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Fibrillar protein aggregates (amyloids) are involved in several common
pathologies, e.g., Alzheimer’s disease and type II diabetes. Accumulating
evidence suggests that toxicity in amyloid-related diseases originates from
the deposition of protein aggregates on the cell membrane, which results in
bilayer disruption and cell leakage. The molecular mechanism of damage to
the membrane, however, is still obscure. To shed light on it we have
performed coarse-grained molecular dynamics simulations of fibril-forming
amphipathic peptides in the presence of lipid vesicles. The simulation
results show that highly amyloidogenic peptides fibrillate on the surface of
the vesicle, damaging the bilayer and promoting leakage. In contrast, the
ordered aggregation of peptides with low amyloidogenicity is hindered by
the vesicles. Remarkably, leakage from the vesicle is caused by growing
aggregates, but not mature fibrils. The simulation results provide a basis for
understanding the range of aggregation behavior that is observed in

experiments with fibril-forming (poly)peptides.
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Introduction

Amyloid-related diseases such as Alzheimer’s,
Parkinson’s and type II diabetes are characterized
by the presence of protein aggregates in one or more
tissues. These protein aggregates are assembled into
well-ordered filamentous, f-sheet-rich structures'™®
termed amyloid fibrils. Compelling evidence sug-
gests that oligomeric or other prefibrillar precursors
of amyloid fibrils are the main toxic species,%9 but
the mechanism of cell and tissue damage in amyloid-
related diseases is poorly understood. The interac-
tions of amyloidogenic polypeptides with the cell
membrane can accelerate fibril formation and are
reported to be involved in the toxicity of oligomers or
protofibrils.'”"! Furthermore, amyloid peptides not
only aggregate on the lipid surface, but also pene-
trate into membranes.!?>!® The accumulation of
amyloid peptides destabilizes lipid bilayers and
alters their permeability,'*'> which may contribute
to cell damage and toxicity. Accordingly, recent
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biophysical studies have targeted the interactions of
amyloid aggregates with lipid vesicles.''® These
studies have provided evidence that the formation
of fibrils on a membrane damages the bilayer’s
integrity.

The fibrillation process is dynamic and transient,
making it difficult to explain the mechanism of
aggregation based on experimental evidence alone.
Many efforts have therefore been made to study
protein and peptide aggregation by computational
methods and in particular molecular dynamics
simulations, as reviewed in Refs. 19 and 20.
Atomistic simulations of proteins are limited to the
time scale of 10-100 ns, which is not enough to
simulate aggregation or even oligomerization.
Accordingly, there is a need to reduce the complexity,
e.g., by investigation of oligopeptide systems?!~2” or
by use of simplified models. Recently, a coarse-
grained model of amphipathic peptides has enabled
the simulation of amyloid fibril formation and the
analysis of aggregation pathways and kinetics,
which were observed to depend on the intrinsic
amyloidogenic tendency of the peptide.”*’ The
peptide monomer has a single degree of freedom.
Its free-energy profile has two minima correspond-
ing to the amyloid-competent and amyloid-protected
states. The peptides can fibrillate only in the former

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Fig. 1. Aggregation on the surface of a vesicle. (a) A cut through a lipid vesicle showing probe spheres in the inner
space. The two-bead hydrophobic tail and one-bead hydrophilic head of the lipids are colored gray and black,
respectively; probe spheres are shown in white. (b—e) Snapshots from a simulation of peptides with intermediate
amyloidogenicity (see subsection “Coarse-grained model of amphipathic peptide”) at times 0 (b), 10 (c), 125 (d), and 700 ns
(e). Peptide beads are color coded according to their type: hydrophobic in green, hydrophilic in cyan and dipoles in red
and blue. Details about the peptide model are given in Refs. 28 and 29. (f) Cryotransmission electron microscopy of the
interaction between human islet amyloid polypeptide and unilamellar phospholipid vesicles (reproduced with
permission from Ref. 18). Few vesicles (asterisks) are in contact with fibrils (arrows). Note the similar relative orientation
of the fibril and the vesicle in the simulations (e) and electron microscopy image (f), in particular the vesicle and fibril

marked in red.

conformation. Hence, the amyloidogenic potential
corresponds to the free-energy difference between
the two states. Here, we use a novel coarse-grained
model of a bilayer-forming lipid (the lipid molecules
spontaneously assemble into spherical, unilamellar
bilayer vesicles; see Fig. la), together with the
previously developed amphipathic peptide model,
to study the amyloid aggregation on lipid vesicles.
The goal of the simulation study is twofold: to
analyze the influence of the vesicles on the aggre-
gation mechanism and to analyze the effect of
aggregation on the structure and permeability of
the lipid bilayer.

