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ABSTRACT: An understanding of how the amino acid sequence
affects the interaction of peptides with lipid membranes remains
mostly unknown. This type of knowledge is required to rationalize
membrane-induced toxicity of amyloid peptides and to design
peptides that can interact with lipid bilayers. Here, we perform a
systematic study of how variations in the sequence of the
amphipathic Ac-(FKFE)2-NH2 peptide affect its interaction with
zwitterionic lipid bilayers using extensive all-atom molecular
dynamics simulations in explicit solvent. Our results show that
peptides with a net positive charge bind more frequently to the
lipid bilayer than neutral or negatively charged sequences.
Moreover, neutral amphipathic peptides made with the same
numbers of phenylalanine (F), lysine (K), and glutamic (E) amino
acids at different positions in the sequence differ significantly in their frequency of binding to the membrane. We find that peptides
bind with a higher frequency to the membrane if their positive lysine side chains are more exposed to the solvent, which occurs if
they are located at the extremity (as opposed to the middle) of the sequence. Non-polar residues play an important role in
accounting for the adsorption of peptides onto the membrane. In particular, peptides made with less hydrophobic non-polar residues
(e.g., valine and alanine) are significantly less adsorbed to the membrane compared to peptides made with phenylalanine. We also
find that sequences where phenylalanine residues are located at the extremities of the peptide have a higher tendency to be adsorbed.

■ INTRODUCTION
The interaction of amphipathic peptides with lipid membranes
is related to the toxicity of amyloid proteins,1−3 the
antimicrobial properties of certain peptides,4−6 and the ability
of cell penetrating peptides (CPP) to be used in several
biomedical applications including drug delivery systems.7,8

These peptides are made of polar residues that interact
electrostatically with lipid head groups and non-polar side
chains that become buried inside the dry membrane core via
hydrophobic effects.9−11 Currently, it remains unknown how
the position of charged and non-polar residues in the sequence
affects the interaction of a peptide with the membrane. This
type of knowledge is critical to optimize the design of peptides
as well as to rationalize the broad scope of sequences known to
interact with lipid membranes.

The interaction of peptides with lipid membranes is often
studied in experiments where peptides damage vesicles in
solutions.12−17 These studies are performed by comparing
leakage of vesicles varying in their lipid composition as well as
by using different peptides in the presence and absence of
cations in solution. Membranes with a higher content of
anionic lipids are found to promote both amyloid aggregation
into fibrils and membrane damage.18−20 This highlights the
importance of electrostatic interactions in attracting peptides
to the vicinity of negatively charged lipids promoting the
formation of amyloid fibrils.21−24 Accordingly, most CPP and

antimicrobial peptides are made of positive sequences with a
net charge greater than +2. Moreover, increasing the net
charge of these sequences using point mutations increases the
antimicrobial activity of these peptides.21,22 Consistent with
these studies, divalent cations (e.g., calcium) are attracted and
adsorbed onto lipid membranes.9,20,25,26 This causes positive
moieties of peptides to be repelled from the positive lipid−
calcium complex,9,27 which accounts for a significant reduction
in pore formation on the membrane surface by amyloid
peptides.28−30 Also, the ability of antimicrobial peptides to
damage red blood cells (i.e., hemolysis) was shown to depend
on the position of positively charged residues in the
sequence,23 implying that the sequence pattern can be as
important as the net charge in accounting for peptide−
membrane interactions. In addition to electrostatic inter-
actions, a certain degree of hydrophobicity is also required to
enable the adsorption of peptides onto the membrane
surface.23,31−37 However, increasing and decreasing the
hydrophobicity of antimicrobial peptides beyond a given
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window was shown to reduce the ability of these peptides to
damage lipid membranes.

