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ABSTRACT: Many medically important viruses are enveloped viruses,
which are surrounded by a structurally conserved, host-derived lipid
membrane coating. Agents that target and disrupt this membrane coating
could potentially function as broad-spectrum antiviral drugs. The
amphipathic α-helical (AH) peptide derived from the N-terminus of the
hepatitis C virus NS5A protein is one such candidate and has been
demonstrated to be able to selectively rupture lipid vesicles in the size range
of viruses (<160 nm diameter). However, the mechanism underlying this
membrane curvature selectivity remains elusive. In this study, we have
performed molecular dynamics simulations to study the binding of the AH
peptide to model membranes that are stretched to resemble the looser lipid
headgroup packing present on highly curved outer membranes of nanoscale
vesicles. We found that the AH peptide binds more favorably to membranes
that are stretched. In addition, a tetrameric placement of peptides across the membrane induced stable pore formation in the
stretched membrane. Thus, our results suggest that the AH peptide senses the high curvature of nanoscale vesicles via the enhanced
exposure of lipid packing defects induced by membrane area strain.

■ INTRODUCTION
Many infectious diseases are caused by pathogenic viruses,
such as flu by influenza virus, acquired immunodeficiency
syndrome (AIDS) by human immunodeficiency virus, dengue
fever by dengue virus, and the ongoing coronavirus disease
2019 (COVID-19) pandemic by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Existing antiviral
drugs target either the viral replication machinery to stop viral
genome replication within infected host cells or the
glycoproteins on the outer surface of viruses to hinder viral
entry and/or release.1 Such strategies are prone to off-target
errors and would fail to prevent the mutations leading to
variant strains that are resistant to existing drugs. By contrast,
the virus particle’s lipid envelope is a structurally conserved
component that is derived from the host cell membrane and
helps the virus to avoid the host immune response. In fact,
most viruses causing epidemics are enveloped viruses, such as
flaviviruses (e.g., dengue, yellow fever, and zika) and
coronaviruses (e.g., Middle East respiratory syndrome, SARS,
and COVID-19).2 As the fluidic lipid envelope protects the
viral genetic material and hosts surface glycoproteins that are
necessary for viral entry, any change or disruption to the lipid
envelope thus affects viral infectivity.3

Antiviral agents that target and disrupt the lipid envelope
can potentially work as universal, broad-spectrum antiviral
drugs against membrane-enveloped viruses.4−6 For example,
the amphipathic α-helical (AH) peptide derived from the N-
terminus of the hepatitis C virus NS5A protein (Figure 1a) has

been identified as a promising antiviral peptide by targeting the
virus particle’s lipid envelope7 and has demonstrated its
therapeutic benefits in vivo.8,9 The AH peptide was found to be
able to completely rupture lipid vesicles with diameters of <75
nm (according to quartz crystal microbalance-dissipation
experiments), which is the size of many medically important
enveloped viruses, such as hepatitis C virus, West Nile virus,
and flaviviruses.10,11 The largest viruses that may be partially
impaired by the AH peptide are ∼160 nm in diameter, which
include the HIV and Measles viruses.12 This size selectivity is
important as it would spare host cell membranes from possible
toxic side effects. How the AH peptide preferentially forms
pores in highly curved membranes, which leads to pore-
induced membrane disruption, has been discussed.13,14

However, the mechanism underlying membrane curvature-
dependent binding and pore formation remains largely elusive
so far, especially from a structural perspective.
It is known that many proteins can sense or induce large

membrane curvatures.15,16 Scaffold proteins, such as Bin/
Amphiphysin/Rvs (BAR) domains, are intrinsically curved and
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bind to curved membranes via electrostatic interactions with
the lipid headgroups.16 Amphipathic helices feature a polar
face and an apolar face and can sense lipid packing defects
(loosely packed lipids exposing a hydrophobic membrane
core) via insertion of hydrophobic side chains.15,16 Examples of
curvature-sensing peptides employing amphipathic helices
include peptides with the ArfGAP1 lipid packing sensor
(ALPS) motif,17−21 MARCKS-ED,22 TRP3,23 and FAAV.24