Results and Discussion

Multiple independent simulations were per-
formed for each of four types of amphipathic
peptides having high, intermediate, low or very
low amyloidogenic potential (see Table 1). Note that
the interaction energy between the monomeric
peptide and the lipids is similar for the amyloid-
prone and amyloid-protected conformations.

Fibrillation on the vesicles

Four snapshots from a simulation of peptides with
intermediate amyloidogenic potential are depicted
in Fig. 1b—e. Upon starting the simulation, about half
of the peptides quickly adsorb to the vesicle surface.
The initial adsorption does not depend on the
amyloidogenicity because of the aforementioned
similar hydrophobic interactions between the lipids
and amyloid-prone or amyloid-protected peptide
conformations. Peptide adsorption is followed by
transient formation of small oligomeric species (2-10
peptides) within tens of nanoseconds (Figs. 1cand 2).
Peptide monomers and oligomers subsequently
form larger aggregates with filament characteristics,
i.e., a file of ordered peptides (Fig. 1d), before their
maturation into a fibrillar structure (Fig. 1e, note the
similarity to electron microscopy of amyloid fibrils
attached to the surface of vesicles; Fig. 1f; Ref. 18).

Highly amyloidogenic peptides fibrillate more
rapidly in the presence of lipid vesicles than in
their absence, while the opposite is observed for
peptides of low amyloidogenicity (half-times of
fibril formation are given in Table 1). The faster
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Table 1. Simulation details, including characteristic half-
times for fibrillation and leakage

No. of Fibrillation, Leakage,

Amyloidogenicity® simulations tso+SD (ns)®  ts50+SD (ns)°
No vesicles

High 97 1943

Intermediate 99 56+ 15

Low 100 124 +28

Very low 90 304 +£110
With vesicles

High 10 11+1 123+ 89

Intermediate 29 89129 175 +124

Low* 20 958 + 503 444 +178

Very low 30 >1000 503 +171
Only vesicles 10 2875 +2064°
Vesicles and preformed fibrils

Intermediate 10 2123 +960°

The simulations were run for 1 ps unless otherwise stated.

# Amyloidogenicity is determined by dE. A value of dE=0
keal/mol corresponds to high, —1.5 to intermediate, —2.0 to low
and —2.25 to very low amyloldogeruaty

Y The rate of fibrillation is quantlﬁed by the half time of fibril
formation, t5o. The value of t5 is defined as the simulation time
required for the formation of a fibril with 100 polar contacts, since
there are 200-250 polar contacts between the peptides (each
peptide can make two polar contacts with adjacent peptides and
the total number of peptides in the simulations is 125).

¢ The average time needed for 50% of the probes to escape from
the vesicle.

4 0f20 runs, 17 were elongated to 2 ps. In 3 runs, no nucleation
event occurred even after 2 us.

€ These values are extrapolated from an exponential best fit of
individual kinetic traces.

aggregation kinetics of highly amyloidogenic pep-
tides is a consequence of their higher effective
concentration on the lipid bilayer relative to the
bulk.'”® In contrast, despite the same increase of
peptide concentration on the vesicle surface, fibrilla-
tion of peptides with low amyloidogenic potential is
slower in the presence of lipid vesicles. It has
previously been shown that peptides with low
amyloidogenic potential can fibrillate only after
aggregating into spherical oligomeric intermediates
with hydrophobic interior and hydrophilic sur-

face.?® In the simulations with lipids, such oligo-
meric intermediates form in the bulk but not on the
vesicle (Fig. 2, green histogram). Fibrillation of low-
amyloidogenicity peptides therefore takes place in
the bulk and is slower than in the absence of a
vesicle due to the lower effective concentration of
peptides in the solvent. These simulation results are
consistent with and explain the apparently contra-
dictory experlmental observations on faster aggre-
gation of the AB'” or a-synuclein'® peptides in the
presence of lipid surfaces and slower aggregation of
insulin (which has lower amyloidogenicity).”'