Despite the important insights obtained from studies of
membrane damage, it is important to highlight that the latter is
affected not only by how peptides interact with lipid bilayers
but also by how they interact with each other in the vicinity of
membranes causing damage. Decoupling these effects is
important to design sequences with specific function, e.g., as
probes for organelles (e.g., mitochondria) that need to interact
with the lipid membrane without causing damage.38 Computer
simulations can be used to study peptide−membrane
interactions independently of how peptides damage the
membrane.

Here, we perform a systematic study of the interaction of
peptides with zwitterionic lipid membranes using all-atom
molecular dynamics simulations. In particular, we investigate
the effects of the net charge, hydrophobicity, and sequence
pattern of the peptide. We find that adding positive and
negative residues to the amphipathic Ac-(FKFE)-NH2 peptide
increases and decreases, respectively, its affinity to the
membrane. Moreover, the frequency with which a peptide
encounters the membrane is also affected by the position of its
positive residues in the peptide sequence. The latter affects the
extent by which positive side chains are exposed to the solvent
and, thus, can be attracted to the membrane. We find that
positive residues located close to both extremities of a peptide
(i.e., C- and N-terminals) are more exposed to the solvent and,
thus, encounter the membrane with a higher frequency.
Peptide adsorption involves burying non-polar residues into
the dry core of the lipid bilayer. Accordingly, we find that
amphipathic peptides made using non-polar residues that are
highly hydrophobic (i.e., phenylalanine) are adsorbed in all our
simulations as opposed to peptides made using alanine and
valine. In the same vein, we observe that the position of non-
polar residues in the peptide sequence affects its tendency to
be adsorbed into the membrane. Sequences with phenylalanine
at the extremity of the peptide sequence have a higher
tendency to be adsorbed in our simulations.

■ METHODOLOGY
To study peptide−membrane binding, we use an amphipathic
peptide wherein non-polar (i.e., phenylalanine F) and charged
(i.e., positive lysine K and negative glutamic acid E) residues
alternate along the sequence, i.e., Ac-(FKFE)2-NH2�see
Figure 1a. This reference peptide was shown to self-assemble
into amyloid-like fibril structures in both computer simulations
and experiments.39−41 Moreover, in all-atom simulations, it
was shown to bind to lipid membranes in less than 1 μs,
making it suitable for computational studies.9 We study
membrane binding of 15 peptides made by adding positive (K)
or negative (E) amino acids to the N-terminus of the reference
sequence or by scrambling the position of its residues. A
comparative study of membrane binding by these peptides
allowed us to provide insights into the effects of net charge and
position of charged residues on the peptide sequence.
Membrane binding was also studied for peptides where
phenylalanine residues of the reference peptide were replaced
with valine or alanine to provide insights into effects of non-
polar side chains. A list of peptides simulated in this study is
provided in Table 1.

A zwitterionic bilayer made with 64 phosphatidylcholine
(POPC) lipids in each leaflet is used to study membrane
binding�see Figure 1b. This membrane was created using

CHARMM-GUI42−44 in a box of initial size 6.6 × 6.6 × 12
nm3. For each of the 15 peptides studied here, five to eight
simulations were performed by adding the peptide randomly to
the simulation box at a distance larger than 2 nm from the
membrane. The system was solvated with TIP3P water
molecules. In the case of charged peptides, sodium/chloride
ions were added to the solution to account for systems with
zero charge. These monovalent ions do not interact strongly
with lipids and peptide,25,26 and thus, their presence does not
significantly affect peptide−membrane binding when com-
pared to divalent ions,9 e.g., Ca2+. Figure 1c shows a typical
simulation box without water molecules and the minimal
distance ξ between atoms of the peptide and the membrane,
which is one of the main quantities computed in this study.

All the systems were equilibrated using the two sets of three
5 ps simulations provided by CHARMM-GUI. In the first set,
simulations were performed in the NVT ensemble with the
magnitude of atomic restraints reduced after each simulation.
The second set of simulations were performed in a similar
fashion in the NPT ensemble.

Figure 1. Atomic representation of (a) the reference peptide and (b)
a POPC lipid. (c) Schematic representation of the simulation box and
the minimum distance ξ between the peptide and the lipid bilayer.

