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ABSTRACT: Amphipathic peptides can cause biological membranes to leak
either by dissolving their lipid content via a detergent-like mechanism or by
forming pores on the membrane surface. These modes of membrane damage
have been related to the toxicity of amyloid peptides and to the activity of
antimicrobial peptides. Here, we perform the first all-atom simulations in which
membrane-bound amphipathic peptides self-assemble into β-sheets that
subsequently either form stable pores inside the bilayer or drag lipids out of
the membrane surface. An analysis of these simulations shows that the acyl tail
of lipids interact strongly with non-polar side chains of peptides deposited on
the membrane. These strong interactions enable lipids to be dragged out of the
bilayer by oligomeric structures accounting for detergent-like damage. They also
disturb the orientation of lipid tails in the vicinity of peptides. These distortions are minimized around pore structures. We also show
that membrane-bound β-sheets become twisted with one of their extremities partially penetrating the lipid bilayer. This allows
peptides on opposite leaflets to interact and form a long transmembrane β-sheet, which initiates poration. In simulations, where
peptides are deposited on a single leaflet, the twist in β-sheets allows them to penetrate the membrane and form pores. In addition,
our simulations show that fibril-like structures produce little damage to lipid membranes, as non-polar side chains in these structures
are unavailable to interact with the acyl tail of lipids.
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■ INTRODUCTION

Several amphipathic peptides are toxic and can cause cell
death. They comprise amyloid peptides related to neuro-
degenerative diseases,1−3 antimicrobial peptides that enable
organisms to defend themselves against biological threats,4−6

and artificially designed peptides.7,8 Extensive studies have
been dedicated to provide insights into the mechanisms
accounting for their toxicity, which include non-specific
interactions with the cell membrane. These interactions enable
lipids to be extracted from the bilayer (i.e., detergent-like
mechanism of membrane damage) and ions to permeate the
membrane via the formation of pore-like structures in its
surface.9−19 An understanding of the pathways and interactions
required to account for these types of membrane damage is
critical to enable the development of therapeutics for amyloid
diseases and to guide the design of novel antimicrobial
peptides.20,21

Computer simulations have the potential to provide
important new atomic insights into our understanding of
membrane damage by amphipathic peptides.18,22,23 However,
all-atom simulations of peptide aggregation on the membrane
surface and their penetration into the lipid bilayer are
computationally demanding. Accordingly, the spontaneous
formation of pores has only been simulated for α-helical
peptides, which retain their secondary structure in the non-
polar environment of the bilayer, where intrapeptide hydrogen

bonds are more stable than in solution.23 These unbiased
simulations have been performed at high temperatures to allow
peptides to penetrate the bilayer in a time-scale accessible to
supercomputers (>5 μs). The early stages of melittin
aggregation have been captured by these simulations showing
that this peptide forms transient pores in the bilayer.24−26

Attempts to simulate the spontaneous formation of pore-like
structures by β-sheet peptides have not been successful so far.
For example, low-molecular-weight oligomers from amyloid
peptides27−30 as well as β-sheets made from up to eight
antimicrobial protegrin-1 peptides31 did not penetrate the
membrane in long all-atom simulations.

Evidence that membrane damage by amyloids and β-hairpin
peptides can involve the formation of pores is provided by
atomic force microscopy, wherein the radius of pores is
reported to be 1−2 nm.32−34 Computationally, pore-like
damages are often studied starting with peptides already
inserted in the interior of the membrane to reduce the time-
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cost to simulate their aggregation and penetration in the

bilayer.35−45 Accordingly, idealized pores from amyloid and β-

hairpin antimicrobial peptides have been shown to be stable in

all-atom simulations although they perturb lipids inside the

bilayer.31,46−50 In addition to pore formation, experimental

studies have shown that amyloids and β-hairpin antimicrobial

peptides can also cause damage by removing lipids from the

membrane surface.10−14 These phenomena have been related

Figure 1. Spontaneous formation of pores starting with peptides on both membrane leaflets. (a) Number Nw of water molecules in the dry core of
the bilayer (red dots) and its 100 point moving average (black line). The inset highlights water permeation at 3.78 μs. (b) Number NHB of
interbackbone hydrogen bonds. (c) z-Position of the COM of the different β-sheets and POPC phosphate atoms. (d) Order parameter |SCH|

computed for the methylene group of the sixth carbon atoms of POPC/POPG acyl chains. The red dashed line corresponds to the reference |SCH|

computed for a bilayer simulated without peptides. (e−j) Visual representation of peptides (in blue) on the bilayer at different times. For panels e−

g, upper and lower snapshots correspond to views of top and bottom leaflets of the bilayer. For panels h−j, upper and lower snapshots correspond
to views of the cross section and top leaflet of the bilayer. For the latter panels, α-carbon atoms of phenylalanine residues are represented by orange
beads. (k) Definition of the angle Θ used to define |SCH|. (l) Dependence of Θ on the minimal distance ξ of lipids to peptides. Visual
representations of lipid when β-sheets are (m) deposited on the membrane and (n) forming pores.
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to the amphipathic nature of these peptides that can bind
simultaneously non-polar and polar moieties of lipids as well as
solvent molecules.51−54 Despite these insights, the sequence of
events and the interactions accounting for both the removal of
lipids from the bilayer and poration55,56 by amyloids and β-
hairpin peptides remain mostly unknown.

