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ABSTRACT: In several neurodegenerative diseases, cell toxicity can emerge
from damage produced by amyloid aggregates to lipid membranes. The
details accounting for this damage are poorly understood including how
individual amyloid peptides interact with phospholipid membranes before
aggregation. Here, we use all-atom molecular dynamics simulations to
investigate the molecular mechanisms accounting for amyloid−membrane
interactions and the role played by calcium ions in this interaction. Model
peptides known to self-assemble into amyloid fibrils and bilayer made from
zwitterionic and anionic lipids are used in this study. We find that both
electrostatic and hydrophobic interactions contribute to peptide−bilayer
binding. In particular, the attraction of peptides to lipid bilayers is dominated
by electrostatic interactions between positive residues and negative phosphate
moieties of lipid head groups. This attraction is stronger for anionic bilayers
than for zwitterionic ones. Hydrophobicity drives the burial of nonpolar
residues into the interior of the bilayer producing strong binding in our simulations. Moreover, we observe that the attraction of
peptides to the bilayer is significantly reduced in the presence of calcium ions. This is due to the binding of calcium ions to negative
phosphate moieties of lipid head groups, which leaves phospholipid bilayers with a net positive charge. Strong binding of the peptide
to the membrane occurs less frequently in the presence of calcium ions and involves the formation of a “Ca2+ bridge”.
KEYWORDS: Amyloid, lipid membrane, calcium, amyloid−membrane binding, calcium−membrane binding, Alzheimer’s disease

■ INTRODUCTION

Amyloid diseases, which include Alzheimer’s and Parkinson’s,
are characterized by the aggregation of peptides into soluble
oligomers and fibrils.1−6 Interactions of these aggregates with
the cell membrane accounts for an important mechanism of
cell toxicity wherein annular shaped oligomers can form pores
in lipid bilayers and amyloid fibrils can induce lipid loss
through a detergent-like mechanism.2,7−11 These types of
damage increase the vulnerability of neurons, and they can lead
to cell death.12,13 Several factors have been shown to affect
toxicity by amyloid peptides including lipid composition and
the presence of ions in the solution.14−27 Currently, the
molecular mechanisms accounting for amyloid−membrane
interactions remain poorly understood and further studies are
needed to rationalize how these mechanisms are affected by
lipid composition, ions, and pH. This fundamental knowledge
is critical to better understand cell toxicity, and it may enable
rational design of new therapeutics to treat amyloid diseases.
Insights into amyloid toxicity are often obtained exper-

imentally by studying peptide aggregation in the presence of
vesicles, monolayers, or supported/suspended lipid mem-
branes.22,23,28−30 Specifically, vesicles can contribute to either
increase or decrease the rate of aggregation.15,28,31−34

Decreased rates of aggregation have been related to the

sequestration of peptides into the interior of the bilayer where,
surrounded by lipids, it is more difficult for peptides to attract
each other.35 In some cases, increased rates of aggregation have
been related to the ability of some lipids to attract and align
peptides at the membrane surface facilitating the formation of
amyloid fibrils.14,15 Accordingly, anionic vesicles have been
shown to induce peptide ordering at the bilayer surface and to
increase the rate of amyloid fibril formation.15,36 These results
have been reproduced for different types of anionic lipids as
well as peptide sequences highlighting the importance of
electrostatic interactions in amyloid−bilayer binding. At first
sight, it might appear counterintuitive that the rate of
aggregation of negatively charged peptides, for example, the
amyloid-β (Aβ) protein, increases in the presence of anionic
membranes. However, Aβ has several positive residues
distributed along its amino acid sequence, which can be
attracted to the bilayer while keeping negative residues at a

Received: March 10, 2021
Accepted: April 26, 2021
Published: May 11, 2021

Research Articlepubs.acs.org/chemneuro

© 2021 American Chemical Society
2027

https://doi.org/10.1021/acschemneuro.1c00140
ACS Chem. Neurosci. 2021, 12, 2027−2035