Table 1. List of Sequences Simulated in This Studya

Sequence Traj. Time

Ac-(FKFE)2-NH2 7 5 μs
Ac-K2(FKFE)2-NH2 5 5 μs
Ac-K4(FKFE)2-NH2 8 8 μs
Ac-E2(FKFE)2-NH2 5 5 μs
Ac-E4(FKFE)2-NH2 5 5 μs
Ac-KFFEEFFK-NH2 5 5 μs
Ac-KEF4KE-NH2 5 5 μs
Ac-(KFFE)2-NH2 5 5 μs
Ac-FEFKFKFE-NH2 5 5 μs
Ac-KKF4EE-NH2 5 5 μs
Ac-FKKFFFEE-NH2 5 5 μs
Ac-EFFKKFFE-NH2 5 5 μs
Ac-FFKKFFEE-NH2 5 5 μs
Ac-(VKVE)2-NH2 7 5 μs
Ac-(AKAE)2-NH2 5 5 μs

aThe number of different trajectories for each sequence and the total
simulated time are provided in columns 2 and 3.
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Simulations were performed using GROMACS-202045 with
the CHARMM36m force field.46 Equations of motion were
integrated using the leapfrog algorithm with a 2 fs time step.
The Nośe−Hoover thermostat (310 K and τT = 1 ps)47,48 and
the Parrinello−Rahman barostat (1 bar and τp = 5 ps)49 were
used to perform simulations in the NPT ensemble. A Verlet-list
was used to account for first-neighbors, wherein the cutoff for
van der Waals interactions was set to be 1.2 nm. The smooth
particle mesh Ewald scheme with a grid spacing of 0.12 nm and
a real space cutoff of 1.2 nm was used to treat electrostatic
interactions.50

■ RESULTS AND DISCUSSION
Peptide−Membrane Simulations. Figure 2a shows the

distance ξ between atoms of the peptide and the bilayer in the
seven simulations performed using the reference peptide. In
these trajectories, the peptide experiences several binding and
unbinding events as ξ increases and decreases. In four
simulations (labeled 1, 2, 3, and 6), the peptide becomes
adsorbed onto the membrane surface after several hundreds of
nanoseconds. In the adsorbed state, non-polar side chains are
buried into the dry core of the bilayer and charged residues are
exposed to the solvent�see panel b. In the time frame of our
simulations, the reference peptide does not get desorbed.

One of the goals of this study is to provide insights into the
attraction of peptides to the membrane. Thus, a main focus is
on the reversible binding−unbinding events that take place
before the peptide gets adsorbed. Since lifetimes of adsorbed
and “reversible” bound states are very different, we distinguish
between these states by tracking the the residence time (or
binding-time) of every binding event in which the peptide

encounters the membrane. If this time is longer than a cutoff
time τoff, we consider the peptide to be adsorbed. Portions of
the trajectory in which the peptide is adsorbed are not taken
into account in the analysis. Figure 2c shows the distribution of
ξ computed from all the reversible trajectories of the reference
peptide using τoff = 45 ns. This distribution is characterized by
three peaks at positions 0.17, 0.21, and 0.47 nm. In the first
two peaks, the peptide is in direct contact with the bilayer (see
panel e), whereas it remains solvated in the third broad peak�
see panel f. Accordingly, we use the minimum between the
second and third peaks, i.e., ξcutoff = 0.325 nm, as a cutoff to
define bound states of the peptide.