In this paper, we study membrane damage by a short
amphipathic peptide with sequence alternating between non-
polar and charged residues: Ac-(FKFE)2-NH2. This peptide
self-assembles promptly into amyloid-like fibrils in solution
making it suitable for computational studies.57−59 Moreover, it
was shown to bind strongly to lipid bilayers.60 Here, all-atom
simulations are used to study the sequence of events
accounting for the self-assembly of membrane-bound Ac-
(FKFE)2-NH2 peptides into β-sheets that spontaneously
penetrate the membrane to form pore-like structures. The
spontaneous removal of lipids from model membranes by Ac-
(FKFE)2-NH2 peptides are also simulated providing one of the
first atomic insights into this type of membrane damage. An
analysis of these simulations shows that interactions of lipid
tails with non-polar side chains play an important role in
accounting for membrane damage. They enable lipids to be
dragged out of the bilayer and contribute to stabilize pore-like
structures.

In our simulations, lipid removal takes place during the
interaction of two membrane-bound β-sheets as they emerge
out of the membrane to bury their non-polar residues against
each other. In this process, lipids that are strongly bound to
non-polar residues are dragged out of the membrane. We find
that membrane-bound β-sheets become twisted during the
simulations with one of their extremities partially penetrating
the core of the bilayer. This partial penetration allowed
peptides on opposite leaflets to interact and form a long
transmembrane β-sheet initiating poration. The twist in β-
sheets also allows water molecules to partially penetrate the
membrane. In simulations where peptides are deposited on a
single membrane leaflet, two β-sheets penetrate the membrane
by tilting their polar faces toward these water molecules. This
takes place while their non-polar residues remain bound to the
acyl tail of lipids leading to the formation of pores with
diameters ranging from 1.2 to 1.8 nm. Charged and non-polar
residues of these β-sheets face the interior and exterior of
pores, respectively. We also show that fibril-like structures do
not perturb the membrane significantly in our simulations.

■ RESULTS AND DISCUSSION

Pore-like Membrane Damage. Peptides Deposited on
Both Membrane Leaflets. Three 5 μs simulations were
performed with 18 peptides randomly deposited on both
leaflets of a 7:3 POPC/POPG bilayer made with 128 lipids. A
temperature of 350 K was used to accelerate diffusion enabling
the formation of small-size β-sheets within a time-frame of ∼3
μs. In two of the three simulations performed here, β-sheets
interacted with each other leading to the formation of a pore in
the lipid membrane. These phenomena are characterized in
Figure 1 for one of the simulations. In this figure, panel a
shows number Nw of water molecules in the space between the
two leaflets. This quantity is mostly zero in the beginning of
the simulation and it increases abruptly close to 3.4 μs when
poration takes place. The inset of this panel shows water
molecules permeating the membrane at the end of the
simulation. Panel b quantifies peptide aggregation by showing
the number of backbone hydrogen bonds as a function of time.

This quantity increases as peptides encounter each other on
the membrane surface forming small-size β-sheets.58,61,62

Panels e−g illustrate this aggregation process through
snapshots of peptides on upper (top panels) and lower
(bottom panels) leaflets at different instances of time. Panel e
depicts isolated peptides and dimers at the beginning of the
simulation. At 1.7 μs (panel f), aggregation leads to the
formation of trimers and tetramers on both membrane leaflets.
At ∼2.9 μs, the number of hydrogen bonds saturates (see panel
b) and the larger aggregates that have formed are hexamer and
tetramer on one leaflet and tetramer and dimer on the other�
see panel g. The formation of tetramers or larger β-sheets
preceded poration in all simulations where this phenomenon
took place.