Although the proteins mentioned above involve specific
structural features, it is now known that intrinsically disordered
proteins (IDP) lacking a defined three-dimensional (3D)
structure could also function as potent membrane curvature
sensors.25,26 Curvature sensing by IDPs arises from an increase
in conformational entropy (energetically favorable) on more
highly curved membrane surfaces, with curvature sensitivity
sharply increasing for vesicles that are <50 nm in diameter.25

In the case of peptides with amphipathic helices, ArfGAP1 is
sensitive to vesicles that are <100 nm in diameter,18 whereas
MARCKS-ED shows a preference for vesicles that are as small
as 30 nm in diameter.22 The FAAV peptide showed enhanced
binding to 50 nm diameter vesicles.24 Because the AH peptide
contains both Phe and Trp residues and is sensitive to vesicles
of a similar size range, it might sense lipid packing defects as
other amphipathic peptides do. Moreover, our recent study
using coarse-grained molecular dynamics (MD) simulations
found that a smaller nanosized lipid vesicle features a higher
membrane tension,27 and therefore, the membranes of smaller
vesicles are expected to be more stretched. The expected high
membrane area strain in small vesicles correlates well with the
increase in the area/lipid and the decrease in lipid order
observed in our simulations.27 In a recent theoretical analysis,
it was shown that, in very small vesicles with highly curved
membranes, pores or even cup-shaped open vesicles may be
stable configurations.28 The facilitated formation of lipid
packing defects on smaller vesicles in these studies is consistent

with the more efficient pore formation and membrane
destabilization observed experimentally by AH peptides,
suggesting that the membrane stretch plays an important
role in regulating AH peptide−membrane interaction via
regulating the exposure of packing defects.
In this study, we investigate the effects of mechanical

deformation of a lipid membrane, due to membrane curvature
in different sized vesicles, on AH peptide−membrane
interaction. To understand the effects of the membrane stretch
on the AH peptide−membrane interaction, we simulate the
interaction of AH peptides with a planar lipid membrane under
increasing amounts of in-plane, biaxial area strain (0%, 5%,
10%, and 20%) using all-atom MD simulations, illustrated as
the “adsorption” step in Figure 1b. The increase in the lipid
headgroup separation in a stretched planar membrane
resembles that on the outer layer of a curved membrane,
which is more technically challenging and/or computationally
costly to simulate. All-atom MD simulations have been
successfully conducted to characterize peptide−membrane
interactions in past studies.29−31 We find that the AH peptide
tends to bind more strongly to the membrane as the
membrane becomes stretched. Our simulations reveal the
contributions of polar and positively charged residue side
chains to the binding of the AH peptide on the stretched
membrane surface, highlighting the importance of electrostatic
interactions in AH peptide−membrane binding. In addition to
the initial binding, we also investigate the membrane disruptive
effect of having a single copy or four copies of AH peptides in a
transmembrane conformation spanning the membrane, illus-
trated as the “pore formation” step in Figure 1b. We find that
four copies of AH peptides can generate and stabilize a water-
filled membrane pore when the membrane is stretched, which
is consistent with the suggested pore formation complex of
four peptides from our previous work.32 Our simulations also
suggest that the flexible hinge in the helix−hinge−helix
conformation of the AH peptide could play an important
role in adapting the peptide’s transmembrane conformation to
the change in the membrane thickness that is regulated by the
membrane stretch.

■ MD SIMULATIONS
Model of the AH Peptide in Solution. The 3D structure of the

AH peptide was predicted from the amino acid sequence shown in
Figure 1a by the PEP-FOLD structure prediction server,33 and the
highest-ranked model (i.e., with the lowest energy) is taken as the
initial model of the AH peptide in solution. We performed MD
simulation to refine this model using GROMACS version 2018.2
MD.34−36 The peptide was placed in a periodic cubic simulation box
with 9 nm on each side, and the simulation box was filled with TIP3P
water molecules. The CHARMM27 force field was used to describe
interatomic interactions. Steepest descent energy minimization was
first carried out for 5000 steps to remove any interatomic steric
clashes. Next, dynamics simulation was carried out with positional
restraints on the protein atoms using the canonical (NVT) ensemble
for 100 ps at 300 K, followed by another 2 ns isobaric−isothermal
(NPT) ensemble simulation at 300 K and 1 bar. Electrostatic
interactions were computed using the particle mesh Ewald method
with a cutoff distance of 1.0 nm. van der Waals (vdW) interactions
were computed using the cutoff method with a cutoff distance of 1.0
nm. The system temperature was maintained with the velocity-rescale
method with a time constant of 0.1 ps, whereas the pressure was
maintained at 1 bar using the Berendsen method with a time constant
of 5 ps and a compressibility of 4.5 × 10−5 bar−1. Finally, restraints on
the protein atoms were removed and the simulation was carried out
for 100 ns with the temperature maintained at 300 K using the same