D
ow

nl
oa

de
d 

vi
a 

N
E

W
 J

E
R

SE
Y

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
N

ov
em

be
r 

1,
 2

02
1 

at
 0

0:
23

:1
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanxing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharareh+Jalali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+L.+Nilsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristiano+L.+Dias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschemneuro.1c00140&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00140?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00140?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00140?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00140?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00140?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acncdm/12/11?ref=pdf
https://pubs.acs.org/toc/acncdm/12/11?ref=pdf
https://pubs.acs.org/toc/acncdm/12/11?ref=pdf
https://pubs.acs.org/toc/acncdm/12/11?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00140?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org/chemneuro?ref=pdf


certain distance from it.29,37 This counterintuitive behavior of
Aβ was highlighted by Moores et al.30 wherein this peptide was
shown to bind positively and negatively charged, as well as
nonpolar, surfaces because of its complex distribution of
charged and nonpolar residues. In the same vein, binding of α-
synuclein to membrane was shown to be driven by electrostatic
interactions between positive lysine residues and lipid head
groups.38

The importance of electrostatic interactions is further
highlighted by the role played by calcium ions in amyloid
aggregation at the surface of lipid membranes. Experimental
studies consistently report that the addition of Ca2+ ions to
solutions containing anionic bilayers promotes the aggregation
of amyloid peptides independently of their net charge.10,19,39

This has been related to a reduction in the peptide−membrane
binding affinity and calcium’s ability to promote the stability of
lipid membranes, which may inhibit the sequestration of
peptides into the bilayer.10,19,39,40 Calcium’s roles in regulating
the formation of lipid domains and recruitment of ionic lipids
to the membrane surface have also been proposed as
mechanisms to explain its effect in aggregation.41−43 In
contrast to these results, an increase in the peptide−membrane
binding affinity has also been reported for the Aβ peptide via
the formation of “Ca2+ bridges” between negatively charged
glutamic acid (E) residues and negatively charged phosphate
moieties of lipid head groups.20,44,45 The effect of calcium in
promoting aggregation close to anionic membrane has,
however, been observed even for peptides that do not have
negative residues, for example, amylin. This suggests
mechanisms of action that do not depend on the presence of
negative residues in the peptide sequence.
Computational studies have been providing important

insights into the mechanism of amyloid−membrane bind-
ing.21,46−50 Recent studies have shown that the nonpolar
segments of amyloid peptides, for example, the C-terminal
residues and the central hydrophobic core of Aβ, are the first to
be inserted into the bilayer interior.51 This highlights the
importance of hydrophobic interactions. In these simulations,
amyloid peptides cause the bilayer to become thinner and the
area per lipid to reduce significantly wherein the fatty acid tail
of lipids become strongly disordered.46,51,52 Despite these
important insights, most simulations have not been designed to
study the attraction of amyloids to lipid membranes as they are
performed with peptides already deposited on the bilayer
surface. For the latter study, a large fraction of the simulation
box needs to be dedicated to the solvent, which is
computationally expensive but necessary to understand how
peptides in solution approach the membrane.
Here, we use molecular dynamics simulations to provide

atomic insights into the interactions accounting for the
attraction and binding of individual amyloid-like peptides,
i.e., monomers, to lipid bilayers and the effect of calcium ions
in this process. As shown in Figure 1, a large fraction of the
simulation box is dedicated to the solvent in our simulations.
We show that the attraction of peptides to membranes is
dominated by electrostatic interactions between positively
charged residues and negatively charged phosphate groups of
lipids. Moreover, when the peptide is at close proximity to the
membrane, hydrophobicity drives the burial of nonpolar
residues into the bilayer, which produces strong binding in
our simulations. These modes of interaction were observed for
both zwitterionic and anionic bilayers wherein the attraction of
positive residues is more pronounced in the latter membrane.

We also show that Ca2+ ions bind strongly to phosphate groups
of the lipid bilayer53,54 shielding electrostatic interactions
between positively charged residues and the membrane. This
accounts for a significantly weaker attraction of peptides to
membranes in our simulations. Strong binding of peptides to
lipid membranes occurs less frequently in the presence of
calcium ions, and it involves the formation of Ca2+ bridges
between negatively charged E residues and negatively charged
phosphate moieties of lipids.