A main quantity computed in this study is the fraction of all
reversible frames in which the peptide is found bound to the
membrane. This quantity is referred to as the “binding ratio” of
the peptide. The dependence of the latter on τoff is shown in
Figure 2d. Initially, the binding ratio increases abruptly and it
saturates at τoff ∼ 20 ns. For larger values of τoff, the binding
ratio increases in small steps highlighting the existence of only
a small number of binding events that survive for a long time,
i.e., adsorbed states. The comparison of the binding ratio for
the different peptides studied in this work does not depend on
the actual choice of τoff except for two sequences�see Figures
S16 and S17. The latter cases involve a single event where the
peptide remains bound to the membrane for more than 60 ns
before detaching from it. Since our simulations are not long
enough to sample these rare long binding events, binding ratios
are computed using τoff = 45 ns. For all the simulated peptides
in this study, the dependence of the “binding ratio” on τoff is
reported in the Supporting Information�see Figures S16 and
S17. Error bars correspond to statistical uncertainties estimated

Figure 2. (a) The minimum distance ξ between atoms of the reference peptide and the lipid bilayer in seven independent simulations. (b)
schematic representation of adsorbed peptide on the membrane with non-polar residues (F) in yellow, positive ones (K) in blue, and negative ones
(E) in red. (c) distribution of ξ computed from all the reversible trajectories of the reference peptide. ξcutoff is highlighted by a gray vertical dashed
line. (d) dependence of the binding ratio on τoff. Characteristic conformations of binding frames with peptide in (e) direct contact and (f) solvated.
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by computing the standard deviation of the binding ratio for
(N − 1) trajectories where one of the N different simulations
was removed each time during the calculation.

Net Peptide Charge. In order to study how the net charge
of a peptide affects its binding to the membrane, two or four
glutamic acid (E) or lysine (K) amino acids are added to the
N-terminal of the neutral Ac-(FKFE)2-NH2 peptide to account
for net charges of −4, −2, +2, and +4, respectively�see Figure
3a. These peptides are referred to as E4, E2, K2, and K4,
respectively. It is important to notice that K and E amino acids
differ also in the length of their side chain, which makes lysine
moderately hydrophobic.

To compute binding ratios, five 1-μs trajectories were
generated for E4, E2, and K2 peptides. These peptides are
mostly disordered in our simulations with all residues adopting
coil structures consistently. In one of the simulations
performed with the K4 peptide, it formed a transient β-hairpin
structure that survived for 0.2 μs. This suggests that the K4
peptide can adopt more complex conformations and, therefore,
requires more thorough sampling. We generated eight 1-μs
simulations for this peptide such that its average binding ratio
changed by only 0.3% when segments of the trajectories where
it adopts β-hairpin conformations are removed from the
analysis. Thus, for all peptides studied in this work, secondary
structure formation is not a factor affecting peptide−
membrane binding. The conformation of each peptide
simulated here is characterized by its end-to-end distance in
the Supporting Information�see Figures S18−S32. Note that,
because of the finite size of the simulation box, the shortest

peptide (i.e., our reference peptide) can sample larger distances
ξ from the membrane compared to E4 and K4 peptides.
Binding ratios of the shortest peptides are, therefore, biased
toward the unbound state compared to E4 and K4. To correct
for this finite size effect, only frames for which ξ < 2.5 nm
(where 2.5 nm is a distance sampled by all peptides) are taken
into account when computing for binding ratios.

Figure 3b shows the binding ratios of peptides with a net
charge varying from −4 to +4. This quantity increases
monotonically with the net peptide charge up to +2. The
binding ratio of K4 is slightly lower than that for K2 but still
higher than that for the neutral reference peptide. This shows
that positively charged peptides are more favorably attracted to
lipid bilayers than neutral or negatively charged chains
highlighting the importance of electrostatic interactions in
this process. This trend is independent of our definition of
binding ratio given by τoff�see Figure S16. These results are
consistent with previous studies on the reference peptide
where negatively and positively charged side chains were
shown to be repelled from and attracted to lipid membranes,
respectively.9

Figure 3c characterizes contributions of each positive residue
to membrane binding by computing the percentage ζ of
reversible-bound frames in the trajectory wherein the ith lysine
in the sequence is bound to a lipid. We consider that a lysine
residue is bound to a lipid if the minimal atomic distance
between these groups is less than 0.325 nm�see Figure 2c.
The index i starts with the first lysine residue at the N-terminal.
Figure 3c shows that, for K4 and K2, the two lysines close to