Figure 1. Structure of amphipathic α-helical (AH) peptide derived
from the N-terminus of the hepatitis C virus NS5A protein and its
mode of action on lipid membranes. (a) 3D structures of the AH
peptide predicted by the PEP-FOLD structure prediction server (left)
and after 100 ns MD simulations in water (right). Residue side chains
are colored according to residue type: blue for basic, red for acidic,
green for polar, and white for hydrophobic. The amino acid sequence
of the AH peptide is shown below the 3D structure and colored
following the same scheme except that black is used for hydrophobic
amino acids instead. (b) Schematic illustration of membrane binding
and subsequent pore formation by AH peptides. The tetrameric
arrangement of AH peptides is taken from our current simulation.
The membrane and peptides are not drawn to scale with the
orientation of peptides shown for the purpose of illustration only.
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method as described above, but the Parrinello−Rahman method was
now used to control the pressure with a time constant of 2 ps and the
same compressibility. The molecular structures in Figure 1 and all
subsequent figures were generated with Visual Molecular Dynamics
(VMD) version 1.9.4.37

MD Simulations of AH Peptide−Membrane Interaction. The
solution model obtained above was then used to study the binding of
the AH peptide to the model membrane. As DOPC lipids were used
to prepare lipid vesicles to study AH peptide activity in experiments,38

a pre-equilibrated 256-lipid DOPC membrane was obtained from the
CHARMM-GUI archive of pure lipid bilayers39 to be used as the
membrane model in this study. The CHARMM36 force field was
used for both the peptide and the DOPC membrane. The AH peptide
was placed ∼2 nm above the membrane with the remaining space in
the periodic simulation box filled with TIP3P water molecules. Energy
minimization followed by MD simulations with restraints on protein
and lipid headgroup positions that were progressively reduced was
carried out to relax the system. The unrestrained system was
simulated for 30 ns with a time step of 2 fs. Electrostatic interactions
were computed using the particle mesh Ewald method with a cutoff
distance of 1.2 nm. vdW interactions were computed using the cutoff
method with forces smoothly switched to zero between 1.0 and 1.2
nm. The system temperature was maintained at 303 K with the Nose-
Hoover method with a time constant of 1.0 ps, whereas the pressure
was maintained at 1 bar using the Parrinello−Rahman method with
semi-isotropic coupling (X−Y plane coupled separately from the Z or
bilayer normal direction) with a time constant of 5 ps and a
compressibility of 4.5 × 10−5 bar−1. Three independent simulations
were carried out with different initial atomic velocities. The minimum
distance between peptide atoms and membrane phosphate atoms was
calculated using the mindist program from GROMACS’s suite of
postprocessing tools.
As binding of the peptide to the membrane surface is a stochastic

event, to reduce the length of the initial search process for the case of
a stretched membrane, the peptide-bound configuration from one of
the three independent simulations introduced above was used as the
starting configuration for the stretched membrane. The planar
membrane was stretched by simultaneously increasing the simulation
box dimensions along the X and Y directions (membrane plane
directions) at a rate of 0.0001 nm/ps until the desired membrane area
strain (ratio of the change in the membrane area to the initial
membrane area) is achieved while maintaining the location of the
bound peptide. To maintain the respective membrane area strain,
simulations were performed using both NPT and NVT ensembles to
reduce any possible bias due to the approach. For NPT ensembles, a
specified pressure was maintained in the membrane plane, which
allowed the membrane area to fluctuate about the desired value under
a constant temperature (three independent simulations). For NVT
ensembles, the membrane area fluctuated within a fixed simulation
box under a constant temperature (two independent simulations).
Results from both approaches (total of five simulations) were
combined and analyzed. The interaction energies (electrostatic and
vdW) between peptide and lipid atoms were calculated using
GROMACS postprocessing tools.
Embedding AH Peptides across the DOPC Membrane. An