Panel c shows the position of the center-of-mass (COM) of
the different β-sheets along the direction normal to the
membrane surface, that is, z-axis. In this panel, the position of
maximum density of POPC phosphate atoms is also shown as
a reference. Peptides remain on the surface of the bilayer until
very close to poration, when hexamer (in orange) and tetramer
(in blue) on bottom and top leaflets, respectively, penetrate the
membrane. Penetration takes places within the short-time
window (i.e., ∼0.2 μs) highlighted by the shaded area in Figure
1. Subsequently, tetramer (in red) and monomers (in green)
penetrate the bilayer from bottom and upper leaflets,
respectively. Poration starts when some of the atoms of β-
sheets that are on opposite leaflets (i.e., hexamer and tetramer)
hover on top of each other�see panel h. These atoms are the
first to penetrate the membrane causing β-sheets to twist�see
panel h−i. This enables peptides on opposite leaflets to
interact with each other half way along the bilayer cross section
to create a long transmembrane β-sheet made of 10 peptides�
see panel j. The latter accounts for half of the surface of a
cylindrical pore inside the membrane. The other half of the
cylindrical pore is formed by the tetramer from the bottom
leaflet. Peptides forming the cylinder have non-polar and
charged side chains facing its exterior and interior,
respectively.20 Moreover, the diameter of the cross section of
the pore that is available to the solvent is approximately 1.77
nm.

Notice that the spontaneous formation of a stable pore
implies that the assembly of β-sheets in a cylindrical structure
inside the bilayer is more favorable energetically than having
individual β-sheets dispersed on the membrane surface. We
hypothesize that a reduction in the distortions of acyl tail of
lipids contributes to favor these pore-like assemblies of β-
sheets. This is investigated in panel d, where the magnitude of
the deuterium order parameter is shown as a function of time.

This quantity is defined as | | =S
CH

3 cos 1

2

2

, where Θ is

the angle between carbon−hydrogen bonds of methylene
groups and the bilayer normal63,64�see panel k. In Figure S6,
we show |SCH| computed for all carbon atoms for the different
lipid tails used in our simulations at 350 and 320 K. For clarity,
panel d shows |SCH| computed for the methylene group of the
sixth POPC carbon atom averaged over all lipids in the
simulation box and all conformations within a time frame of
0.1 μs. Errors were estimated using block average, wherein the
0.1 μs trajectory were divided into blocks spanning 0.02 μs in
time. As a reference, |SCH| computed for a 7:3 POPC/POPG
bilayer simulated without peptides is shown as a red dotted
line in panel d. Before pore formation, |SCH| deviates
significantly from the reference bilayer suggesting strong
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distortions in lipid tails. The formation of a pore leads to a
reduction in these distortions as |SCH| approaches the reference
value. Order parameters for other methylene groups of POPC
(not shown here) exhibit a similar abrupt change in |SCH| when
a pore is formed.

Panel l provides insights into lipid tail conformations by
depicting average angle Θ of lipids as a function of their
minimal distance ξ from peptides. This distance is computed
between phosphate atoms of lipid head groups and Cα atoms
of peptides. Red and blue lines correspond to Θ computed just
before (2.9−3.0 μs) and just after (3.1−3.2 μs) pore
formation, respectively. This panel shows that close to peptide
(highlighted by the gray area in the figure) lipid tails are more
parallel to the membrane surface (i.e., Θ is smaller) before
poration compared to after poration. This can be explained by
favorable interactions between atoms of lipid tails and non-
polar side chains. These interactions, which hold peptides
anchored on the membrane surface,60,65 also induce distortions
in the lipid tail as depicted in panel m. The latter panel
highlights selected lipids that are close to β-sheets before

poration. Notice that acyl tails of those lipids are almost
parallel to the membrane surface filling the void in the bilayer
beneath β-sheets66 and maximizing their interactions with
phenylalanine side chains. Panel n highlights lipids that are
close to the cylindrical pore. Hydrophobic tails of those lipids
are oriented perpendicularly to the membrane surface
maximizing their interactions with phenylalanine side chains
of pore structures.

In addition to Figure 1, results from an independent 5 μs
simulation performed at 350 K and starting with 18 peptides
deposited on both membrane leaflets of a 7:3 POPC/POPG
bilayer are shown in Figure S1. Also, in an attempt to study
poration at a lower temperature, we reduced the temperature
of the trajectory as shown in Figure 1 to 320 K when it reached
2.5 μs, that is, ∼1 μs before poration. At this instant, the
monomers had already aggregated into small β-sheets without
penetrating into the bilayer. This system was simulated for 4
μs, as shown in Figure S2. Both of these additional simulations
are characterized by large distortions in the orientation of lipid
tails due to the presence of β-sheets on the membrane surface.