Figure 3. (a) Amino acid sequence of peptides K4, K2, reference, E2, and E4. (b) Binding ratios of peptides with respect to their net charge. (c) The
percentage ζ of reversible-bound frames wherein the ith lysine is bound to a lipid. (d) The dependence of ζ on the SASAK for each lysine.
Characteristic conformations of reversible-bound (e) K4 and (f) E4, wherein lysines are represented in blue, glutamic acids in red, and phosphate
groups in orange.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c06404
J. Phys. Chem. B 2023, 127, 912−920

915

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06404/suppl_file/jp2c06404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06404/suppl_file/jp2c06404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c06404/suppl_file/jp2c06404_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06404?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06404?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06404?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c06404?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c06404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the N-terminal bind more frequently to lipids than the other
positive residues defined by indices 3−6. For reference and
anionic (i.e., E2 and E4) peptides, the first lysine in the
sequence binds more and less frequently, respectively, than the
second lysine.

To provide insight into the different contributions of lysine
residues to membrane binding, Figure 3d shows the depend-
ence of ζ on the solvent accessible surface area SASAK for each
individual lysine. There is a clear positive correlation between
these quantities, which shows that lysine residues that are more
exposed to the solvent are also more likely to be attracted to
the membrane. Since lysine residues that are located closer to
one of the extremities of a peptide are expected to have a larger
SASAK, they are also expected to be more attracted to the
membrane. This explains the larger ζ for the first lysine
residues of K4, K2, and the reference peptide. The lower ζ of
the first lysine residue in anionic peptides (green and purple
symbols in Figure 3c) can be explained by its closer proximity
to negative E side chains. These oppositely charged residues
attract each other to form salt-bridges, which reduces SASAK.
Panels e and f show characteristic configurations of reversible-
bound states for K4 and E4 peptides. In the former, lysine
residues that are located closer to the N-terminal of the K4
peptide are binding to negative phosphate atoms of the bilayer.
In panel f, the lysine residue located closer to the N-terminal of
the E4 peptide is forming salt-bridges with negative glutamic
acids and it is the second lysine that is binding to the
membrane.

Peptide Sequence. In summary, Figure 3 shows that
membrane binding is affected by both the net charge of a
peptide and the position of its positive residues in the amino
acid sequence. The latter affects the extent by which positive
residues are exposed to the solvent and, therefore, can interact

with negative moieties of lipids. To better understand the
relationship between exposure of positively charged residues
and membrane binding, eight neutral sequences were designed
by reordering the amino acids of the reference peptide. The
two lysine residues are separated from each other by at least
one residue for sequences A−E and placed consecutively in the
amino acid sequence for peptides F−H�see Figure 4a. In
these two sets of peptides, lysine residues are placed at
different distances from the extremity of the peptide. The
exposure of positive residues is quantified by computing the
average solvent accessible surface area SASAK of both lysine
residues over all reversible frames in which the peptide is not
bound to the bilayer. This quantity varies from 2.99 to 3.73
nm2, and it correlates with the position of lysine residues in the
peptide sequence. In particular, sequences A, B, and F that
have lysine residues located at the extremities of the peptide
exhibit the largest SASAK in our simulations. Conversely,
peptides that have lysine residues located in the middle of the
sequence, e.g., peptides E and H, exhibit the lowest SASAK
values�see Figure 4b.