extended conformer of the AH peptide sampled in the simulations
was taken as the transmembrane model and embedded across the
model DOPC membrane using the Membrane Builder tool within the
CHARMM-GUI web-based platform.39−42 The platform also
provided the optimal simulation protocol in setup files for
GROMACS with the CHARMM36 force field to describe peptide
and membrane interactions.43 The peptide(s) was oriented to span
the membrane. The membrane sizes were 9.5 nm × 9.5 nm with 256
DOPC lipids for the system with a single peptide and 11 nm × 11 nm
with 328 DOPC lipids for the system with four copies of the peptide.
For the latter setup, the peptides were oriented such that polar/
charged residue side chains were facing toward the center with
hydrophobic side chains facing out toward the membrane lipids. The
height of the periodic simulation box was 10 nm for both setups, with

the space above and below the membrane filled with water molecules
using the TIP3P water model.

After energy minimization steps, MD simulations were carried out
with progressively reduced restraints on protein and lipid headgroup
positions as the simulation time step was increased from 1 to 2 fs.
Unrestrained simulations were then carried out for 60 ns (single
peptide) or 50 ns (four copies of the peptide) to obtain the
equilibrated configuration. Electrostatic and vdW interactions were
handled in the same way as described above for peptide−membrane
interactions, as well as the temperature and pressure control methods.
A constant strain was then applied in the X and Y directions to stretch
the simulation domain until the membrane area increased by ∼20%.
Simulations for an additional 60 ns (single peptide) or 50 ns (four
copies of the peptide) were then conducted to obtain the new
equilibrated configuration in the stretched membrane.

■ RESULTS AND DISCUSSION

Simulation of the AH Peptide in Water. The AH
peptide contains multiple hydrophobic residues, including
three Trp residues and one Phe residue. The 3D structure of
the AH peptide was determined on the basis of its amino acid
sequence using the PEP-FOLD structure prediction server.
The highest-ranked model (with the lowest energy) is shown
in Figure 1a. The predicted structure is U-shaped and consists
of two helical segments joined by a hinge, featuring a so-called
helix−turn−helix motif. The hydrophobic residue side chains
are mostly located in the region between the helices. Several
positively charged side chains (Lys and Arg) are present in the
sequence and flank either side of the helices (shown as blue
sticks in Figure 1a). We performed MD simulations of the
peptide in water for 100 ns, and the equilibrated structure is
shown in Figure 1a. Although no significant change to the
secondary structure was observed (Figure S1), a twist in the
left helix containing Trp9 was observed to shift the Trp9 side
chain into the middle region and pack it against Trp22 on the
right helix. The polar Lys26 side chain, which was next to the
hydrophobic Trp4 in the initial model and thus in an
energetically unfavorable nonpolar environment, now faces
outward toward the solvent, which is more energetically
favorable as the Lys26 side chain can now form hydrogen
bonds with water molecules. As a result, Trp4 now packs
against Trp9. Together with Trp22, a hydrophobic core is
formed that effectively reduces the exposure of these bulky
hydrophobic side chains to water (Figure 1a). Hence, this
equilibrated 3D structure is lower in energy and is expected to
be a more stable conformation that the AH peptide adopts in
water. This solution structure of the AH peptide was taken as
the starting conformation to interrogate the role of the
membrane stretch in the peptide−membrane interaction
during the adsorption and pore formation steps (Figure 1b).

Simulations of Adsorption of the AH Peptide on
Unstretched and Stretched Membranes. The AH peptide
derived from the N-terminus of the hepatitis C virus NS5A
protein was found to be able to selectively rupture lipid vesicles
with diameters comparable to those of many medically
important enveloped viruses (<160 nm in diameter) and
would thus spare host cell membranes from possible toxic side
effects.12 Our previous study of nanoscale lipid bilayer vesicles
suggested that membrane tension increases as the size of the
vesicles decreases.27 We have thus investigated the sensitivity
of the AH peptide to the membrane stretch using all-atom MD
simulations. The adsorption of the AH peptide onto the
membrane was studied using unbiased MD simulations, which
allowed for free diffusion of the peptide in solution and on the
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phospholipid membrane surface, as illustrated in Figure 1b.
The equilibrated AH peptide model in solution obtained above
was placed ∼2 nm above a DOPC phospholipid bilayer
(Figure 2a). Three replicate simulations were performed from

the same starting configuration but with different sets of
atomic velocities with the same mean determined by the
system temperature to sample different diffusive behaviors.