■ RESULTS AND DISCUSSION
Zwitterionic Bilayer. A schematic representation of the

simulation box and the shortest distance ξ between lipid and
peptide atoms is shown in Figure 1c. The time dependence of
ξ is depicted in Figure 2a,b for two trajectories simulated using
the F-sequence and the PC bilayer in the absence of CaCl2. In
panel a, the peptide undergoes several binding−unbinding
events, and in panel b it binds strongly to the membrane after
an induction time of 200 ns. A characteristic configuration of
the peptide in this strong binding state is shown in the inset of
panel b wherein nonpolar phenylalanine side chains are buried
within the dry core of the bilayer and charged side chains are
facing the solvent interface. In three out of the five 600 ns
simulations performed for this system, the peptide binds
strongly to the bilayer after 200, 250, and 500 ns, see section
S2. For the less hydrophobic V-sequence, the peptide binds
strongly to the bilayer after 200 ns in only one of the five
simulations, see section S2. In the presence of Ca2+ ions, the F-
peptide did not bind strongly to the bilayer in any of the five
simulations, see section S2. This is an indication that
anchorage of peptides to the bilayer can be reduced by
decreasing the hydrophobic character of the sequence and by
adding ions to the solution.
To quantify peptide−bilayer interactions, all the simulations

are identified as two regions referred to as induction time and
strong binding. All the analysis in this work is run on these two

Figure 1. Atomic representation of (a) peptides and (b) lipids studied
in the work. Cyan, white, blue, red, and orange represent carbon,
hydrogen, nitrogen, oxygen, and phosphate atoms, respectively. (c)
Schematic representation of the simulation box and the minimum
distance between peptide and lipid bilayer.
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regions separately and takes all the replicas into account.
Figure 2c depicts histograms of ξ computed during the
induction time of our simulations. These histograms exhibit
three main peaks with maxima at 0.17, 0.21, and 0.47 nm. The
first two peaks are characterized by configurations in which
atoms of several residues are in direct contact with lipids in the
bilayer whereas the peptide remains mainly solvated in the
third peak. Thus, the minimum between second and third
peaks, i.e., ξcutoff = 0.325 nm, can used as a cutoff to
discriminate between membrane bound and unbound states of
the peptide. Histograms of simulations performed using F- and
V-sequences in the absence of ions differ mainly in the first two
peaks, which are less pronounced for the less hydrophobic V-
peptide. When CaCl2 is added to the solution, the first two
peaks of the F-sequence become significantly less pronounced
and the probability of finding the peptide at ξ increases with
increasing ξ. This suggests that CaCl2 renders the zwitterionic
bilayer repulsive to the peptide. The table in Figure 2d
summarizes these results by showing the percentage of
peptide−bilayer binding events of our simulations. This
percentage is computed from the histogram in Figure 2c
using ξcutoff. Reducing the hydrophobic character of the peptide
decreases the percentage of binding events in the simulation
from 21% for phenylalanine to 16% for valine. Adding CaCl2 to
the solution has an even stronger effect as it reduces the
population of binding events to 2%.
Figure 2e−f provides insights into the chemical groups that

are attracted to the bilayer by tracking the type of residues that
are closest to the membrane at a distance ξ. For large peptide−
bilayer distances (i.e., ξ ≥ 2 nm), 40% of all configurations in
our trajectories have nonpolar residues (i.e., F) closer to the

membrane. Configurations in which positive (K) and negative
(E) residues are closer to the bilayer account for 25% and 25%,
respectively, of all frames. The remaining 10% of frames (not
shown in the figure) correspond to configurations in which the
N-terminal (acetyl group) is the closest chemical group to the
bilayer. These numbers are mostly consistent with the
percentage of F (i.e., 44%), E (22%), and K (22%) amino
acids in the peptide sequence, and they reflect a situation in
which the peptide is not interacting with the bilayer.
In the absence of CaCl2 (see Figure 2e) and as ξ decreases,

the percentage of K-configurations, that is, configuration in
which K is the closest residue to the membrane, increases
significantly from 25% to 35%, see red line. Concurrently, E-
configurations (black line) become proportionally less
populated whereas the percentage of F-configurations (blue
line) is mostly unaffected by the minimal peptide−bilayer
distance. This highlights the importance of electrostatics in
peptide−bilayer interactions wherein positively and negatively
charged amino acids are attracted to and repelled from the
bilayer, respectively. A characteristic configuration illustrating
this type of peptide−bilayer interaction is shown in Figure 2g
wherein a positively charged K residue is attracted to
negatively charged phosphate atoms of POPC (large beige
spheres), which repel negatively charged E residues.
In the presence of CaCl2 (Figure 2f) and as ξ decreases, the

percentage of K-configurations decreases from 22% to 9%,
whereas the number of E-configurations remain mostly
insensitive to the peptide−bilayer distance. Concurrently, the
percentage of F-configurations increases from 40% to 55%. A
characteristic configuration wherein F residues are close to the
bilayer is shown in Figure 2h. This figure also depicts Ca2+ ions

