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ABSTRACT: Molecular dynamics simulations are used to provide insights into the
molecular mechanisms accounting for binding of amyloid fibrils to lipid bilayers and to
study the effect of cholesterol in this process. We show that electrostatic interactions play
an important role in fibril—bilayer binding and cholesterol modulates this interaction. In
particular, the interaction between positive residues and lipid head groups becomes more
favorable in the presence of cholesterol. Consistent with experiments, we find that

cholesterol enhances fibril—membrane binding.

B INTRODUCTION

Alzheimer’s disease (AD) is believed to emerge from the
aggregation of amyloid-f (Aff) proteins into soluble oligomers
and fibril deposits.' > Small oligomeric species can target
specific membrane receptors and/or the plasma membrane in a
nonspecific manner.”> Amyloid fibrils have been shown to
interact with lipid bilayers altering their structure and causing
membrane depolarization.””® The lipid content of bilayers can
play a critical role in these processes affecting AD.””"*
Accordingly, increased cholesterol levels at midlife strongly
correlate with Af deposition and the risk of developing AD
later in life.">™'® This lipid, which is an important component
of the neuron plasma membrane,'” has been shown to affect
production,”™>* aggregation rate,”>** and absorption”>”® of
Ap proteins into bilayers. Although critical to understand AD,
the molecular mechanisms accounting for the role of
cholesterol in these processes remain to be fully understood.
Here, we propose a molecular mechanism to explain the effects
of cholesterol on the binding of Af fibrils to bilayers.
Cytotoxicity of amyloid fibrils is usually described in terms
of their effects on cell membranes.””** These effects include
amyloid fibrils piercing the cell membrane (perforation
effect),””*® absorbing lipids from the bilayer (detergent
effect),”*" and/or being deposited onto one of the membrane
leaflets (carpeting effect).'*>*”** These effects cause
membrane deformation and leakage of molecules from inside
small vesicles. The preference for one of these effects over the
others at a specific condition is expected to depend on the
geometry/structure of the amyloid fibril,”’ curvature of the
lipid bilayer,”* and the type/strength of fibril—lipid inter-
actions. Electrostatic interactions were shown to play an
important role in fibril—membrane binding, wherein bilayers
containing anionic lipids promote anchorage of fibrils into the
bilayer surface.” ™" Another important lipid affecting fibril—
membrane binding is cholesterol. Atomic force microscopy
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showed that fibril absorption into zwitterionic membrane
surfaces (carpeting effect) increases with cholesterol content.”
This is consistent with the cholesterol’s effect of promoting the
incorporation of soluble amyloid proteins into the bilayer,*®
which has been related to the formation of amyloid pores.**~*’
These effects of cholesterol appear counterintuitive as this lipid
is located deep inside bilayers without significant access to
proteins in the solvents. Moreover, cholesterol is mostly
nonpolar and, thus, it cannot contribute directly to the
electrostatic anchorage of fibrils to bilayer. In membranes with
more complex lipid composition, cholesterol is involved in
lipid raft formation, which can affect fibril-membrane
interactions.*' ="

Computer simulations have provided additional confirma-
tion that, for zwitterionic bilayers, fibril—membrane binding is
dominated by electrostatic as opposed to van der Waals
interactions.*”*> Moreover, simulations have provided insights
into fibril-membrane conformations along proposed pathways
of fibril insertion.*® For monomeric Af, all-atom simulations
have shown that electrostatic interactions provide the initial
driving force for absorption followed by hydrophobic
interactions between nonpolar residues and the bilayer.” In
this process, negatively charged residues of AS and phosphate
groups can interact via Ca®* ionic bridges.*”*” In one study,
increased cholesterol levels promoted the binding of
monomeric Af;_,, to bilayers.”> This was rationalized in
terms of changes in the physicochemical properties of the
bilayer upon cholesterol addition, including increased surface
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Figure 1. (a) Amino acid sequence and structure of 2BEG and 2MXU fibrils. Positive, negative, polar, and nonpolar side chains are shown in green,
red, orange, and yellow, respectively. Backbone beads are shown in pink. (b) Martini representation of the different lipids used in this work, as well
as the charges of their head groups. (c) Schematic representation of the minimal distance between the fibril and PO, atoms of DPPC lipids.
Minimal distances of (d) 2BEG and (e) 2MXU fibrils to DPPC lipid bilayers in 6 ys trajectories. Histogram of minimal distances to PC bilayers
computed from four trajectories of (f) 2BEG and (g) 2MXU fibrils. The cutoff distance of 1 nm used to distinguish between bound and unbound
states is shown as dashed vertical lines. (h) Percentage of time 2BEG and 2MXU fibrils are bound to different lipid bilayers. Trajectories with
irreversible fibril-membrane binding are reported in parentheses for the PA system. Simulations of 2BEG fibril with CHOLy, bilayers were not
performed due to the lack of sensitivity of this fibril to lipid composition. Errors were estimated using block average, wherein trajectories were