Growing aggregates promote leakage from
vesicles

Several experimental works indicate that the
process of fibrillation on the bilayer surface is res-
ponsible for membrane perturbation.’*** Recently,
membrane damage was assessed by monitoring the
kinetics of fluorescent probe release from vesicles.'®
Inspired by this experimental technique, we have
simulated vesicles that initially encapsulate 20 inert
probe spheres (Fig. 1a) for monitoring the release of
the probes to the bulk in the presence or absence of
peptides. Strikingly, leakage from vesicles is
enhanced by the aggregation of the peptides in all
simulations. A comparison between the fibrillation
and probe release rates (Fig. 3a and b) reveals that
probe release is fastest during fibril growth. More-
over, the higher the tendency of the peptide to form
fibrils, the faster the leakage (Fig. 3b and Table 1). The
probes are released by sporadic events (Figs. 4 and
5), which indicates that the damage to the lipid
bilayer is due to transient formation of surface
defects (ruptures), as previously suggested on the
basis of atomic force microscopy experiments.** The
formation of defects on the vesicle’s surface is
exemplified in Fig. 3c and d by a snapshot from a
simulation showing a transient bilayer rupture.
Examination of the simulations reveals that the
membrane surface defects are formed during the
growth, on the bilayer, of multiple filaments or a
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Fig. 2. Histograms of the sizes
of the peptide aggregates on the
vesicle. Peptides with intermediate

amyloidogenicity (red) form aggre-
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T gates of increasing size on the
membrane, whereas low-amyloido-
genicity peptides (green) form only
very few aggregates with more
than 10 monomers (note the loga-
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probability that aggregates will
form (for peptides with low amy-
loidogenicity) decreases with the
size of the oligomer, which indi-
cates that the aggregates are formed
only by collision of monomers and
that no metastable oligomers are
observed.”®
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transiently branched filament (Fig. 3c—e). It should
be noted that the release of probe spheres due to
isolated peptides and small oligomeric species on the

Fig. 3. The impact of peptide
amyloidogenicity on fibril growth
kinetics and vesicle leakage. A single
parameter, the energy difference
between amyloid-competent and
amyloid-protected conformations of
the peptides, is varied in different
simulations to tune amyloidogeni-
city (see Materials and Methods). (a)
Time series of the average number of
ordered polar contacts between
monomers (corresponding to the
degree of fibrillation?8). (b) Average
number of probes inside the vesicle,
in the absence (black) or presence of
peptides (colors) and for simulations
where a preformed fibril was used
instead of dispersed peptides. (c) A
snapshot from a simulation, sho-
wing the escape of probes from
inside the vesicle. Peptides and lipids
are colored as in Fig. 1. Three probe
molecules (white spheres) are visi-
ble; one has just escaped from the
vesicle, two others are located in the
vesicle but are visible because of a
defect in the bilayer. (d) A two-
dimensional section through a vesi-
cle, in the absence (top) or presence
of adsorbed peptides (bottom). The
section in the bottom of (d) corres-
ponds to a vertical plane cut through
the vesicle shown in (c). Lipid tails
and head groups are presented as
gray sticks and black spheres,
respectively, and peptides as red
sticks. () An example of vesicle
rupture. Snapshots just before (left)
and during (right) rupture of the
vesicle, showing a branched Y-
shaped filament (formed by peptides
of intermediate amyloidogenicity)
that grows on the membrane. Note
that a branched filament is an
unstable structure formed by the
transient Y-shaped association of
two filaments on the vesicle surface
during the fibrillation process.

vesicle surface is still faster than in the absence of
peptides (Fig. 3b), revealing that the amphipathic
monomers and nonfibrillar oligomers can also
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Fig. 4. Fibril growth on the vesicle surface promotes
membrane leakage. Time series of the size of the largest
peptide aggregate (black), the number of peptides
attached to the vesicle as monomers or aggregates (red),
and the number of probes inside the vesicle (blue,
corresponding to the axis on the right). (Top) For peptides
with intermediate (shown) or high (not shown) amyloi-
dogenicity, the size of the largest aggregate and the
number of peptides on the bilayer surface increase
concomitantly, indicating that the fibril is formed on the
surface of the vesicle. During fibril growth, there is fast
leakage of the probes from the vesicle. The binding of the
fibril is reversible: after about 400 ns, the largest aggregate
has >110 peptides, and it can detach from the vesicle
(shown as jumps in the red trace). (Bottom) In contrast,
when amyloidogenicity is low, the number of peptides on
the vesicle decreases, while the size of the largest
aggregate grows, indicating that the fibril is formed in
the bulk (although it occasionally binds to the vesicle
surface). The release of probes from the vesicle is slower
when amyloidogenicity is low. In both cases, other
simulations with different initial distribution of velocities
show similar behavior, although the details (e.g., length of
the lag phase and number of probes in the vesicle at the
end of the run) can differ.

