids alternate along the sequence.31

In solution, the Ac-(FKFE)2-NH2 peptide, named F1 in this
study, self-assembles into the characteristic cross-β signature of
amyloid fibrils.41,42 Cryogenic electron microscopy experi-
ments have shown that this one-dimensional structure emerges
from the concentric distribution of 4−5 twisted fibrils around a
main axis, forming nanotubes.43 Surprisingly, one of the β-
sheets accounting for the cross-β pattern is antiparallel, while
the other is parallel. All-atom simulations have been used to
study the formation of cross-β fibrils by F1 peptides40,44−46

and how they interact with lipid membranes.31,47,48 Electro-
static interactions account for the attraction of F1 peptides to
the vicinity of lipid membranes, whereas adsorption emerged
from the burial of nonpolar phenylalanine into the dry core of
the bilayer.47,48 Accordingly, the attraction of F1 peptides to
lipid membranes is significantly reduced by the presence of
divalent ions,48,49 which are promptly adsorbed onto
phospholipid membranes.50 This increases their concentration
in solution, which could explain why calcium increases amyloid
aggregation in the presence of lipid vesicles.51,52 In all-atom
simulations, adsorbed F1 peptides were shown to interact with
each other, forming β-sheets on the membrane surface.31

Moreover, β-sheets (either on the same or on opposite leaflets
of the bilayer) were shown to interact with each other, leading
to their penetration onto the membrane, accounting for stable
pores.
Here, we provide insights into how the nonpolar−polar

sequence pattern affects the pathways and interactions
accounting for pore formation by studying four peptides
made with the same amino acids distributed at different
positions along the chain. Sequences of three of these peptides
were constructed to allow the segregation of nonpolar and
polar residues across the membrane−water interface when the
peptide adopts an extended conformation oriented parallel (F1
peptide), perpendicular (Ac-FFFFKKEE-NH2, F4), or with an
intermediate orientation (Ac-FFFKFEKE-NH2, F3) in regard
to the membrane surface. The sequence of the fourth peptide
is constructed in order to allow nonpolar and polar residues to
segregate to opposite faces of a helical wheel (Ac-FFKKFFEE-
NH2, F2). Figure 1 illustrates these different segregation
patterns. Our unbiased simulations show that, except for F1, all
other peptides remain dispersed on the membrane interface
after very long (>5 μs) simulations. Only F1 peptides that are
oriented parallel to the membrane surface aggregate into β-
sheets, which in turn self-assemble, forming pore-like
structures on the lipid bilayer. Insights into the mechanisms
of pore formation are provided by analyzing these simulations.

In particular, a complex interplay between nonpolar and polar
interactions is found to be critical in driving the formation of β-
sheets. Moreover, the natural twist of the latter structures
enables water molecules to penetrate deep inside the bilayer,
driving the formation of a pore.

■ RESULTS AND DISCUSSION
Membrane damage requires peptides to adsorb and aggregate
on the membrane surface. These aggregates can form
structures that either extract lipids from the bilayer in a
detergent-like manner or allow ions to permeate the membrane
via the formation of pore-like structures on its surface.4,5,9,52−57

These mechanisms of membrane damage are affected by the
initial peptide concentration, which determines the size and
structure of the aggregates that interact with the lipid
membrane. For example, at high concentrations, F1 promptly
forms fibrils in solution,44 which were shown not to
significantly affect the integrity of lipid bilayers.31 Conversely,
it was hypothesized that, at low concentrations, F1 forms only
small nonfibrillar aggregates before interacting with lipid
membranes. In computer simulations, the latter were shown
to interfere promptly with the integrity of lipid membranes,
creating pores on their surface.31 This is consistent with the
putative mechanism of membrane damage by amyloid
peptides, wherein mostly oligomers are toxic as opposed to
fibrils or monomers. Notice that amyloid peptides may not
require the presence of a lipid membrane to form aggregates
with pore-like structures as this type of conformation has been
reported in all-atom simulations for the Aβ peptide in
solution.58