Figure 2. Pore formation by β-sheets deposited on one of the membrane leaflets. (a) z-Coordinate of the COM of the different β-sheets and DPPC
phosphate atoms (in black). Time dependence of Θ (in red) and χ (in blue) computed for (b) trimer 1, (c) trimer 2, and (d) tetramer. (e) Solvent
accessible surface area of non-polar moieties (i.e., SASANP) of both peptides and lipids. Average values of SASANP computed before and after
poration are shown using black dashed lines. (f) Schematic representation of angle χ for two β-sheets represented in blue. (g−l) Visual
representations of β-sheets on the membrane surface at times. A view from the top of the membrane is provided for all time frames. A cross-
sectional view of the membrane is also shown in panels g and j−l. β-Sheets are represented using the same color code as in panel a. Atoms of
phenylalanine side chains are represented using a van der Waals representation. Only water molecules that penetrate deeply within the bilayer are
shown in panels j−l.
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These distortions are significantly reduced during pore
formation. Moreover, in these simulations, poration started
with peptides on opposite leaflets penetrating the bilayer to
interact with each other, which is consistent with results from
Figure 1. Notice that there is increasing evidence that the Aβ

peptide related to Alzheimer’s disease can be found both in the
intracellular as well as in the extracellular space.67−69 This may
give rise to a scenario where poration emerges from the
interaction of peptides on opposite leaflets of the bilayer, as
shown in Figure 1. However, in vitro studies have also reported
pore formation from peptides on just one leaflet of the bilayer.
This situation is studied below.

β-Sheets Deposited on Just One Membrane Leaflet.
Poration was observed in a simulation, where two trimers and
one tetramer, were deposited on the same leaflet of a 7:3
DPPC/DPPG bilayer at 350 K. In this simulation, the tetramer
and one of the trimers interacted to form a heptamer at 1 μs.
This was followed by poration at 4.2 μs when interactions
between the heptamer and the remaining trimer on the
membrane led to the formation of a cylinder inside the bilayer.
These events are characterized in Figure 2, where panel a
shows the z-coordinate of the COM of the different β-sheets,
and panels b-d depict angle χ formed between the surface of β-
sheets and the membrane surface�see schematic representa-
tion in Figure 2f. In panels b−d, angle Θ characterizing the
orientation of lipid tails (see definition in Figure 1k) in the
vicinity of these sheets is also shown. We considered a lipid to
be in the vicinity of a β-sheet if the minimum atomic distance
of their tails to phenylalanine residues is smaller than 0.5 nm.

Heptamer formation and poration account for large changes
in χ, Θ, and the z-coordinate of the β-sheets involved in these
phenomena as highlighted by green and orange areas in Figure
2a−d, respectively. Heptamer formation starts with the
interaction between phenylalanine side chains at the edges of
the tetramer and one of the trimers, as depicted in panel g.
These β-sheets partially emerge out of the membrane surface
enabling their non-polar faces to pack against each other to
maximize favorable interactions between phenylalanine resi-
dues�see panel g. Accordingly, the z-coordinate of the COM
of these β-sheets within the highlighted green area in panel a
emerges out of the bilayer boundary given by phosphate atoms.
This is characterized by an increase in χ in panels c,d. These β-
sheet conformations remain stable for more than 0.5 μs (see
green area) after which trimer and tetramer approaches each
other in an orientation that allows their backbone atoms to
hydrogen bond�see panel h. This accounts for the formation
of a stable β-sheet made from seven peptides in panel i. Until
poration takes place, this larger β-sheet remains twisted with
one of its extremities being mostly parallel to the membrane
surface (i.e., χ ∼ 15° in panel d) and the other extremity being
tilted (i.e., χ ∼ 40° in panel c). This correlates with the
orientation of lipid tails, which are more parallel to the
membrane surface (i.e., Θ ∼ 40° in panel d) around the former
β-sheet extremity than around the latter extremity (i.e., Θ ∼

50° in panel c). As in Figure 1, this correlation can be related
to interactions between non-polar side chains and lipid tails.

Poration is preceded by the partial penetration of water
molecules, which are attracted to the charged face of β-sheets,

Figure 3. Detergent-like damage starting with β-sheets deposited on the membrane surface. (a) z-Coordinate of the COM of β-sheets and POPC
phosphate atoms. (b) Minimal distance between the hexamer and pentamer. The three shaded areas in panels a−c highlight regions in which β-
sheets emerge out of the membrane surface. (c) Solvent accessible surface area (SASAF) of phenylalanine side chains assuming that there is no
lipids in the solutions. (d−f) Visual representation of β-sheets (in blue) on the bilayer at (d) 1.96, (e) 2.37, and (f) 3.26 μs. Atoms of phenylalanine
side chains are highlighted using a van der Waals representation. Left and right panels correspond to top and cross-section views of the bilayer. A
selected lipid emerging out of the membrane is highlighted in panel f.
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inside the membrane. As illustrated in panel j, this penetration
is pronounced around the twisted extremity of the heptamer
(i.e., red β-sheet) when it interacts with the remaining trimer
(blue β-sheet) on the membrane. This causes polar faces of β-
sheets to wrap themselves around these water molecules to
reduce the accessibility of non-polar groups of the bilayer to
the solvent, as shown in panels k,l. Accordingly, the solvent
accessible surface area (SASANP) of non-polar groups
decreases during poration as shown in panel e. This minimizes
unfavorable interactions of water with non-polar lipid tails
inside the membrane and it contributes to stabilize the
cylindrical pore structure.