damage the membrane, as implied by atomic force
microscopy and membrane-conductance experi-
ments.”**” In striking contrast to the faster leakage
due to fibril growth, the kinetics of probe release in
the presence of mature fibrils are as slow as in the
absence of peptides (Fig. 3b), indicating that mature
fibrils do not damage the integrity of the vesicle.
Rather, the ongoing process of aggregation on the
vesicle results in bilayer surface defects (see Fig. 6 for

a schematic presentation). This observation explains
why for some amyloidogenic peptides there exist
mutants that form fibrils more rapidly and are more
toxic than the wild-type peptides, even though their
fibrils are not toxic.

Conclusions

The mechanism of membrane damage due to fibril
growth during amyloid aggregation has been
studied here using coarse-grained molecular
dynamics simulations. The results shed light on the
molecular mechanism of membrane-associated amy-
loid aggregation (Fig. 7). At the beginning of the
simulations, peptides adsorb to the vesicle and
peptide oligomers are quickly formed. Peptides
with low amyloidogenicity (Fig. 7, left) are character-
ized by a higher stability of the monomeric state and
therefore form only small aggregates on the mem-
brane. Fibril formation takes place in the bulk, where
the diffusion of the peptides is faster. When
amyloidogenicity is high (Fig. 7, right), the initial
adsorption to the vesicle is followed by ordered
templating due to the high concentration of aggrega-
tion-prone peptides on the bilayer surface. The
resulting filaments assemble and eventually fibrillate
on the vesicle surface. Remarkably, leakage from
lipid vesicles is caused primarily by the growth of
filaments, which results in transient defects of the
membrane. In striking contrast, mature fibrils do not
damage the vesicle. The simulation results provide
strong evidence that the influence of lipid mem-
branes should be taken into account for the
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Fig. 5. Transient rupture of the vesicle promotes
leakage. The release of probes from vesicles: examples
from individual trajectories. The number of probes inside
the vesicle is shown as a function of simulation time for
two trajectories: in the absence of peptides (black) and in
the presence of 125 peptides of intermediate amyloido-
genicity in the simulation box (red). Note that in the
absence of peptides, probe molecules are released one by
one (visible as small steps along the black trace). With
peptides, the rate of release is faster but not constant.
Several probes are released within a few nanoseconds
(shown by horizontal arrows) and then none are released
for 50 ns or more (vertical dashed arrows). This behavior
indicates that transient vesicle ruptures facilitate leakage.
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Fig. 6. A schematic presentation
of cell leakage due to peptide
monomers (top) or growing aggre-
gates (bottom). The hydrophilic and
hydrophobic parts of the molecules
are shown by dark and light areas,
respectively. The upper frame pre-
sents a peptide monomer (rectan-
gle) partially inserted into the lipid
bilayer. The packing of the lipids

development of aggregation inhibitors as potential
drugs to cure amyloid-related diseases.3¢3”

Materials and Methods

Coarse-grained model of amphipathic peptide

The amphipathic peptide model, as used here, has been
described in detail elsewhere.”®* Briefly, each peptide
monomer consists of 10 beads. Four of the beads carry
partial charges of +0.4¢, thereby generating two dipoles.
Four of the uncharged spheres are hydrophilic, and the
other two are hydrophobic (Fig. S1). The coarse-grained
model of the aggregating peptide does not represent any
particular amino acid sequence. Yet, changes in the
amyloidogenic tendency of the aggregating monomer
yield different polymerization processes and kinetics.**’
The conformational landscape of isolated monomers is
simplified such that only two states are considered: amyloid
competent () and amyloid protected (7). In the f state, the
parallel orientation of the two intramolecular dipoles favors
ordered aggregates with intermolecular dipolar interactions
parallel to the fibril axis. Conversely, the 7 state represents
the ensemble of all polypeptide conformations that are not
compatible with self-assembly into a fibril (e.g., random coil,
partially unfolded or helical). At physiological temperature,
the isolated monomer undergoes a reversible isomerization
from the n to the f§ state. The energy difference between
these two states, dE=E,—Ej, can be interpreted as the f-
aggregation propensity of a polypeptide. dE is close to the

around the peptide is not optimal,
which results in small gaps through
which probes (diamonds) can
escape. The lower frame shows
peptide monomers (for clarity,
only two monomers are shown)
that insert into the membrane dur-
ing aggregation (see, e.g., Fig. 3c—e),
oriented with their hydrophobic
part towards the lipids. Peptide
insertion creates vesicles defects
through which probes can rapidly
escape.