The minimum distance between the peptide and the
phosphorus atoms in the lipid headgroups of the membrane
was monitored as indications of the extent of peptide−
membrane binding. Without the membrane stretch, the
simulations show that the AH peptide only transiently binds
to the membrane (minimum distance of <0.5 nm), except for
the first replicate in which stable binding (minimum distance
of 0.25 nm) was observed for a short period of ∼5 ns before it
unbinds (see the black curve in Figure 2c). In this replicate, the
U-shaped peptide unfolded into a linear form. The other two
replicates, however, remained U-shaped during the simula-
tions. Overall, the simulations suggest that the AH peptide
cannot bind stably to the unstretched membrane. In marked
contrast, on the stretched membrane (Figure 2b), the AH
peptide was observed to unbind and rebind to the membrane
surface in all three replicates (Figure 2d). The peptide could
remain bound stably for up to 15 ns on the stretched
membrane.
To understand the observed AH peptide−membrane

binding behavior, we calculated and traced the total interaction
energy between the AH peptide and membrane (sum of
electrostatic and vdW energies) as shown in Figure S2. We can
see that the interaction of the AH peptide with the stretched
membrane is stronger (more negative interaction energy) and
more stable (longer lifetimes of the bound state). This may be
partially caused by the exposure of lipid packing defects with
membrane tension, which leads to more possible binding sites
for the AH peptide. From the time series, we have identified
energetically favorable membrane-bound conformers on both
unstretched and stretched membranes (Figure 3a). The
conformers are labeled with a subscript indicating the
membrane area strain level and a superscript labeling the
order of the conformer starting with the one with the lowest
binding energy. For example, C10

2 is the conformer with the
second lowest binding energy with a membrane area strain of
10%. The peptide side chains contributing to membrane
binding are either polar (Ser, Thr, and Trp) in nature, forming
hydrogen bonds with membrane headgroup phosphate oxy-
gens, or positively charged (Lys and Arg), forming strong
electrostatic attractions to the lipid headgroup phosphate

Figure 2. MD simulations of the AH peptide on an unstretched or
stretched phospholipid membrane. (a) 3D computational model of an
AH peptide placed above an unstretched DOPC membrane, with
periodic boundaries in all coordinate directions and water omitted for
the sake of clarity. (b) Computational model with a bound AH
peptide on the membrane stretched by 10% of its initial area. (c and
d) Temporal evolution of the minimum distance between the AH
peptide and phosphate atoms of the DOPC bilayer during three
replicate simulations (black, red, and green traces) on the unstretched
membrane and the membrane stretched by 10%, respectively. The red
arrow marks the starting configuration with bound AH for simulations
under the membrane stretch.

Figure 3. Snapshots and corresponding interaction energies of the low-energy membrane-bound conformers on membranes under various stretch
levels. (a) Top three lowest-energy configurations of the AH peptide under four different membrane area strain levels: 0%, 5%, 10%, and 20%. (b)
Bar plots of the corresponding interaction energies (electrostatic in blue and vdW in orange) between the AH peptide and membrane for
conformers in panel a.
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oxygens in addition to hydrogen bonds (electrostatic in
nature). As the membrane is stretched, the membrane area per
lipid increases, thus increasing the average phosphate−
phosphate distance. This may have facilitated the peptide−
membrane binding by making the phosphates more accessible
to peptide side chains. Ser1 was observed to contribute to the
lowest-energy conformers on both unstretched and stretched
membranes due to its dual polar (side chain) and positively
charged (NH3