In summary, small-size oligomers on the membrane surface
can interact with each other via the formation of contacts
between non-polar side chains. This can trigger β-sheets to
bury their non-polar side chains against each leading them to
partially emerge from the membrane surface�see panel g.
Alternatively, backbone atoms of β-sheets that are brought
close to each other may form hydrogen bonds accounting for a
longer β-sheet�see panel h−i. The latter becomes twisted on
the membrane wherein one of its extremities remains parallel
to the surface and the other penetrates the membrane�see
panel j. Together with the latter extremity, water molecules,
which are attracted to polar faces of β-sheets, partially
penetrate inside the membrane surface�see panel j. This
unfavorable presence of water inside the bilayer is minimized
by tilting the polar face of β-sheets toward the axis where
solvent molecules are located�panel k. This, combined with a
reduction in lipid tail distortions accounts for the formation
and stabilization of pore-like structures enabling water

molecules to permeate membranes. The diameter of the
cross section of the cylindrical pore available to the solvent in
panel l is approximately 1.24 nm.

In addition to Figure 2, poration from just one membrane
leaflet was also simulated using a 7:3 DMPC/DMPG bilayer at
350 and 320 K�see Figures S3 and S4. This phenomenon
required only 3 μs to take place in this thinner bilayer
compared to the DPPC/DPPG membrane shown in Figure 2.
In both of these simulations, poration accounted for a
significant reduction in lipid tail distortions, and, before
poration, β-sheets were twisted. This is consistent with results
from Figure 2. Simulations starting with β-sheets on just one
membrane leaflet were also performed using a 7:3 POPC/
POPG bilayer at 350 K. This simulation did, however, not
form a pore even after 9 μs and it is discussed in the next
section.
Detergent-like Damage. Figure 3 characterizes the

trajectory of a 9 μs simulation, wherein hexamer and pentamer
β-sheets are deposited on one leaflet of a 7:3 POPC/POPG
bilayer at 350 K. In this simulation, hexamer and pentamer do
not penetrate the bilayer nor do they hydrogen bond with each
other to form a larger β-sheet. Instead, these oligomers
partially emerge out of the lipid bilayer at three occasions
similarly to the events preceding heptamer formation in Figure
2. These attempts to leave the membrane are highlighted by
green shaded areas in Figure 3a, where z-coordinates of the
COM of hexamer and pentamer are found outside the region
delimited by phosphate atoms on both leaflets. Panel b depicts
the minimum distance between the hexamer and pentamer. It
shows that attempts of β-sheets to emerge out of the bilayer

Figure 4. Detergent-like damage starting with β-sheets in solution. (a) Solvent accessible surface area of lipid tail atoms, that is, SASAtail, assuming
peptides are not in the simulation box. (b) Angle Θ computed for lipids that are in the vicinity of β-sheets. Cut-offs of 3.0 nm (blue line) and 0.5
nm (black line) are used to compute lipids in the vicinity of β-sheets before and after peptides bind to the membrane. (c) Number of lipid tail
carbon atoms with z-coordinate outside the boundary given by the average position of nitrogen atoms of lipid head groups of upper and lower
leaflets. (d−h) Visual representations of β-sheets on the lipid bilayer at different time intervals. A lipid emerging out of the bilayer is highlighted in
panels g−h. Panel i highlights this lipid by hiding the trilobal structure.
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only take place when they are interacting with each other, that
is, their distance is minimal. As in the case of heptamer
formation in Figure 2, the force driving these events is the
packing of phenylalanine side chains of different β-sheets
against each other. These interactions are maximized when
non-polar faces of the hexamer and pentamer are buried
against each other instead of facing the dry core of the bilayer.
Packing of phenylalanine side chains is quantified in panel c,
where the solvent accessible surface area of phenylalanine side
chains (SASAF) is computed assuming that there is no lipids in
the solutions. As the hexamer and pentamer emerge out of the
lipid membrane, phenylalanine side chains become buried
against each other and SASAF decreases. Conversely, SASAF is
maximum when these β-sheets are deposited flat on the
membrane.

Selected conformations of β-sheets as they emerge out the
membrane are shown in panels d−f. These events take place
when phenylalanine side chains at the edge of the hexamer and
pentamer interact with each other. During the first attempt to
emerge out of the membrane, only a few side chains are
interacting with each other�see panel d. During the second
attempt, edges of hexamer and pentamer are better aligned
enabling more phenylalanine side chains to interact�see panel
e. These interactions are optimized in the third attempt to
emerge out of the membrane�see panel f. Accordingly, the
magnitude of SASAF in panel c drops to its lowest value in
third, followed by second, and first attempts to leave the
membrane. This accounts for the greater stability of the third

event that survives for almost 2 μs, whereas the second and
first events last for slightly more and less than 1 μs,
respectively. In the third attempt to emerge out of the
membrane, a lipid trapped in between the hexamer and
pentamer emerges out of the membrane�see panel f. In this
configuration, lipid head and tails are exposed to the solvent
and buried in between non-polar faces of β-sheets, respectively.
This illustrates how the amphipathic nature of β-sheets can
behave as a “detergent” removing lipids from the core of the
bilayer.