divided into blocks spanning 1.5 ps in time.

hydrophobicity, altered lipid-ordered packing, and reduced
lipid mobility. In another all-atom replica-exchange molecular
dynamics simulation, cholesterol prevented the penetration of
Afo_4 into the bilayer and it reduced thinning of the
membrane below AB.*® These different results may be
accounted for by the short time span of all-atom simulations.

Here, we perform molecular dynamics simulations using the
coarse-grained Martini force field. This force field was
parametrized to reproduce experimentally free energies of
amino acid partition at the water—bilayer interface*” and, thus,
it is expected to provide an experimentally consistent
description of how rigid protein conformations (e.g, amyloid
fibrils) partition at the water—lipid interface. We compute
fibril—bilayer binding probabilities for simulations performed
using two different amyloid fibril structures with different
surface charges and four bilayers with different lipid
compositions. We find that electrostatic interactions play an
important role in fibril—bilayer binding and cholesterol can
modulate this interaction. In particular, the insertion of
cholesterol into the bilayer leaves negatively charged moieties
of lipid head groups more exposed on the surface where they
can bind directly to charged residues of fibrils. This accounts
for a net attractive force between the fibril and bilayer.
Accordingly, we observe an increase in the number of fibril—
membrane binding events with an increasing cholesterol
content of bilayers.

B METHODOLOGY

Simulations are performed using the Martini 2.0 force
field,**° which models approximately every four heavy
atoms of a lipid by one bead. Similarly, every four water
molecules are represented by one solvent bead in this force
field. Amino acids are described by two beads, which mimic
the backbone and side chains of proteins. Parameters for the
Martini model were originally determined using the potential
of mean force for each amino acid as a function of distance
from lipid bilayers. Partitioning of amino acids and lipid
bilayers was also extensively used in the parameterization and
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compared to atomistic simulations showing good agree-
ment.*”*” More recently, substantial modifications of the
Martini water model were introduced in the POL-Martini>'
and BMW-Martini®> models to account for the polarizability
and inner electrostatic structure of water. These models
provide a better description of the transport of charged species
between high- and low-dielectric mediums, as well as improved
thermodynamic properties of water. The main strength of the
original Martini water model is its speed as its description
entails less points of interaction compared to the other water
models while at the same time explicitly considering water
molecules. This is a much better consideration than other
coarse-grained models that only take implicit account of the
solvent.

The Martini representation of the three lipids used in this
study and the charge of their head group beads is shown in
Figure 1b. Different symmetric bilayers made using these three
lipids were prepared using the “insane” script.”” In the
following, we denote bilayers (i) entirely composed of
dipalmitoylphosphatidylcholine (DPPC) lipids as PC, (ii)
containing 30 and 50% cholesterol as CHOL;, and CHOL;,
respectively, and (iii) containing 10% diethylenetriaminepenta-
acetic acid (DTPA) lipids as PA. Sodium ions were added to
neutralize the net charge of the system, and simulations were
performed at physiological sodium chloride concentration, i.e.,
0.15 M. Table SI lists the number of lipids and water
molecules for each system studied here.