Figure 2. Peptide binding to zwitterionic (PC) bilayers. Time dependence of peptide−bilayer distance for simulations performed using F-peptide
(a) without and (b) with strong binding. Inset of panel b shows a configuration in which the peptide is bound strongly to the bilayer with F side
chains buried within the lipid tail. (c) Distance distribution computed during the induction time of simulations performed using F- and V-peptides
in the absence and presence of 350 mM CaCl2. (d) Percentage of time F- and V-peptides are bound to the bilayer in the absence and presence of
350 mM CaCl2. Percentage of bound states at a distance ξ for which E, K, or F residues are closer to the membrane in the (e) absence and (f)
presence of CaCl2. Characteristic configurations showing (g) a lysine side chain being attracted to phosphate atoms (in beige) in the absence of
CaCl2 and (h) calcium ions (in purple) being attracted to phosphate atom and repelling lysine side chains.
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(purple spheres), which are attracted to negatively charged
phosphate atoms (beige) of POPC lipids. We find that on
average every fourth POPC lipid becomes bonded to one Ca2+

ion consistent with other studies,53,54 see also Figure S2. This
renders the bilayer positively charged leading it to repel K
residues and accounting for fewer K-configurations in the
trajectory. To explain the increased percentage of F-
configuration with decreasing ξ in panel f requires noticing
that nonpolar and charged residues face opposite sides of our
amphipathic peptides (see Figure 1a). Thus, repulsion of K
residues leaves the nonpolar side of the peptide facing the
bilayer, which accounts for the increased percentage of F-
configurations with decreasing ξ.
Recent studies have suggested that the binding strength of

Ca2+ to lipid bilayers may be overestimated in most force
fields.54 Accordingly, corrections to the Ca2+ force field have
been proposed including the electronic continuum correction
with rescaling (ECCR)55 and the pair-specific nonbound fixed
optimized Lennard-Jones parameters (NBFIX).56 Since bind-
ing of calcium to the bilayer is critical to explain effects of this
ion on peptide−membrane interactions, we also performed
simulations with the NBFIX force field. In the Supporting
Information, we show that the percentage of peptide−bilayer
bound states in the presence of Ca2+ ions modeled with the
NBFIX force field is 11% ± 1.7%, see section S3. Thus, the
effect of CaCl2 in discouraging binding of peptides to the
bilayer is robust in simulations although its magnitude may
depend on force field.
Figure 3a shows that the effect of the positively charged

amino moiety of POPC lipids plays a lesser role in attracting
peptides to the bilayer as it is exposed to the solvent and, thus,
screened by it. In this figure, the average cosine of the angle
between the dipole moment of water and the z-axis is plotted
as a function of the z-coordinate of water. At distances larger
than 1 nm, which corresponds to approximately three layers of
water molecules, the average cosine is zero as water molecules
do not have a preferential direction. Close to the bilayer, the
net orientation of water molecules is consistent with their role
in screening positive charges on the bilayer, that is, the average
dipole moment points toward the membrane surface, as shown
by red arrows in the inset of Figure 3a. Thus, interactions close
to the bilayer interface are dominated by electrostatic
interactions between the negatively charged phosphate moiety
of POPC lipids and charged species in the solution. This
moiety attracts positively charged residues of the peptide as
well as cations. This latter renders the membrane positively
charged and leads to the repulsion of positive residues. In the
absence of cations, the negatively charged phosphate group of
POPC attracts positively charged residues.
Our simulations also show that, when at close proximity to

the lipid surface, nonpolar residues can bury themselves into
the dry core of the bilayer, see inset of Figure 1b. This
accounts for strong peptide−bilayer binding, which leaves the
peptide anchored onto the membrane surface. A sequence of
events leading to hydrophobic burial is shown in Figure 3b−e.
Initially, the peptide is attracted to the membrane surface via
one of its lysine residues (panel b) followed by the insertion of
a nonpolar residue into the lipid bilayer, panel c. The latter
residue acts like an anchor keeping the peptide close to the
surface for an extended period of time, panel d. This allows
other nonpolar residues to embed themselves into the bilayer,
panel e. Since residues that are more hydrophobic can
penetrate the bilayer more easily, sequences with a higher

hydrophobic character are more prone to bind strongly to the
bilayer as shown in Figure 2d.