+ on the N-terminal backbone) feature, which
allows it to form both hydrogen bonds and electrostatic
interactions with the membrane phosphates. The Trp side
chain has both hydrophobic (aromatic ring) and polar (N−H
group) natures, thus can potentially interact with the CH3
groups on the lipid headgroup as well as form hydrogen bonds
to membrane phosphates. The electrostatic interaction
between the peptide and membrane lipid headgroups is
therefore the key driving force in the peptide−membrane
binding event, with contributions by several polar and basic
residue side chains that might be tested in experiments.
The total interaction energy of the conformers becomes

more negative as the membrane is stretched, implying stronger
peptide−membrane binding (Figure 3b). Among all of the
membrane-bound conformers identified in the unstretched
membrane simulations, the linear AH peptide conformer has
the lowest energy (labeled as C0

1 in Figure 3a). However, its
total interaction energy (−340 kJ/mol) is still higher than all of
the top three lowest-energy membrane-bound conformers
identified in the stretched membrane simulations (Figure 3b).
More importantly, detailed analysis of the binding energy
associated with individual side chains reveals that, compared to
the total interaction energy on the unstretched membrane, the
same side chain could lead to a much lower total interaction
energy when interacting with the stretched membrane. For
example, both C0

3 and C20
2 involve Lys20 and Thr17, but the

magnitude of the total interaction energy is nearly 5-fold
higher for C20

2 , suggesting the much stronger interaction
between the side chains and membrane phosphates (Figure
S3). This is possibly due to enhanced access to the phosphates
on the stretched membrane. Note that ions are not included in
our system because both the AH peptide and DOPC lipids are
charge neutral. In fact, we have confirmed that introducing
ions into the system has little effect on AH peptide−membrane
binding. As shown in Figure S4, both the peptide−membrane
binding profile and the corresponding interaction energies in

the system with sodium and chloride ions at a concentration of
0.15 M are similar to those obtained in the system without
ions. We do not observe any strong binding of ions to the
peptide. Although some sodium ions bind to the membrane
phosphates, they do not seem to hinder peptide binding. The
conformer with the lowest binding energy identified in the
system with ions involves the same side chains in C10

1 in Figure
3a, but its total interaction energy (−450 kJ/mol) is less
negative than that of C10

1 (−600 kJ/mol). This again confirms
that the membrane stretch enhances AH peptide−membrane
binding.
Previous all-atom MD simulations of a lipid transport

protein with the ALPS motif also reported increased levels of
membrane binding on stretched 60:40 DOPC/DOPS
membranes via increased exposure of lipid packing defects.44

Furthermore, positively charged residues such as Lys were also
found to contribute significantly to the peptide−membrane
interaction energy in addition to bulky hydrophobic residues
whereby Lys interacts with negatively charged phosphatidyl-
serine headgroup. Using liposomes ranging from 50 to 700 nm
in diameter, previous experiments suggested that a higher
density of binding sites via the exposure of lipid packing
defects leads to enhanced binding of amphipathic motifs
(which includes membrane-anchored proteins via alkyl chains)
on highly curved membranes.45 However, our analysis shows
that the membrane stretch not only exposes lipid packing
defects but also increases the binding affinity between the AH
peptide and the membrane. A higher binding affinity on curved
membranes has also been reported for other amphipathic
helices.19,46 Although it has been found that the AH peptide is
capable of rupturing lipid vesicles largely independently of the
vesicle surface charge, the membrane surface charge strongly
regulates the AH peptide−membrane interaction and con-
sequently the kinetics of vesicle ruptue,47 which validates our
finding of the importance of electrostatic interactions in AH
peptide−membrane interaction.

The Vesicle Size Sensitivity of AH Peptide-Induced
Rupture May Be Related to the Degree of Membrane
Stretch. Our finding of the enhanced binding affinity of
stretched membranes sheds light on the vesicle size selectivity
of the AH peptide. As illustrated in Figure 4a, the smaller the
vesicle, the higher the membrane curvature and thus the higher
the area strain in the outer leaflet of the vesicle membrane.
Hence, although the packing geometries of the lipids in planar