The removal of lipids from the bilayer can also take place
starting with β-sheets in the solution. This is illustrated in
Figure 4 for a simulation performed with three tetramers
initially located randomly in the solution�see panel d.
Hydrophobic interactions between phenylalanine side chains
drive tetramers towards each other enabling the formation of
the trilobal structure in panel e. This is followed closely by the
interaction of this aggregate with the 7:3 POPC/POPG
membrane depicted in panel f. Favorable interactions between
lipid tails and phenylalanine side chains stabilize the trilobal
structure onto the surface of the bilayer wherein lipid tail
atoms are attracted to the dry core of the trilobal structure.

To provide insights into the integrity of the membrane,
Figure 4a shows contributions of lipid tail atoms to the solvent
accessible surface area (SASAtail) of the bilayer in the absence
of peptides. This quantity is a minimum when the bilayer is
unperturbed with all lipid tails packed in the dry membrane
core, and it increases when lipid tails become exposed at the

Figure 5. Fibrils do not damage lipid membranes significantly. (a) Minimal distance ξ between atoms of the fibril and the bilayer. (b) Contribution
of lipid tail atoms to the solvent accessible surface area of the bilayer (i.e., SASAtail) assuming that peptides are not in the simulation box. Black,
blue, and red lines are for simulations performed with a fibril in the solution, the trilobal structure of Figuer 4, and no peptides. (c) Average angle Θ

of lipids that are in the vicinity of a fibril (in black) or of the trilobal structure of Figure 4 (in blue). As in Figure 4, two cut-offs (3.0 or 0.5 nm)
were used to determine lipids that are in the vicinity of peptides. The larger cut-off was used when peptides were in the solution before interacting
with lipids. The shorter cut-off was used when peptides were interacting with the bilayer. (d) Number of phenylalanine side-chain atoms that are at
a distance smaller than 0.5 nm from lipid tails. Black and blue lines are for simulations performed with a fibril and trilobal structure, respectively.
(e−h) Visual representations of fibril and bilayer at different instants of time. A van der Waals representation is used for phenylalanine side chain.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00446
ACS Chem. Neurosci. 2022, 13, 2766−2777

2772

https://pubs.acs.org/doi/10.1021/acschemneuro.2c00446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00446?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bilayer surface. As a reference, we show results for a simulation
performed without tetramers (see red line) wherein SASAtail

fluctuates around 35 nm2 during the whole simulation. Before
binding of the trilobal structure to the membrane surface,
SASAtail also fluctuates around 35 nm2. However, this quantity
increases abruptly at ∼0.4 μs when the trilobal structure
anchors onto the membrane causing lipid tails to become
exposed at the membrane−protein interface. This exposure can
be quantified by computing the angle Θ (defined in Figure 1k),
which characterizes the orientation of lipid tails that are in the
vicinity of the trilobal structure. As in Figure 2b−d, we
consider a lipid to be in the vicinity of a β-sheet if the
minimum atomic distance of their lipid tails to phenylalanine
residues is smaller than the cut-off distance of 0.5 nm�see
black line in panel b. Since there are no lipids in the vicinity of
β-sheets in the beginning of the simulation (i.e., <0.4 μs), Θ

was estimated using the larger cut-off distance of 3.0 nm�see
blue line in panel b. Using the latter definition, Θ fluctuates
around 50°, which is consistent with the orientation of lipid
tails away from pore structures in Figure 1j, where damage is
minimal. As soon as the trilobal structure binds to the
membrane (see blue shaded area in Figure 2a−c), the value of
Θ drops abruptly to approximately 40°. This highlights the
tendency of lipid tails to become more parallel to the
membrane surface close to the trilobal structure as illustrated
in panel g.

Close to the end of the simulation (shaded green area in
Figure 4a−c), some lipids are almost completely removed from
the membrane surface wherein their interactions with phenyl-
alanine side chains are maximized�see panels h−i. As in
Figure 3f, this highlights the potential of amphipathic β-sheets
to dismantle the membrane via a detergent-like mechanisms
where lipids are dragged out of the bilayer. This is quantified in
Figure 4c by computing the number of lipid tails carbon atoms
NC dL

with z-coordinate outside the boundary given by nitrogen

atoms of lipid head groups of upper and lower leaflets. Panel c
shows that a small number of lipid tail atoms emerge out of the
membrane soon after the trilobal structure starts interacting
with the bilayer. This number increases abruptly close to the
end of the simulations characterizing the removal of lipids as
depicted in panels h−i.