For the atomic structure of Af fibrils, two ssNMR-derived
fibril models, the Af,,_,, 2BEG>* and the AB,,_,, 2MXU,”
were used. To control for size differences between 2BEG and
2MXU conformations, the S-peptide 2BEG fibril was modified
to instead contain 12 replicated peptides to match the 12-
peptide 2MXU fibril. Figure la shows the amino acid sequence
of Af,_4, as well as Martini representations of 2BEG and
2MXU fibrils formed with 12 peptides each. To maintain the
fibril structure stable throughout the simulation, a global elastic
network is used to connect peptide beads. Commonly used
values for the elastic bond strength (500 kJ/(mol nm?)) and
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upper bond cutoff (0.9 nm) of the elastic network are used.*®
Molecular dynamics simulations are performed using the
GROMACS suite version 5.2.°” Equations of motion for each
bead are solved using the leap-frog algorithm and a time step of
9.7 fs. The v-rescale thermostat (z; = 0.1 ps) and the semi-
isotropic Parrinello—Rahman barostat (7, = 0.1 ps) are used to
maintain the temperature and pressure constant at 345 K and 1
atm, respectively. A radius cutoff of 1.1 nm is used for van der
Waals and electrostatic interactions. The latter are treated
using the reaction field method. A schematic representation of
our simulation setup is depicted in Figure lc, where the
minimal distance between the fibril and PO, beads of DPPC
head groups is highlighted. This quantity is used as our
estimate for the distance between the fibril and the surface of
the membrane.

B RESULTS

The time dependence of the minimal fibril—membrane
distance is shown in Figure 1d,e for simulations performed
using 2BEG and 2MXU fibrils and the PC bilayer. Different
levels of the proximity of the fibril to the membrane are seen in
these 6 ps trajectories. To gather enough statistics, four 6 s
trajectories are produced for each system studied here with
fibrils initialized at different positions in the simulation box.
Histograms of minimal distances computed for the accumu-
lated trajectories of these four simulations are shown in Figure
1f,g for the 2BEG and 2MXU fibrils and the PC bilayer. These
histograms are characterized by a peak at distances smaller
than 1 nm. This distance, i.e.,, 1 nm, is used as our cutoff to
distinguish between bound and unbound states of the fibril—
membrane system.

The time dependence of the minimal fibril-membrane
distance for all of the systems studied here is shown in Section
S2. The table in Figure 1h summarizes binding events from all
of the simulations. The 2BEG fibril, which has mainly nonpolar
residues exposed to the solvent, spends approximately 11% of
the time bound to bilayers independently of their lipid
composition. In contrast, the 2MXU fibril, which has several
charged residues exposed to the solvent, is much more
sensitive to lipid composition. Adding 30% cholesterol to a PC
bilayer increases the number of binding events by a factor of
1.5 (from 13 to 20%). This effect of cholesterol is, however,
not additive as enhancing its membrane content to 50% does
not produce a further increase in fibril—membrane binding.
The effect of adding DTPA lipids to the membrane is even
more dramatic. In two out of the four simulations performed,
the 2MXU fibril binds to the bilayer irreversibly after an
induction time of a few microseconds. In these two
simulations, 2MXU is bound to the membrane 55% of the
time. One of these trajectories, which has an induction time of
~2.5 ps, is shown in Figure 2a. In the other two simulations,
the 2MXU fibril spends 14% of the time bound to the
membrane (see Figure 2b for an example).

In summary, Figure 1h indicates that fibrils without surface
charge bind minimally to bilayers independently of lipid
composition. In contrast, fibrils that have charged residues on
their surface can either modestly or markedly increase the
amount of binding events. Strong binding is observed for
bilayers containing lipids with negative head groups. This
highlights the effects of charges on fibril—bilayer binding.
Surprisingly, adding cholesterol (uncharged) to PC bilayers,
which reduces the number of partial charges per unit
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Figure 2. Minimal distances of 2MXU fibril and PA bilayers in two 6
us simulations. (a) Fibril binds irreversibly to the membrane after an
induction time of ~2.5 us. A characteristic configuration is shown in
the inset. (b) Several binding and unbinding events are observed.

membrane area, substantially increases the amount of binding
events of the charged 2MXU fibril.