Simulating the assembly of amyloid-like peptides into pore-
like structures on the membrane surface requires using large
boxes containing peptides at a concentration of the order of a
few micromolars, which is the typical concentration used
experimentally. Since 40 peptides are typically needed to
damage membranes made with 200 lipids (i.e., 1:5 peptide/
lipid ratio) in the time scale of a few microseconds,31 this type
of investigation would require simulating boxes with more than
100 nm of length in the z-axis, which is too demanding for

Figure 1. Atomic representation of the nonpolar−polar sequence
patterns of peptides F1, F2, F3, and F4. In an extended conformation,
peptides F1 and F4 segregate phenylalanine (F, white) from lysine (K,
blue) and glutamic acid (E, red) at the water−lipid interface with
their backbone oriented parallel and perpendicular to the membrane
surface, respectively. Segregation takes place when the F3 peptide
adopts an intermediate orientation with respect to the membrane and
the F2 peptide folds into an α-helix.
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most available computers. To overcome this limitation, we

perform simulations using a stepwise approach where N

peptides are added gradually to the simulation box in order to

mimic a situation in which the N peptides that are closer to the

membrane are simulated first, followed by the next N peptides
that are further away from the membrane.
Simulations are performed by consecutively adding N = 10

peptides to the solution and running a 1 μs simulation. This
iterative process is carried out separately for peptides F1, F2,

Figure 2. Peptide aggregation and water permeation across a lipid bilayer. The number of interbackbone hydrogen bonds (red) and water
permeation (black) for simulations performed with (A) F1, (B) F2, (C) F3, and (D) F4 peptides. Dashed black lines correspond to the permeation
in the absence of peptides. Vertical gray lines show the instant when 10 peptides are added to the simulation. (Inset) Cross-section of the lipid
membrane depicting phosphate atoms of lipid head-groups (in orange), peptides (in cartoon representation), and water molecules (in gray) within
the bilayer. The inset is reproduced in a larger format in Figure S4. (E−H) Last conformation of peptides on the upper and lower leaflets. Yellow,
purple, blue, cyan, and white are used to represent β-sheets, α-helix, 3−10 helix, turn, and coil structures, respectively.
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F3, and F4 (Figure 1) until the simulation box contains a total
of 40 peptides, i.e., a 1:5 peptide/lipid ratio. Although adding
more than 10 peptides to the solution in this iterative process
could speed up membrane damage, we find that this results in
the formation of F1 aggregates in solution, which do not
disrupt the integrity of the lipid bilayer (Figure S1).
To quantify aggregation in our simulations, Figure 2A−D

depicts the number Ninter (red lines) of interpeptide hydrogen
bonds. This quantity increases systematically in simulations
performed with F1 but not F2, F3, or F4 peptides, showing
that only membrane-adsorbed F1 peptides aggregate. In an
attempt to induce membrane damage, simulations for the F4
peptide were also performed at a higher concentration, i.e., by
adding another 10 peptides to the solution, accounting for a
peptide−lipid ratio of 1:4�blue line in panel D. To visualize
these differences in aggregation, the second and third columns
of Figure 2 depict the last configuration of upper and lower
leaflets of the bilayer. Peptides F2, F3, and F4 are dispersed on
both membrane leaflets, whereas F1 peptides are highly
localized in space. In these panels, residues are colored based
on their secondary structure: peptides F1, F2, and F3/F4
adopt mostly β-strands (yellow), helices (blue and purple), and
coils/turns (white/cyan), respectively. This secondary struc-
ture content is quantified in Figure S2, and the segregation of
nonpolar−polar residues is depicted in Figure S3 for the
different peptides. The latter affects not only the secondary
structure content but also the orientation of peptides with
respect to the membrane surface, as shown in Figure S4.
Figure 2A−D also shows the number of Nperm (black full