Figure 4. Proposed effect of vesicle size on AH peptide binding. (a) Schematic illustration of the lipid packing in flat, slightly curved, and highly
curved membranes. As the lipid vesicle becomes smaller, the membrane curvature increases and the membrane area strain in the outer membrane
leaflet also increases, leading to increased exposure of lipid packing defects. (b) Values of the AH peptide−membrane interaction energies (average
of the lowest three values shown as solid circles with error bars indicating the range) as a function of vesicle diameters, matched via the estimated
membrane area strain levels. The data for the 0% area strain are matched to an infinitely large vesicle representing a flat membrane. The light green
region marks the vesicle size range within which complete rupture has been observed, whereas the red region (starting at 160 nm) is where vesicle
rupture by the AH peptide is not effective.
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and curved membranes differ, the increased interlipid spacing
on a stretched planar membrane is expected to resemble that
on the convex side (the outer leaflet on a vesicle) of a curved
membrane (Figure 4a). The area strain in the stretched outer
vesicle leaflet can be estimated as εout = (a/a0 − 1),48 where a
is the area/lipid of the outer vesicle leaflet and a0 is the area/
lipid of a tensionless planar bilayer composed of the same type
of lipids. On the basis of the simple plate bending theory (see
the Supporting Information and Figure S5), we can estimate
the corresponding area strain in the outer leaflet of the vesicle
membrane for a vesicle of a given size as εout = 4r(Dout − r)/
(Dout − 2r)2, where r is the radial distance of the neutral plane
measured from the vesicle outer radius and Dout is the outer
diameter of the vesicle. As shown in Table S1, the membrane
area strain is predicted to increase with a decrease in vesicle
size. Our previous MD simulations have revealed that the outer
leaflet of a 24 nm diameter DMPC vesicle is under an area
strain of ∼20%, whereas the area strain increases to 31% for a
17 nm diameter DMPC vesicle.27 These vesicle sizes are ∼1.8
times smaller than our estimates from the plate bending theory.
Assuming that our highly simplified estimates are off by a
factor of 1.8, this would suggest that a vesicle under 10% area
strain would be ∼46 nm in diameter. Hence, we argue that our
stretched membranes in this study that are under 5%, 10%, and
20% area strain correspond to vesicles that are ∼88, ∼46, and
∼24 nm in diameter, respectively. Note that the smallest
DOPC vesicles used in previous investigations of membrane
disruption by the AH peptide are ∼25 nm in diameter.38

Figure 4b plots the peptide−membrane interaction energy
(averaged over the top three lowest energies) as a function of
the corresponding vesicle size with vesicles that are <160 nm in
diameter in the green (complete rupture) region, suggesting
that the level of membrane area strain present in <160 nm
vesicles could lead to enhanced AH peptide binding and thus
vesicle rupture. The AH peptide−membrane interaction
energy is expected to approach the energy level on a
tensionless planar membrane when the vesicles are sufficiently
large. The limited power of the AH peptide to rupture >160
nm vesicles could be due to the much lower membrane area
strain experienced by these vesicles (<2.5% based on our rough

estimates), which limits both the number of exposed lipid
packing defects and the binding affinity between the AH
peptide and the vesicle.

Simulations of the Membrane-Embedded AH Pep-
tide(s) with and without the Membrane Stretch. The
ability of AH peptides to disrupt membranes has been
attributed to their ability to induce pores on lipid vesicles in
a curvature-dependent manner.10,12,32 Our previous study has
suggested that a nucleation pore can be formed by four AH
peptides.32 To reveal the molecular-level details of how AH
peptides could induce pores in membranes, we have embedded
one copy or four copies of AH peptides within a DOPC
membrane using the CHARMM-GUI Web server. The
extended conformer C0

1 was adopted, as U-shaped conformers
are too short to span the DOPC membrane. For a single AH
peptide, the peptide configuration remains largely intact and
tilts to accommodate the membrane thickness during both 0%
and 20% membrane area strain simulations (Figure S6a,c).
However, a thin water channel was observed in the stretched
membrane but not in the unstretched one (Figure S6b,d). The
upper membrane leaflet was more significantly deformed under
membrane area strain (indicated by the location of lipid
headgroup phosphate atoms), with a partially water-filled pore
hydrating some of the polar peptide side chains (Figure S6c,d).
This result suggests some degree of membrane destabilization
even with a single peptide when the membrane is stretched.
For the four-peptide arrangement, we placed four copies of

the C0
1 conformer in such a way that Lys20 side chains were

facing each other (Figure 5a). After 50 ns, the initial
arrangement is slightly distorted with a bend forming at the
hinge region of one of the peptides. The four peptides became
less tightly packed, and no significant membrane distortion was
observed. Although some water molecules were present in the
membrane, they failed to form a continuous water channel
(Figure 5b). When the membrane is stretched, all of the
peptides bend to different extents at their hinge regions
(Figure 5c). This could be driven by the membrane thinning
effect under stretch.21 Further simulations for 50 ns showed
significant disturbances to the membrane as indicated by the
headgroup phosphate atoms. A stable water channel is