Note that a trilobal structure was formed in the four
trajectories we generated with three tetramers in the solution.
In all of these trajectories, the interactions of the trilobal
structure with the membrane accounted for lipid removal. This
is illustrated for another trajectory in Figure S5. It highlights
the robustness of the detergent-like mechanism of membrane
damage by amyloid-like peptides, which has been reported
experimentally for different amyloid proteins.10,52,53

Fibrils Are Less Toxic. Figure 5 characterizes the
interaction of a small fibril with a 7:3 POPC/POPG bilayer
at 350 K. The fibril is assembled by packing non-polar faces of
two anti-parallel β-sheets made from five Ac-(FKFE)2-NH2

peptides each. Panel a shows the time evolution of the
minimum distance between the fibril and bilayer. The fibril
undergoes several binding−unbinding events during the first
0.4 μs after which it remains bound to the bilayer surface until
very close to the end of the simulation when it becomes
detached. Panel b shows contributions of lipid tails to the
solvent accessible surface area of the bilayer in the absence of
the fibril, that is, SASAtail. As a comparison, SASAtail is also
shown for both a bilayer unperturbed by peptides (in red) and

the bilayer interacting with the trilobal structure in Figure 4 (in
blue). This figure shows that interactions of the fibril with the
bilayer increases the exposure of lipid tails when compared to
simulations performed without peptides. This exposure is,
however, significantly lower than the one caused by the trilobal
structure. Panel c depicts average angle Θ of lipid tail in the
vicinity of the fibril (in black) and the trilobal structure (in
blue). As in Figure 4, a lipid is considered to be in the vicinity
of the fibril if the minimum atomic distance of its acyl tails to
phenylalanine residues is smaller than a cut-off distance of 0.5
nm. A larger cut-off distance of 3.0 nm is used in the beginning
of the simulation when the fibril is not in contact with the
bilayer. This panel shows that interactions of the fibril or the
trilobal structure with the bilayer account for a reduction in Θ

as the acyl tail of lipids become more distorted. The latter
distortions are, however, less pronounced around the fibril
than around the trilobal structure. These differences can be
related to less pronounced interactions between phenylalanine
side chains and the lipid bilayer. Accordingly, panel g and
Figure 4f depict two and at least four phenylalanine side chains
deeply buried inside the bilayer for the fibril and trilobal
structure, respectively. This is quantified in panel d where the
number of phenylalanine side-chain atoms that are at a
distance smaller than 0.5 nm from any lipid tail is shown.
These numbers are higher for the trilobal structure than for the
fibril. Thus, although our simulations cannot assert that fibrils
are non-toxic due to the limited simulation time, it disrupts the
membrane less significantly than oligomers/trilobal structures.
At the end of the simulation (i.e., panel h), the fibril detaches
itself from the membrane.

■ CONCLUSIONS

The atomic details of how amyloids and β-hairpin peptides
interact with lipid membranes causing damage remains unclear.
This knowledge is critical to develop new treatments for
amyloid diseases as well as to rationally design antimicrobial
peptides. Here, we performed one of the first all-atom
simulations in which membrane-bound peptides self-assemble
into β-sheets that subsequently either form pores on the
membrane surface or drag lipids out of the bilayer core. An
analysis of these simulations shows that these mechanisms of
membrane damage are strongly affected by interactions
between non-polar side chains and the acyl tail of lipids,
which hold peptides anchored onto the membrane surface.60

These strong interactions enable lipids to be dragged out of the
bilayer by oligomeric structures in a detergent-like manner.
They also account for distortions in the orientation of lipid
tails that are minimized when pores are formed.

In our simulations, membrane damage took place as a result
of the interaction between two β-sheets. In detergent-like
damages, two β-sheets emerge out of the membrane to bury
their non-polar residues against each other. In this process,
lipid tails that are strongly bound to non-polar residues are also
dragged out of the membrane. In pore-like damages, two β-
sheets penetrate the membrane while maintaining their non-
polar residues buried against the dry core of the bilayer. Each
β-sheet accounts for half of the cylindrical surface of pores that
have diameters ranging from 1.2 to 1.8 nm in our simulations.
Notice that non-polar residues are buried in the dry core of
fibrils and, thus, these structures did not perturb lipid
membranes in a significant manner in our simulations.

In simulations, membrane-bound β-sheets become twisted
with one of their extremities partially penetrating the lipid
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bilayer. This allows peptides on opposite leaflets to interact
and form long transmembrane β-sheets that initiate poration.
The twist of β-sheets also allows water molecules to partially
penetrate the membrane. In simulations where peptides are
deposited on a single leaflet, β-sheets penetrate the membrane
by tilting their polar faces toward these partially penetrating
water molecules while keeping non-polar residues buried
against acyl-tails of lipids.