lines) of water permeation events in simulations performed
with peptides F1 to F4. As a reference, black dashed lines
depict permeation events in a bilayer without peptides. As
peptides become adsorbed onto the membrane, they perturb
its integrity, accounting for a rate of water permeation that is
higher than for the pure membrane. This difference is visible in
panels B−D for membranes with more than 30 adsorbed
peptides. For F1 peptides (panel A), an abrupt change in the
permeation rate accounting for 1 order of magnitude increase
in Nperm is observed at around 5 μs as a pore forms on the
membrane. The pore is depicted in the inset of panel A, where
the cross-section of the bilayer shows β-sheets translocating
across both leaflets. In contrast, the membrane remains intact
for peptides F2, F3, and F4�insets of panels B−D. Insets are
reproduced in Figure S6 in a larger format.
The picture that emerges from Figure 2 is that at low

concentration, all peptides become adsorbed onto the
membrane mostly as monomers. During the simulations,
peptides F2, F3, and F4 remain dispersed mostly as monomers
without aggregating significantly. This contrasts with the
formation of β-sheets by F1 peptides, which penetrate the
membrane, forming pore-like structures. The gradual aggrega-
tion of F1 peptides along the simulation is illustrated in Figure
S5, showing the presence of only monomers at 1 μs, dimers at
2 μs, trimers at 3 μs, and larger aggregates at 4 μs.
To provide insights into the interactions accounting for

aggregation, we identify the closest amino acids between pairs
of peptides on the same leaflet as a function of their center-of-
mass distance ξ. This analysis is performed for the last 0.5 μs of
simulations performed with 10 peptides before aggregation
takes place. Figure 3 shows the percentage of frames in the
trajectory for which the closest atomic distances are between
complementary charged amino acids (panel A) and nonpolar
residues (panel B) as a function of ξ. As F1 peptides (black

lines) approach each other, a distinguished peak emerges at ξ =
1.5 nm (panel A), showing that electrostatic interactions
between E−K amino acids drive peptides to that distance in
approximately 60% of the frames. This takes place at the
expense of F−F interactions as the number of frames for which
nonpolar residues are closer to each other becomes a minimum
at that distance�panel B. As F1 peptides approach each other
further (ξ < 1.5 nm), nonpolar residues become increasingly
closer to each other, peaking at ξ = 1.0 nm. Characteristic
configurations at ξ = 1.45 and 0.8 nm are depicted in panel C,
showing oppositely charged and nonpolar residues interacting
at these distances, respectively. Thus, Figure 3 provides
evidence that F1 peptides are first attracted to each other via
electrostatic interactions until they become close enough to
allow nonpolar side chains to interact in the dry core of the
bilayer. This interplay between electrostatic and nonpolar
interactions does not take place for other peptides. In
particular, electrostatic interactions between complementary
charged residues become continuously more important as pairs
of F2, F3, or F4 peptides approach each other without
necessarily enabling nonpolar side chains to interact (Figure
3A,B). Characteristic structures for a pair of F4 peptides at
different ξ distances are depicted in panel D, showing that
conformations that optimize electrostatic interactions do not
necessarily optimize nonpolar interactions. In particular, at ξ =
0.68 nm, charged residues are closer to each other than
nonpolar ones, whereas the opposite is observed at ξ = 1.36
nm.
Figure 4 shows how adsorbed F1 and F4 peptides affect the

structure of the membrane by depicting the deuterium order
parameter�SCH computed for the different methylene groups
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG). This quantity is defined as SCH = ⟨3cos2 Θ − 1⟩/