The dependence of the binding ratio on SASAK is outlined
in Figure 4b using red and blue dashed lines for peptides A−E
and F−H, respectively. For these neutral sequences, the
binding ratio increases with SASAK wherein peptides with the
lowest and highest SASAK are found bound to the bilayer 15%
and 25% of the time, respectively. Interestingly, these binding
ratio levels are comparable to the ones for anionic (i.e.,
peptides E2 and E4) and cationic (K2 and K4) peptides in
Figure 4b, respectively. Thus, adding positive residues to the
N-terminal of a given peptide can have the same effect on
membrane binding as increasing its SASAK by moving existing
lysine residues to its extremities. Similarly, adding negative
residues to the N-terminal can have the same effect as reducing

Figure 4. (a) Amino acid sequence of peptides A−H. (b) dependence of binding ratio on SASAK for peptides A−H. NP for each peptide is shown
as a number in (b). (c) dependence of ζ on the SASAK for each lysine. (d) Characteristic conformations of adsorbed peptides F, G, and H.
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its SASAK by placing lysine residues in the middle of the
peptide sequence.

In Figure 4b, peptides with the same SASAK have a higher
binding ratio if their lysine residues are found consecutively in
the peptide sequence (red dashed line in Figure 4b) as
opposed to separated by other residues (blue line). This can be
rationalized by noticing that both lysine residues are more
likely to bind simultaneously to negative phosphate atoms of
lipids if they are located close to each other as opposed to
separated by several residues. This accounts for bound states
that have a longer lifetime and, thus, a higher binding ratio.
Evidence of increased lysine−phosphate binding for sequence
F−H is provided by computing the number NP of phosphate
atoms bound to lysine residues. This quantity is shown as
numbers in Figure 4b, which are computed by averaging over
all frames in the reversible portions of the trajectories where
the peptide is found bound to the membrane, i.e., ξ < ξcutoff.
Peptide F binds to twice as many phosphate atoms as peptides
D and C that have similar SASAK. Similarly, peptide G has a
higher NP than peptide E.

Figure 4c depicts the percentage ζ of reversible-bound
frames in which the first and second lysine residues are bound
to the membrane. In particular, ζ is shown as a function of
SASAK computed for each lysine residue for peptides A−H.
This figure shows that lysine residues contribute more to the
bound state if they have a large SASAK. For example, lysine
residues of peptides A, B, C, and F have a larger SASAK and ζ
than peptides D, E, G, and H. However, this correlation is not
as well-defined as that for charged peptides in Figure 3d,
suggesting that other factors, e.g., other residues of the peptide,
also play a role in accounting for bound states.

Out of the five 1-μs trajectories performed for each sequence
(see Figures S6−S15), between 1 and 4 of them ended up with
the peptide adsorbed onto the bilayer. Adsorbed states are
stabilized by the burial of their non-polar residue in the dry
bilayer core. This may involve the burial of four, three, or two
phenylalanine residues as in the case of peptides F, G, and H in
Figure 4d. A trend can be highlighted from an analysis of the
trajectories in which peptides A−H are adsorbed. In particular,
sequences D, E, and G, which have a phenylalanine residue at
one extremity (i.e., the N-terminal), are found to be adsorbed
in at least 60% of the trajectories�see Table 2. In contrast,

sequences A, B, C, F, and H with lysine or glutamic acid at
their extremities are absorbed in 60% or less of the
trajectories�see Table 2. This suggests that sequences that
have phenylalaline residues at their extremities are more likely
to be adsorbed onto the membrane. To test this ideas, five
additional 1-μs simulations were performed with peptide Ac-
FFKKFFEE-NH2 which has two phenylalanine residues at the
N-terminal. Figure 5a shows the minimal distance of this
peptide in the different trajectories. The peptide becomes
adsorbed to the membrane in less than 200 ns after only a few
reversible binding events. The sequences of events leading to
adsorption are shown in panels b and c for trajectory number
1. At 200 ns (panel b), only the first two phenylalanine
residues are embedded into the membrane. At 700 ns (panel

c), all four phenylalanine residues become anchored into the
membrane. This corroborates the trend observed for peptides
A−G, but it needs to be validated with more trajectories and
more peptide sequences.