Anionic Bilayer. To further highlight the role of electro-
static interactions in peptide−bilayer binding, we study the
effects of anionic lipids in Figure 4. In panel a, percentages of
binding events are shown for PC, PG10, and PG30 bilayers in
the absence (black symbols) and presence (red symbols) of
CaCl2. These quantities were computed from the induction
time of the five simulations performed using the F-peptide.
Replacing 10% of POPC lipids with anionic POPG does not
account for a large change in the population of bound states.
However, an increase of almost 10% in the population of
bound states is observed when 30% of POPC lipids are
replaced with POPG. Moreover, in four out of five trajectories,
peptides bind strongly to PG30 bilayers before 100 ns. For
zwitterionic PC bilayer (i.e., Figure 2), strong binding was
observed in only three out of five trajectories after 250 ns. This
highlights significantly stronger attraction and binding of
peptides to anionic bilayers. To rationalize this effect of anionic
lipids, Figure 4b,c shows the percentage of frames in which
positive (K) and negative (E) residues are closer to the
membrane than any other residues. For PG30 bilayers (dashed
black lines), K and E residues are significantly closer to and
further from the membrane, respectively, when compared to
PC bilayers (full black lines). This is consistent with positively
charged residues being more strongly attracted to negatively
charged moieties of anionic than to zwitterionic lipids.

Figure 3. Screening of positive amino groups by water molecules and
burial of nonpolar residues into the bilayer surface. (a) Average cosine
of the angle θ between dipole moment μ of water and z-axis as a
function of the z-coordinate of water molecules. The space occupied
by lipid tails as well as positive (blue) and negative (green) moieties
of head groups are shown schematically. The orientation of μ with
respect to the bilayer surface is shown in red. (b−e) Burial of
nonpolar residues (in blue) into the membrane. Red and yellow
colors are used to represent lysine and glutamate amino acids. These
figures correspond to simulations performed for the F-peptide in the
absence of CaCl2.
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The addition of CaCl2 to the solution accounts for a strong
reduction (by almost 20%) in the percentage of bound states
for both zwitterionic and anionic membranes, see Figure 4a.
Panel b of this figure shows that the percentage of frames in
which positively charged K residues are closest to the
membrane decreases as ξ decreases for both zwitterionic PC
(red lines) and anionic PG30 (green lines) bilayers. This
implies that, in the presence of Ca2+ ions, K residues are
repelled from the membrane. This is due to the deposition of
Ca2+ ions on the bilayer (see Figure 2h), which accounts for a
membrane surface that has a net positive charge. In our
simulations, net charges of PC and PG30 bilayers due to the
deposition of calcium ions are 29e and 13e, respectively.
Surprisingly, panel c shows that, in the presence of Ca2+ ions,
the percentage of frames in which negatively charged E
residues are closer to the membrane than other residues is not
strongly affected by the distance ξ for both zwitterionic PC
(red line) and anionic PG30 (green line) membranes. This can
be explained by the binding of Ca2+ ions to negatively charged
E residues in the solution, see Figure 4d. This screens the
electrostatic interaction between E residues and the positively
charged membrane.
Strong Peptide−Membrane Binding. In the absence of

Ca2+ ions, the peptide binds the membrane strongly in three
and four of the five simulations performed using zwitterionic
(i.e., PC) and anionic (i.e., PG30) bilayers, respectively. Strong
binding for these systems is characterized by the burial of
nonpolar side chains of the peptide within the hydrophobic
tails of lipids, while charged residues remain partially exposed
to the solvent. To characterize this scenario, Figure 5a depicts
density distributions of nonpolar F (in black) and negatively
charged E (in red) side chains computed for configurations
where the peptide is bound strongly to the membrane. Using
the maximum in the density distribution of phosphate atoms as

our reference (blue dashed line), this figure shows that F and E
residues are located within the lipid tail and exposed to the
solvent, respectively. A representative configuration depicting
strong binding is shown in the inset of Figure 5a.
In the presence of Ca2+ ions, the peptide did not bind