The mechanistic insights brought up by this study were
obtained from an analysis of several simulations (a total of ∼40
μs) performed at two temperatures (320 or 350 K), using three
anionic membranes, and different numbers of peptides on the
membrane/solution. The results obtained from this study are,
therefore, robust but their scope needs to be tested for other
peptide sequences. We also believe that important new insights
will be obtained by simulating membrane damage using
different lipid compositions, which has been shown to affect
the onset of amyloid diseases.1,70−74

■ METHODOLOGY

Molecular Dynamics Simulation. Amphipathic peptides
with sequence that alternates strictly between non-polar (i.e.,
phenylalanine F) and charged amino acids (i.e., positive lysine
K, and negative glutamic acid E), that is, Ac-(FKFE)2-NH2, is
used to study membrane damage. Experimental studies have
shown that this peptide self-assembles into amyloid fibrils
forming supramolecular nanotubes.57,59,75 In all-atom simu-
lations, this peptide was also shown to self-assemble into
amyloid-like fibrils and to interact with lipid membranes in a
computationally accessible time-frame.58,60 Here, membrane
damage is studied using three anionic membranes made by
combining zwitterionic, that is, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), and 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), with anionic lipids, that is, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), 1,2-dipalmito-
yl-sn-glycero-3-phosphoglycerol (DPPG), and 1,2-dimyristoyl-
sn-glycero-3-phosphoglycerol (DMPG). The lipid composition
of the three membranes studied here are 7:3 POPC/POPG,
7:3 DPPC/DPPG, and 7:3 DMPC/DMPG. These bilayers
differ in the number of carbon atoms and the number of
saturated bonds in their lipid tails, which is 18:0−16:1 for
POPC/POPG, 16:0 for DPPC/DPPG, and 14:0 for DMPC/
DMPG. This accounts for gel−liquid transition temperatures
of ∼268, 297.3, and 315.6 K, respectively.76−78 The
CHARMM-GUI suite was used to build these anionic bilayers,
wherein sodium ions were added to the solution to account for
systems with neutral charge.79−81 All systems were equilibrated
using the two sets of three 5 ps simulations provided by
CHARMM-GUI. In the first set, simulations are performed in
the NVT ensemble with the magnitude of the atomic restrains
reduced after each simulation. The second set of simulations is
performed in a similar fashion in the NPT ensemble.

Simulations starting with peptides deposited on the
membrane surface were prepared in a step-by-step approach.
In particular, up to three peptides were added to the solution
and a short simulation was carried out until they became
deposited on the membrane surface.60 This process was
repeated until the desired number of peptides on each
membrane surface was attained. During preparation of the
simulation and whenever needed, peptides were deleted from
the membrane surface, for example, to ensure an equal number
of peptides on both membrane leaflets or to ensure that

peptides are only deposited on one membrane leaflet. We used
the GROMACS suite to insert peptides randomly in the
simulations box.82 Simulations were also performed with a
preformed fibrils or tetramers in solution. Table S1 provides a
list of all simulations performed in this study.

Some of the simulations were performed on our local cluster
using GROMACS-202082 with the CHARMM36m force field
and the TIP3P water model.83 The leapfrog algorithm was
used to integrate the equations of motion with a time step of 2
fs. Simulations were conducted in the NPT ensemble using a
Nośe−Hoover thermostat84,85 with τT = 1 ps and a semi-
isotropic Parrinello−Rahman86 barostat with τP = 5 ps. The
cutoff for van der Waals interactions was set to be 1.2 nm.
Electrostatic interactions were treated using the smooth
particle mesh Ewald scheme with a grid spacing of 0.12 and
a 1.2 nm real-space cutoff.87 As shown in Table S1, some of the
simulations were executed on an Anton 2 supercomputer.88

Analysis. The secondary structure of peptides is
determined using the STRIDE algorithm within VMD.89 In
the different trajectories, peptides are found either in a
disordered state (most residues are in the coil state) or as a β-
strand when interacting with other peptides. Fibrils emerge
when non-polar residues of two neighboring β-sheets pack
against each other minimizing their exposure to the solvent�
see Figure 5. Oligomers are loosely defined in this paper as the
structures emerging when three β-sheets in solution pack
against each other. Non-polar residues are still largely exposed
to the solvent in the latter�see Figure 4.

To estimate the pore diameter, we calculated the average
number of water molecules inside a 1 nm height probe inside
the pore. Then, assuming the probe to be a cylinder, its
diameter was calculated using a radius of 0.14 nm for water
molecules. Angles Θ and χ were computed using in-house
Python codes using MDTraj package. The deuterium order
parameters were computed using the GROMACS suite.
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