Non-Polar Residues. The role played by non-polar
residues in peptide−membrane binding is investigated by
replacing phenylalanine residues of the reference peptide (i.e.,
F) with less hydrophobic valine (i.e., V) and alanine (i.e., A)
amino acids. We will refer to these sequences as F-, V-, and A-
peptides in this section. The binding ratio of these peptides
computed from five 1-μs trajectories (as in previous sections)
does not change significantly. It is 19% for both F- and V-
peptides and 20% for the A-peptide. This corroborates the idea
that the attraction of peptides to the lipid membranes, which
accounts for reversible-bound states, is determined by charged
residues and not non-polar amino acids. In contrast, the
adsorbed state always involves the insertion of non-polar side
chains into the hydrophobic interior of the lipid bilayer.
Accordingly, in four out of the seven trajectories for the F-
peptide (see Figure 2a), the peptide becomes adsorbed into
the membrane. For the less hydrophobic peptides, adsorption
only takes place in one of the five 1-μs trajectories of the V-
peptide and in none of the trajectories for the A-peptide. Thus,
more hydrophobic peptides become anchored into the
membrane with a lesser probability to unbind from it.

■ CONCLUSION
In this paper, we explored effects of net charge, sequence
pattern, and hydrophobicity on peptide−membrane binding
using extensive all-atom molecular dynamics simulations. In a
typical trajectory, the peptide that is initially located in the
solvent undergoes several binding and unbinding events to the
membrane before becoming adsorbed onto it. We show that
the net charge of a peptide and the position of its charged
residues in the sequence play an important role in accounting
for the frequency of binding−unbinding events whereas non-
polar residues affect peptide adsorption.

Our simulations are consistent with a previous study in
which the presence of anionic lipids in the membrane
increased the frequency of binding events, showing that
charged moieties of the peptide are attracted to negative
phosphate atoms of lipid membranes. Accordingly, we find that
adding positive and negative residues to a peptide increases
and decreases, respectively, its affinity to the membrane.
Moreover, the frequency with which a peptide encounters the
membrane is affected by the position of its positive residues in
the peptide sequence. The latter affects the extent by which
positive side chains are exposed to the solvent and, thus, can
interact with the membrane. We find that positive residues at a
peptide’s extremity (i.e., N- and C-terminal) are more exposed
to the solvent and, thus, encounter the membrane with a
higher frequency. In contrast, positive residues located in the
middle of the peptide sequence tend to be less exposed to the
solvent and to bind the lipid bilayer with lesser frequency.

The adsorption of a peptide to the membrane involves
burying its non-polar residues into the dry core of the lipid
bilayer. Accordingly, we find that amphipathic peptides made
using non-polar residues that have small (i.e., alanine and
valine) and large (i.e., phenylalanine) transfer free energies
from water to lipid bilayers51 are adsorbed more and less
frequently onto the membrane, respectively. In the same vein,
we observe that the position of non-polar residues in the
peptide sequence affects its tendency to be adsorbed onto the

Table 2. Percentage of Trajectories in Which the Peptide
Becomes Adsorbed onto the Membrane

A B C D E F G H

Adso. (%) 40 40 60 60 80 60 60 20
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membrane. Sequences with phenylalanine at the extremity of
the peptide sequence have a higher tendency to be adsorbed in
our simulations. The generality of this statement needs,
however, to be further validated for other peptide sequences.

In summary, this current study provides insights into the
mechanisms accounting for peptide−membrane binding and
the role played by electrostatic and hydrophobic interactions in
it. We anticipate that these insights will contribute to guide the
design of new cell-penetrating peptides and more efficient
antimicrobial peptides. Moreover, our results are consistent
with previous studies in which electrostatic interactions
between the peptide and the membrane were altered by either
adding divalent cations to the solution9,28 or tuning the lipid
composition rendering the membrane charged.9,30,52 The latter
is intimately linked to the selectivity of certain peptides for cell
membranes with specific lipid composition, which is important
in designing efficient antimicrobial peptides with low toxicity
to host cells.
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