free-energy difference because the peptide has one degree of
freedom.?® For instance, when dE=0 kcal/mol, the = and f3
states are equally populated, whereas fordE=—1.5and —2.5
kcal/mol, the 7 state is about 15 and 100 times more
populated than the f state, respectively. Here, simulations
were performed with the following four values of dE: 0
kcal/mol (high amyloidogenic potential), —1.5 kcal/mol
(intermediate), —2.0 kcal/mol (low) and —2.25 kcal/mol
(very low). Earlier simulation studies have shown that the
aggregation process proceeds directly (without the forma-
tion of soluble intermediates) when dE>—2.0, whereas with
—2.0<dE<-2.5, oligomeric intermediates were observed®®
and the energy landscape was far more complex.”” Note
that the f-aggregation propensity dE cannot be directly
related to experimental measurements. Yet, it can be derived
from relative changes, e.g., upon mutation. For instance, the
length of the lag phase in thioflavin T fluorescence kinetic
measurements of different mutants might give the relative
tendency of sequence variants to fibrillate. Alternatively,
folding and aggregation kinetics experiments can be
combined to estimate the relative stability of aggregation-
competent intermediates and folded conformations.>®

Coarse-grained model of lipids

The basic lipid model is composed of three beads: a
hydrophilic bead, which represents the head group, and
two hydrophobic beads, which represent the lipid tail. The
connectivity of the beads is shown in Fig. S2. The length of
the bonds is 7 A and the angle between the beads is 134°.
The beads do not bear any partial charges. The model is
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reminiscent of the lipid unit in a membrane model
developed by Cooke and Deserno,* but was developed
independently and differs in many aspects, e.g., bonded
and nonbonded interactions, vide infra. In our model, the
bonds are constrained by the SHAKE algorithm,*’ the
angles are held by a force constant of 100 kcal mol '
deg™', and nonbonded attraction and repulsion are
modeled by the Lennard-Jones (L]) equation. By tuning
the sizes of the beads and the depth of the L] potential
for each bead, one can obtain various lipid arrangements.
We set Rhychrophilicz3-1 A, Rhydrophobic=3~0 A, Ehydrophilic =
—0.1 kcal/mol and énydrophobic=—1.265 kcal/mol. Under
these conditions, 1000 lipids simulated in a cubic box of 290
A dimension spontaneously form, within 50 ns, unilamellar
vesicles with average bilayer thickness (distance between
the head groups) of 28.0£ 1.2 A. The vesicles are roughly
spherical in shape, as shown in Fig. 1. They have a gyration
radius of 43.22+0.19 A, so that the area per lipid is
64.61 +0.47 A? and the volume of the simulation box is
roughly 30 times that of the vesicle.

Interactions between lipids and peptides

Interactions between the lipids and the peptides are
defined by the L] potential:

12 6
Tij,min Tij,min
i =a () (")

where i and j are two atoms belonging to different
molecules, ry is the distance between them, 7jjmin is the

high amyloidogenicity

y 800

Fig.7. Schematic representation
of peptide aggregation on a vesi-
cle. At the beginning of the simu-
lations (step 1), peptides (small
circles) adsorb to the vesicle
(large circle). The adsorption of
the peptides does not depend on
their amyloidogenicity because of
similar hydrophobic interactions
between the lipids and amyloid-
prone or amyloid-protected peptide
conformations. Peptide oligomers
(enclosed in lines) are quickly
formed (step 2, Fig. 1c). When

® amyloidogenicity is high, aggrega-
tion continues by ordered templat-

% ing due to the high concentration of
¥ (3H) aggregation-prone peptides (gray)
® on the bilayer surface. The resulting

i filaments assemble (step 3H) and

4 fastleakage
g Al
i o
& |

eventually fibrillate on the vesicle
surface (4H, Fig. le). Peptides with
low amyloidogenicity are charac-
terized by a higher stability of the
amyloid-protected monomeric state
(white). Thus, they form only small
aggregates on the membrane (3L,
see also Fig. 2), while fibril forma-
tion takes place in the bulk where
the diffusion of the peptides is
faster (4L). At the final equilibrium,
the mature fibrils can bind and
unbind the vesicle surface (step 5).