Figure 3. Interpeptide interactions at the water−lipid interface.
Percentage of frames in which the closest residues between pairs of
peptides are (A) oppositely charged or (B) nonpolar amino acids as a
function of their center-of-mass distance ξ. Characteristic config-
urations of (C) F1 and (D) F4 peptides at different ξ distances
viewed from the top and side of the membrane. Distances where F−F
and E−K interactions dominate for F1 peptides are highlighted using
yellow and gray shades, respectively.
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Figure 4. Effects of pore formation on the acyl-lipid tails. (A) Definition of the angle Θ used in the definition of the deuterium order parameter SCH
= ⟨3cos2 Θ − 1⟩/2. (B) Deuterium order parameter computed for a system without peptides (purple) and a membrane with adsorbed F1 (left) and
F4 (right) peptides. The former was computed before (gray) and after (black) poration. (C) Time dependence of the deuterium order parameter
computed in simulations with F1 peptides at the fourth and tenth methylene groups of POPC and POPG lipid tails. Characteristic lipids around
(D) β-sheets made from F1 peptides before (left) and after (right) poration and (E) for F4 peptides. The nonpolar side chains of F1 and F4
peptides are represented using an orange bead.

Figure 5. Pore formation. (A) Configuration of peptides on the lower and upper leaflets at 5.0 μs. (B) Time evolution of the z-coordinate of the
center-of-mass of the different aggregates. (C) Minimal atomic distance between the two tetramers that penetrate the membrane surface. (D)
Cross-section of the lipid membrane highlighting the two tetramers that penetrate the membrane at different instants of time. Water molecules
within the bilayer are also shown.
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2, where Θ is the angle between carbon−hydrogen bonds of
methylene groups and the bilayer normal59 (Figure 4A). As a
reference, SCH computed for a 3:7 POPG/POPC membrane
without adsorbed peptides is depicted in purple in Figure 4B.
For both F1 and F4 peptides, adsorption onto the membrane
surface accounts for a reduction in SCH as lipid tails become
more disordered to occupy empty spaces left by peptides
within the bilayer (Figure 4D,E). Interestingly, pore formation
reduces the degree of disorder in the membrane, i.e., SCH
increases�panel B. This takes place as the orientation of β-
sheets changes from parallel to being perpendicular to the
membrane surface as they penetrate the bilayer to delineate the
pore walls (Figure 4D). In that configuration, nonpolar side
chains of these β-sheets span the two leaflets of the bilayer,
enabling neighboring acyl-lipid tails to be perpendicular to the
membrane surface (Figure 4D). The time dependence of SCH
is depicted in panel C for two methylene groups in simulations
performed with F1 peptides. It shows a continuous increase in
SCH starting at the instant peptides penetrate the bilayer, i.e.,
∼5 μs. Thus, the formation of pores on the membrane allows it
to become more ordered.
Figure 5A shows the color scheme used to depict the

different aggregates on the upper and lower leaflets of the
bilayer at time 5.0 μs. The z-coordinate of the center-of-mass
of these aggregates is depicted in panel B, showing that
poration starts with the two larger aggregates penetrating the
bilayer, i.e., tetramers on the upper (purple) and lower
(orange) leaflets. To characterize this process, panel C depicts
the minimum atomic distance between these large aggregates.
This distance is a minimum before and soon after the
tetramers penetrate the membrane (4.5 μs < time < 5.25 μs),
showing that they are hovering on top of each other. Visual
inspection of the trajectory (4.5 μs in panel D) shows that, in
this state, some of the edges of these β-sheets penetrate deep
inside the membrane, allowing phenylalanine side chains on
opposite leaflets to interact, stabilizing the tetramers on top of
each other. Soon before penetrating the membrane (5 μs in
panel D), water molecules bound to the polar faces of β-sheets
are dragged to the middle of the bilayer from the lower and
upper leaflets. This allows for the flow of water molecules
across the membrane. Subsequently, the distance between
tetramers increases, i.e., time 5.5 and 6.0 μs in panel D. In
these configurations, β-sheets span both leaflets of the bilayer.