Figure 5. Membrane stretch-facilitated water pore formation by four copies of AH peptides. (a) Side views of the initial and equilibrated
configurations of four copies of the C0

1 AH conformer embedded in an unstretched DOPC membrane (4:328 peptide:lipid ratio). Peptide side
chains (hydrogen atoms omitted) are shown as sticks with colors following the same coloring scheme as in Figure 1. (b) Side view of the
configuration of water molecules at the end of the zero-area strain simulation. (c) Side views of the initial and equilibrated configurations of four
copies of the C0

1 AH conformer embedded in a DOPC membrane with its area stretched by 20%. (d) Side view of the configuration of water
molecules at the end of the 20% strain simulation. (e and f) Top views of the tetrameric arrangement of AH peptides from the 50 ns snapshots in
panels a and c, respectively. (g) Top views of the membrane (shown as a surface representation in VMD) with a pore surrounded by the four copies
of AH peptides observed at 50 ns (same orientation as panel f) that remains present at 80 ns.
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observed (Figure 5d). The top views of the tetrameric
arrangements of AH peptides in the unstretched and stretched
membrane after simulation for 50 ns are shown in panels e and
f of Figure 5, respectively. In the stretched membrane, the
peptides became more loosely packed with a central pore and
some of the helices became more horizontal, i.e., along the
membrane−water interface (Figure 5f). When visualizing the
upper membrane as a surface, we could see clearly a pore lined
by the peptides at 50 ns (Figure 5g). The pore remained stable
even after extending the simulation to 80 ns. Given that a
stable pore is formed on a relatively short time scale of sub-100
ns in all-atom MD simulations, it confirms that the membrane
stretch facilitates the significant membrane disturbance caused
by four AH peptides that together form a tetrameric pore.
Pore formation might be facilitated by the reduced local

elasticity of the membrane in the proximity of the AH peptides
due to distortions to the lipid headgroups that are within the
area enclosed by the peptides. The reduction in the local
elasticity of the membrane is closely associated with the
disruption to the packing order of the apolar lipid tails, which
is similar to what we have found when -OOH groups are
attached to lipid tails as a result of hydroperoxidation.49

Increased bending at the hinge region was observed for some
of the peptides to accommodate the decrease in the membrane
thickness upon stretching. On the contrary, a single peptide
spanning the membrane remains mostly straight even within a
membrane under the same amount of area strain. Our
simulations suggest a cooperative effect among the peptides
to change their conformation via bending at the hinge region
to bring the polar/charged side chains closer together in the
apolar environment of the lipid bilayer core. The flexibility
provided by the hinge region might allow the aggregate to
maintain stable interpeptide interaction over a range of
membrane thicknesses present on nanoscale lipid vesicles of
various sizes.

■ CONCLUSIONS
In this work, by performing atomistic MD simulations, we
found that membrane stretch may enhance the adsorption and
membrane pore formation propensity of antiviral AH peptides.
This rationalizes our previous experimental observation of the
size-dependent vesicle rupture by AH peptides. Nanoscale lipid
vesicles have highly curved and stretched membranes that may
facilitate exposure of lipid packing defects. Those lipid packing
defects are sensed by the AH peptide and other so-called
curvature-sensing peptides that do not possess membrane-
lysing capability.17−20,22−24 Hence, the exposure of lipid
packing defects via membrane stretching, whether locally or
globally on the outer membrane of a nanovesicle, may be a
general mechanism for increasing the adsorption (and hence
clustering) and pore formation propensity of amphipathic
peptides/molecules. The importance of specific basic and polar
residues identified in this work to drive AH−membrane
binding may be tested in future experiments. In addition, our
simulations identified the important role of the flexible hinge of
the AH peptide in adapting the peptide’s transmembrane
conformation to the change in the membrane thickness during
membrane pore formation.
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