strongly in any of the simulations performed using PC or PG10
bilayers. However, strong binding was observed in one of the
five simulations performed using PG30 bilayers. We also
performed simulations in bilayers made from 100% POPG
lipids in the presence of Ca2+ ions (results shown in Figure
S2.4), and strong binding was observed in all five simulations.
This type of strong binding in the presence of calcium is
characterized by the formation of two Ca2+ bridges between E
residues and phosphate moieties of lipid head groups. Density
distributions of F (in black) and E (in red) side chains are
shown in Figure 5b. In this figure, we also show positions of
maximum densities of calcium ions (in dashed green) and
phosphate atoms (in dashed blue). These positions coincide
indicating strong binding between these species. Moreover, the
distribution of E residues overlaps partially with distributions
of both calcium ions and phosphate atoms suggesting Ca2+

bridges. The inset of Figure 5b provides an example of strong
binding configuration in the presence of ions.
A Ca2+ bridge between negatively charged E residues and

phosphate atoms was also reported in simulations performed
using the Aβ protein.45 In our simulations, calcium decreased
significantly the peptide−membrane binding affinity (see
Figure 4a), which is consistent with studies suggesting that
Ca2+ ions prevent the insertion of peptides into the bilayer.40

Importantly, in configurations where the peptide is bound
strongly to the membrane via a Ca2+ bridge, F side chains are
exposed to the solvent, see Figure 5b. We speculate that these
exposed patches of non-polar residues could behave as hot
spots for attracting peptides and catalyzing aggregation.

■ CONCLUSIONS
In summary, we performed extensive all-atom molecular
dynamics simulations to study the interaction of amphipathic
peptides with phospholipid bilayers. We show that both
electrostatic and hydrophobic interactions contribute to

Figure 4. Binding of peptides to anionic bilayers. (a) Percentage of
time that the F-peptide peptide binds to PC, PG10, and PG30 bilayers.
Arrows highlight effects of anionic lipid (in black) and Ca2+ ions (in
red). Percentage of frames in our simulations for which (b) lysine and
(c) glutamic acid are closer to the membrane than other residues at a
distance ξ. Changes with respect to our reference simulation (PC
bilayer) are shown with arrows. (d) Characteristic configuration
showing Ca2+ ions bound to glutamic acid.

Figure 5. Density distributions of phenylalanine (black) and glutamic
acid (red) in (a) the absence of CaCl2 and (b) the presence of CaCl2
for configuration in which the peptide is bound strongly to the bilayer.
Characteristic configurations are shown in the inset with calcium ions
being represented in green.
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binding. Specifically, positively charged residues are attracted
to negatively charged phosphate moieties of lipid head groups.
When the peptide is close to the membrane, hydrophobicity
drives the burial of nonpolar residues into the bilayer. This
produces strong binding of peptides to the bilayer. These
mechanisms take place for both zwitterionic and anionic
bilayers. For the latter membrane, the electrostatic attraction of
positively charged residues is more pronounced than for the
zwitterionic membrane. Accordingly, we observe stronger
peptide-bilayer binding for anionic membranes compared to
zwitterionic ones. We also show that Ca2+ ions are attracted to
phosphate moieties of lipid head groups leaving the membrane
with a net positive charge. This inhibits attraction of positive
residues to the bilayer, accounting for a population of peptide−
bilayer bound states that is significantly less pronounced than
in our simulations containing CaCl2 than in pure water. Strong
binding of peptides to bilayers is also observed in simulations
containing calcium, but it occurs less frequently than in
simulations without calcium. It is driven by a Ca2+ bridge
between negatively charged residues and phosphate moieties of
lipids.
Mechanisms of interaction of antimicrobial peptides with

lipid bilayers resemble those of amyloid peptides.57 A vast
majority of these peptides are cationic, and some of them form
α-helices when their positive residues bind phosphate moieties
of lipid head groups. This leaves the nonpolar side of the α-
helix exposed to the solvent. Insertion of peptides into the
membrane requires flipping the helix to enable hydrophobic
residues to face the bilayer.58 This membrane binding
mechanism for antimicrobial peptides is very similar to the
one outlined in this work for amyloid-like peptides. In
particular, both mechanisms involve electrostatic attraction of
peptides to the membrane surface followed by the insertion of
nonpolar residues into the bilayer. This suggests that general
principles govern the interaction of peptides with lipid bilayers
independently of amino acid sequence.
Effects of cations are critical to understand interactions of