In Figure 3a, the distribution of binding events per amino
acid type is shown for the different fibril—bilayer systems. We
define a binding event to be of type X (where X can be
nonpolar, polar, negative, positive, or other), if the shortest
distance between the fibril and PO, beads occurs for an amino
acid of type X. The main amino acids of 2MXU fibrils to bind
to PC bilayers are negative E and D residues. Panel b depicts
the two main binding configurations that are mediated by these
negative residues and account for approximately 60% of all of
the binding events. In these configurations, negative (red) and
positive (green) residues are close to and far from positive NC;
lipid beads, respectively. The addition of 30% cholesterol to
PC bilayers does not significantly change the types of amino
acids that bind to the membrane, and configurations in panel b
remain the main binding modes of 2MXU fibrils. The addition
of 50% cholesterol to PC bilayers accounts for a small increase
in the number of polar binding events. A visual inspection of
the trajectories for this system shows a significant increase in
binding configurations, wherein positive residues are closer to
NC; lipid beads. Panel ¢ provides examples of such
configurations, wherein positive and negative residues are in
contact with the bilayer. A possible explanation for these effects
of cholesterol is that it reduces the repulsion between positive
residues and the membrane accounting for the observed
increased binding in CHOL;, bilayers. At high levels, i.e.,
CHOLyy, positive residues may even become attracted to the
membrane, leading to the different binding configurations
observed in Figure 3c. Notice that polar residues (in orange)
located between positive and negative amino acids can
penetrate deep in the bilayer when these charged residues
are simultaneously attracted to the membrane. This nontrivial
effect on positive species by an uncharged lipid is further
discussed in Figure 4.

In Figure 3a, the two simulations in which 2MXU binds
irreversibly to PA bilayers are analyzed separately from the two
simulations in which binding occurs reversibly. For the latter
(referred to as PA), the distribution of binding events per
amino acid is comparable to the one measured for PC bilayers:
it is dominated by negative residues that can bind NC; beads
exposed to the solvent. In the trajectories where binding occurs
irreversibly (referred to as PA*), binding is dominated by
positive residues. An example of a binding conformation is

https://dx.doi.org/10.1021/acs.jpcb.0c00485
J. Phys. Chem. B 2020, 124, 3036—3042
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Figure 4. (a) Probability distribution of the distance between lysine and PO, beads for different bilayers. Characteristic membrane-ion
conformations for (b) PC and (c) CHOL;, bilayers. Red and cyan spheres represent Na* and CL~ ions, respectively, whereas purple and beige
spheres correspond to NC; and PO, beads of DPPC lipids. In these particular conformations, there are (b) 13 Na* and 8 CL™ and (c) 22 Na* and
9 CI™ ions. Normalized densities of (d) Na* and (e) CL™ as a function of the distance from the bilayer center. (f) Number of Ca?* ions bound to

PC lipids in all-atom simulations containing 0 and 30% cholesterol.

shown in the inset of Figure 2a, wherein lysine binds to
negative PO, bead of DTPA head groups. Assuming that
binding events in PA simulations are representative of events
occurring during the induction time of PA* (see Figure 2),
these results suggest that negative residues of 2MXU fibrils
bind first to exposed positive NC; beads followed by binding
of the positive lysine residues to PO, beads of PA lipids. Figure
3a also shows the distributions of binding events for the 2BEG
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fibril. Consistent with the results listed in Figure 1h, the amino
acid distributions of binding events do not change significantly
with the bilayer composition. In addition, 70% of binding
events occur between nonpolar residues and the bilayer,
consistent with the predominantly nonpolar surface of the fibril
exposed to the solvent.