■ CONCLUSIONS
In summary, we find that the partitioning of polar and
nonpolar side chains across the water−lipid interface
determines the secondary structure and orientation of peptides
with respect to the membrane surface. Peptides in which
nonpolar and polar residues alternate along the sequence (F1)
or are segregated to both extremities of the chain (F4) are
preferentially oriented parallel or perpendicular to the
membrane surface, respectively. Combining these nonpolar−
polar patterns within the same sequence (F3) accounts for an
intermediate orientation. Also, peptides that segregate non-
polar and polar residues to different faces of a helical wheel
(F2) tend to fold into an α-helix. F1-labeled peptides self-
assemble, and the larger aggregates (i.e., tetramers) form pores
on the surface of lipid bilayers in the time frame of our
simulation. Aggregation starts with long-range electrostatic
interactions driving F1 peptides to intermediate distances from
each other, where nonpolar side chains can interact. For F1
peptides at the water−lipid interface, these interactions are

optimized when they adopt a β-sheet configuration that can be
either parallel or antiparallel. This pattern of interaction
wherein electrostatics is undertaken by short-range interactions
is not observed for peptides F2, F3, and F4 and may explain
the absence of aggregation on the bilayer surface.
Although β-sheets by F1 peptides are mostly parallel to the

membrane, they can twist, and some of their edges penetrate
deep inside the bilayer. This enables the nonpolar side chains
of β-sheets on opposite leaflets to interact. Water molecules
bound to charged side chains of these β-sheets are dragged to
the middle of the bilayer, where they meet. This precedes
poration in our simulations that started with the flow of a
double file of water between polar faces of β-sheets. Consistent
with these results, a combination of solid-state 15N and 19F
NMR techniques was used to show that peptides, which lie flat
on the surface of membranes, do not form pores, although they
may disrupt the lipid bilayer via other mechanisms, e.g., via a
carpeting effect.60,61 This is the case for the cationic KL
peptides made by alternating nonpolar leucine and positively
charged lysine residues along the sequence. Thus, some degree
of β-sheet twist may be required to allow for peptides to
penetrate the bilayer. In our simulations, additional peptides
became incorporated onto these partially penetrated β-sheets,
which ended up spanning both leaflets of the bilayer without
forming a complete β-barrel. Accordingly, the distance
between β-sheets and the number of water molecules between
them changed during the simulation.
For all of the systems studied here, adsorption increases the

amount of disorder in the lipid membrane as acyl-lipid tails
tend to occupy voids left by peptides within the bilayer. For F1
peptides, acyl-lipid tails wrap themselves around nonpolar faces
of β-sheets to occupy the space left underneath these sheets
that are initially oriented parallel to the membrane. Pore
formation minimizes this type of disorder as β-sheets penetrate
the membrane to become mostly perpendicular to the
membrane surface.
In conclusion, our simulations show that an orchestrated

interplay between nonpolar and polar interactions is required
to account for β-sheet formation at the water−lipid interface
and to allow these sheets to penetrate the membrane. Thus,
pore formation is strongly affected by the nonpolar−polar
sequence pattern that determines this interplay. We anticipate
that a better understanding of how this pattern encodes for the
structure of aggregates on the membrane surface will provide
the needed insights to predict and control amyloid-induced
membrane toxicity. This requires studying sequences that
more closely mimic the nonpolar−polar sequence pattern of
amyloid peptides. This may include sequences with five
nonpolar residues flanked by charged residues, as in the case of
Aβ16−22. Moreover, we found that the partial penetration of
water molecules escorted to the middle of the bilayer by polar
faces of β-sheets starts poration by enabling the flow of one or
two layers of water. We also observed that the level of
membrane disorder induced by adsorbed peptides is reduced
when pores are formed in our simulations, which may explain
the stability of pore-like structures.
Although the unbiased simulations performed in this study,

lasting ∼6 to 7 μs, are relatively long compared to similar
simulations in the literature, they represent only a small
fraction of the time elapsed in comparable experiments
(typically 0.5−2 h). This raises the question of what would
happen if the simulations were extended further. One may
speculate that extending simulations with F1 peptides would
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allow pores to reorganize themselves into continuous β-barrels
without dangling hydrogen bonds at the edges of existing β-
sheets. As a result, pores would become more stable, reducing
their likelihood of becoming annihilated. For peptides F2 to
F4, Figure S1A indicates that small aggregates formed in
solution tend to dissolve into smaller clusters when in contact
with the membrane. This suggests that extending these
simulations would not result in the formation of pores or
aggregates at the water−lipid interface. Therefore, the results
in this study are expected to be robust despite the shorter time
scale of simulations compared to experiments.