distance at which the energy is minimal, and —¢; is the
energy at that minimum. The equilibrium parameters are
given per bead type, ie., rimn and &, and the binary
parameters for heteroatoms are calculated as €=, /g and
7§,min= (i, min+ j;min) /2. In the present study, electrostatic
interactions between lipids and peptides are not taken into
account for simplicity. It is likely that the strength of these
interactions depends on the composition of the bilayer and
that they might be negligible in certain cases, e.g., for
zwitterionic (phospho)lipids. It has been shown that some
compositions of lipids accelerate fibril formation better
than others, which can be attributed to the strength of the
interactions between the lipids and the peptide
monomers.'®'® Here, the affinity of the membrane for
the peptides is tuned by a coupling parameter, 4, to enable
the simulation of membranes with different affinities
towards the peptides and lipids. The L] parameter & is
multiplied by 4 when iepeptides and je<lipids. Thus, a
higher value of 1 represents lipid compositions with a
higher affinity for the peptides. Different values of 1 were
tested, and it was observed that values of 0.85<1<0.9
resulted in the initial binding of approximately 50% of the
peptides to the lipid vesicle, allowing interactions between
peptides both in the bulk and at the surface, as well as
partial or (rarely) complete penetration of the peptides
into the vesicle. We therefore set 2=0.87 unless otherwise
stated (but see also Table S1).

Assuming that the interactions between amphipathic
peptides and lipids are hydrophobic in nature, other
atomistic or coarse-grained models that take into account
van der Waals interactions could in principle be used for
simulations of peptide aggregation on the vesicle surface.
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Note that our peptide model shows rather robust
aggregation properties (and presence of oligomeric inter-
mediates at dE=—2.5 kcal /mol) upon small changes of the
parameters, e.g., the van der Waals energy minimum (see
the supporting information of Ref. 28).

Simulation protocols

The amyloid aggregation simulations are started by
placing a preequilibrated unilamellar bilayer vesicle in a
cubic box of 29-nm dimension. The total number of lipids in
the box is 1000 (corresponding to a concentration of 68 mM,
which is 40 times higher than the critical concentration for
vesicle formation of the model). Then, 125 peptide mono-
mers (8.5 mM) are randomly placed in the bulk so that the
distance between each peptide and any other molecule is
greater than 1.5 nm (Fig. 1b). The system is thereafter
minimized, equilibrated and simulated by Langevin
dynamics using CHARMM.*'. The only parameter that
differs in different simulations is dE, the energy difference
between the amyloid-protected and amyloid-prone con-
formations of the peptide in its monomeric state. Thus, the
more negative the value of dE, the lower the amyloido-
genicity, i.e., the lower the tendency of the peptides to
aggregate into fibrils (Fig. 3a and Table 1).

Simulations with probe molecules

Probe-release experiments, in which the rate of release
of fluorescent molecules is studied in the presence or
absence of aggregating peptides, were carried out to
evaluate the effect of amyloid peptides on the integrity of
lipid bilayers (see, e.g., Ref. 18). Here, the escape of probe
molecules is simulated by starting from 20 spherical
probes (with a radius of 4.5 A and mass of 625 Da, which is
similar to the mass of calcein, the molecule used in the
probe-release experiments'®) inside a preequilibrated
vesicle. The rate of probe release can then be measured
in the presence or absence of peptides. The interactions
between probe molecules and all other particles (lipids,
peptides and probes) are governed solely by the LJ
equation. The probe molecules are hydrophilic due to
their small (in absolute value) LJ-energy parameter at
optimal distance (e=—0.2 kcal/mol).

Simulations of vesicles with an equilibrated fibril

To evaluate the effect of fibrils on the integrity of
vesicles, we ran 10 simulations of vesicles after addition of
a preequilibrated fibril. The simulation system consisted
of a 1000-lipid vesicle with 20 spherical probes in its
interior and 125 peptides (of which 112 were assembled
into a fibril and the remaining 13 were dispersed in the
bulk). The simulations were carried out as described
above for a duration of 1 us. The fibrils were stable under
these conditions, as indicated by a constant number of
polar contacts, and no lipid depletion from vesicles was
observed in the simulations.
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