To provide insights into how cholesterol affects the binding
of positive amino acids to bilayers, we show in Figure 4a the

https://dx.doi.org/10.1021/acs.jpcb.0c00485
J. Phys. Chem. B 2020, 124, 3036—3042
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probability distribution of the minimum distance d; y5 between
lysine residues of 2MXU fibrils and negative PO, beads of
DPPC lipids. Small values of d;yg (0.5 nm) are not found in
simulations performed with PC (black line) and CHOL,,
(red) bilayers, implying the absence of a direct contact
between lysine and PO, beads. Moreover, the high percentage
of binding events in CHOL;, simulations (see Figure 1h)
accounts for the proximity of lysine residues to bilayers, which
is characterized by the more pronounced peak at djyg ~ 1 nm.
For PA and CHOL,, bilayers, several configurations are
characterized by dys values smaller than 0.5 nm, providing
evidence that lysine and PO, beads are attracted to each other.
This is highlighted by the blue arrow in Figure 4a. In summary,
Figure 4a shows that lysine is found closer to the membrane in
CHOL,, than in PC bilayers. Moreover, this positive residue is
attracted to PO, beads in CHOL;, bilayers.

Insights on how an uncharged lipid can favor the interaction
between positive lysine and zwitterionic bilayers can be
obtained by studying cations. Multivalent and some mono-
valent cations in aqueous solution have been shown to
penetrate the positive NC; layer to interact with negative
phosphate moieties of lipid head groups.”® To study the effects
of cholesterol on cations within the Martini force field, we
show in Figure 4b,c the characteristic spatial distributions of
Na® and ClI” in PC and CHOLyj, bilayers, respectively. Notice
that other ions have not been parametrized for the Martini
force field. In these figures, most Na ions are located deep
within the bilayer where they interact with negative PO, beads.
In Figure S3, we show that cholesterol increases the area per
DPPC head groups.”” This enables Na* to more easily
penetrate into the NC; layer to interact with PO, beads.
Accordingly, a larger number of Na* ions can be seen at the
bilayer surface in panel ¢ compared to those in panel b. This is
shown quantitatively in panel d, wherein increasing the
cholesterol content increases the relative density of Na* close
to the bilayer. Panel e shows that cholesterol has no significant
effect on the distribution of CI™ These effects of
cholesterol on the binding of ions to lipid bilayers are not
limited to the Martini force field and they are also observed in
all-atom simulations. Figure 4f shows results from two all-atom
simulations using the CHARMM36 force field and TIP3P
water. In these simulations, the bilayer is made of 200 POPC
lipids and the solution contains 450 mM of CaCl,. In one of
the simulations, the bilayer also contains 86 cholesterol
molecules, which accounts for 30% of the lipid content. The
number of Ca*>* ions bound to PC lipids is shown in this figure
as a function of time for our two simulations. This number is
computed using a 0.325 nm distance cutoff between oxygen
atoms of phosphate moieties of POPC and Ca**.>’ The
number of bound calcium ions is higher in bilayers containing
cholesterol which is consistent with our results using the
Martini force field. Recent all-atom simulations have shown
that this effect of cholesterol is observed for different force
fields.>

Assuming that the effects of cholesterol on positive and
negative residues are similar to its effects on cations and
anions, respectively, we can extrapolate these ion results to
2MXU-bilayer binding. It implies that the addition of
cholesterol to bilayers does not increase the binding of
negative residues, whereas it reduces the repulsion of positive
residues from the membrane. The latter interaction may even
become favorable at high cholesterol concentrations. These
results are consistent with the observed enhancement of

ions.
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2MXU-—bilayer binding with increased cholesterol concen-
trations, the characteristic binding conformations in Figure 3c,
and d;yg distributions in Figure 4a.

B CONCLUSIONS

In conclusion, our simulations show that electrostatic
interactions between charges on fibrils and bilayer are
important in determining binding and specific contacts
between these species. More importantly, our results show
that adding cholesterol (uncharged) to the bilayer increases
the binding frequency and modulates the nature of contacts.
This role of cholesterol is rationalized in terms of its effect on
the interaction between positive residues and lipid head
groups. Despite these novel insights, it is also important to
highlight limitations of the current work. In particular, the
original Martini water model used in this work does not
provide screening for electrostatic interactions. Thus, the
binding frequency of charged species, i.e., ions and charged
residues, to partially charged moieties of lipids might be
overestimated. However, the qualitative role of cholesterol
reported here is expected to remain valid in simulations using
more realistic force fields as this sterol enhances the exposure
of charged moieties of lipid molecules to the solvent. This is
supported by all-atom simulations in which cholesterol was
shown to enhance Ca**—bilayer binding.”
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