peptides with lipid bilayers in amyloid diseases. In particular, it
has been reported that concentrations of Ca2+ are dysregulated
in cells overexpressing amyloids,59 which is expected to affect
the type and magnitude of membrane damage.19 Our
simulations show that Ca2+ ions reduce significantly the
attraction of peptides to the bilayer. This is consistent with
experimental studies, which have reported that calcium induces
a shallower insertion of amyloid peptides into the bilayer
causing less disruption of the membrane’s hydrophobic
core.10,19,39 The main explanation of this phenomena in our
simulations is the deposition of calcium into zwitterionic and
anionic bilayers,53,54 which shields the attraction of positively
charged residues to negatively charged phosphate moieties of
lipids. This general electrostatic principle is, therefore, likely to
affect the interaction of other peptide−membrane systems.
Accordingly, membrane permeabilization by some antimicro-
bial peptides, including alamethicin60 and gramicidin,61 is
inhibited by calcium. Similarly, a recent study has shown that
the attraction of actin filaments (which are negatively charged)
to positively but not negatively charged membranes is reversed
when divalent ions (i.e., Mg2+) are added to the solutions.62

Furthermore, experimental studies consistently show that
calcium favors Aβ aggregation in the presence of vesicles.19,39

Whereas our study does not address aggregation, we speculate
that this effect of calcium can be explained by the reduced
penetration of peptides into the bilayer where, surrounded by

lipids, they cannot interact with other peptides easily.
However, further simulations are needed to confirm this
proposed role of Ca2+ in aggregation. Notice that, in addition
to calcium, free lipids in solution may an also affect aggregation
and the type of membrane damage caused by amyloids.63

■ METHODS
Two peptide sequences with alternating nonpolar and charged
residues were studied, Ac-(FKFE)2-NH2 and Ac-(VKVE)2-NH2, see
Figure 1a.64,65 These amphipathic peptides differ in the nature of their
nonpolar residues with the sequence containing phenylalanine (F)
being more hydrophobic than the one with valine (V). These
sequences are neutral as the number of positively charged lysine (K)
and negatively charged glutamic acid (E) residues are the same.
Experimental studies have shown that these peptides self-assembly
forming cross-β structures that resemble amyloid fibrils.64,65

CHARMM-GUI was used to build four different lipid bilayers66−68

wherein our reference bilayer is made of 64 zwitterionic
phosphatidylcholine (POPC) lipids in each leaflet. Three negatively
charged membranes were studied by replacing POPC with 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG)
to account for bilayers with 10%, 30%, and 100% anionic lipids.
These bilayers will be referred to as PC, PG10, PG30, and PG. Atomic
structures and charges of POPC and POPG are shown in Figure 1b.
To neutralize the charge of the anionic bilayer, sodium ions are added
to the solution as this ion does not bind strongly to lipids or peptide
atoms.53,54 To study the effect of Ca2+ on peptide−bilayer binding,
simulations were performed in the presence and absence of CaCl2 in
the solution at an approximate concentration of 350 mM. Notice that
the concentration of calcium in the extracellular space is on the order
of 1−2 mM, which accounts for the presence of less than one calcium
ion in a typical simulation box of size 7 × 7 × 7 nm3. Thus, following
common practice in molecular dynamics simulations, we used a much
higher concentration of calcium.53,54 A summary of the different
simulations performed in this work is provided in Table S1. Notice
that five simulations were performed for each lipid composition and
solvent condition. All the quantities reported in this work were
computed from these five simulations.

Simulations were performed using GROMACS-201869 with the
CHARMM36m force field and the TIP3P water model.70 To model
CaCl2, we used the standard CHARMM36m force field as well as the
NBFIX correction. The leapfrog algorithm was used to integrate the
equations of motion with a 2 fs time step. Simulations were conducted
in the NPT ensemble using the Nośe−Hoover thermostat (310 K and
τT = 1 ps)71,72 and the semi-isotropic Parrinello−Rahman barostat (1
bar and τP = 5 ps).73 A Verlet-list was used to account for first-
neighbors, and the cutoff for van der Waals interactions was set at 1.2
nm. Electrostatic interactions were treated using the Smooth Particle
Mesh Ewald scheme with a grid spacing of 0.12 nm and a 1.2 nm real-
space cutoff.74
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