■ METHODS
System Preparation. In this study, we use a model membrane

made of 140 zwitterionic POPC and 60 negatively charged POPG
lipids, i.e., a 7:3 POPC/POPG ratio. Although mammalian cells are
less negative than the model membrane used in this study, a previous
investigation reported a significant increase in adsorption when
negative POPG lipids are added to zwitterionic membranes.48

Therefore, our choice of model membrane promotes the scenario
that we want to investigate where peptides adsorb on the membrane
as monomers or small molecular weight aggregates instead of
aggregating into fibril-like structures in solution, which are less
toxic. It will be interesting in the future to study model membranes
containing negative lipids that are more frequently found in
mammalian cells and cholesterol. The membrane was prepared
using the CHARMM-GUI suite, solvated using TIP3P water, and the
charge of the system was neutralized by adding 60 sodium ions to the
solution.62−67

The four peptides studied here are made using the same amino
acids, which are 4 Phe (F), 2 Lys (K), and 2 Glu (E) residues. The
sequence of these neutral amphipathic peptides is Ac-FKFEFKFE-
NH2 (F1), Ac-FFKKFFEE-NH2 (F2), Ac-FFFKFEKE-NH2 (F3), and
Ac-FFFFKKEE-NH2 (F4) (Figure 1). The label used for these
peptides (i.e., F1 to F4) refers to the number of consecutive F
residues at the N-terminal of the sequence.

The CHARMM36m force field is used to account for the atomic
interactions in our simulation.68 The initial box size was 9.0 × 9.0 ×
12.5 nm3, which accommodates ∼20, 000 TIP3P water molecules.69

Simulation Protocol. All-atom simulations were performed using
GROMACS-2020.70 The equations of motion were integrated using
the leapfrog algorithm with a 2 fs time step. Electrostatic interactions
were treated using the particle mesh Ewald technique with a Fourier
grid spacing of 0.12 nm and a short-range cutoff of 1.0 nm.71 A
Lennard-Jones cutoff distance of 1.2 nm was used. Simulations were
performed in the NPT ensemble. The Nosé−Hoover thermostat (τT
= 1 ps) was used to maintain the temperature of the membrane,
solvent, and peptides at 350 K.72,73 This high temperature facilitates
the adsorbing of peptides onto the membrane without accounting for
their aggregation�see Figure S0. The semi-isotropic Parrinello−
Rahman barostat (τP = 5 ps) was used to maintain the pressure in the
system at 1 atm.74,75

Simulations were initially performed to equilibrate the solvated
membrane without any peptides. Ten or 20 peptides were
subsequently embedded in the solution, and a 1 μs simulation was
conducted. This was followed by embedding 10 additional peptides
into the solution and running a 1 μs simulation 2 and 3 times for
peptides F2 and F3 and F1 and F4, respectively. The simulations were
subsequently extended for 4 μs for peptide F1 and 3 μs for peptides
F2, F3, and F4.
Analysis. All trajectories were analyzed by using GROMACS tools

and custom in-house scripts. Hydrogen bonds were defined using the
conventional 30° cutoff angle for H−D−A interactions and the 0.35
nm cutoff for the D−A distances. Deuterium order parameters were
computed using the GROMACS gmx order command. Water
permeation events were computed using an in-house code, which
tracks water molecules as they transition from one leaflet to the
middle of the bilayer to the other leaflet.76−78
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