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Biological membranes can dramatically accelerate the aggregation of normally soluble protein
molecules into amyloid fibrils and alter the fibril morphologies, yet the molecular mechanisms
through which this accelerated nucleation takes place are not yet understood. Here, we develop
a coarse-grained model to systematically explore the effect that the structural properties of the lipid
membrane and the nature of protein-membrane interactions have on the nucleation rates of amyloid
fibrils. We identify two physically distinct nucleation pathways and quantify how the membrane
fluidity and protein-membrane affinity control the relative importance of those molecular pathways.
We find that the membrane’s susceptibility to reshaping and being incorporated into the fibrillar
aggregates is a key determinant of its ability to promote protein aggregation. We then characterise
the rates and the free energy profile associated to this heterogeneous nucleation process in which the
surface itself participates in the aggregate structure. Finally, we compare quantitatively our data
to experiments on membrane-catalysed amyloid aggregation of a-synuclein, a protein implicated
in Parkinson’s disease that predominately nucleates on membranes. More generally, our results
provide a framework for understanding macromolecular aggregation on lipid membranes in a broad

biological and biotechnological context.

INTRODUCTION

The aggregation of normally soluble proteins into (-
sheet rich amyloid fibrils is a common form of protein as-
sembly that has broad implications across biomedical and
biotechnological sciences, in contexts as diverse as the
molecular origins of neurodegenerative disorders to the
production of functional materials [1, 2|. The presence of
surfaces and interfaces can strongly influence amyloid ag-
gregation, either catalysing or inhibiting it, depending on
the nature of the surface. This effect has previously been
studied for the cases of amyloid nucleation on nanopar-
ticles [3-5], flat surfaces [6, 7], and on the surface of
amyloid fibrils themselves [8, 9].

Lipid bilayers are a unique type of surface, which is
ubiquitous in biology and is the main contributor to the
large surface-to-volume ratio characteristic of biological
systems. They are highly dynamic self-assembled struc-
tures that can induce structural changes in the proteins
bound to them [10, 11] and markedly affect protein ag-
gregation propensities [12, 13]. While nucleation on the
surfaces of lipid membranes can influence fibril formation
dramatically, below the critical micelle concentration al-
ternative surfactant-driven fibrillation pathways in solu-
tion have been proposed [14].

Increasing experimental evidence supports the princi-
ple that the interaction between amyloidogenic proteins
and the lipid cell membrane catalyses in vivo amyloid
nucleation, which is involved in debilitating pathologies.
Remarkably, through surface-driven catalysis lipid bilay-
ers can enhance the kinetics of a-synuclein aggregation,
the protein involved in Parkinson’s disease, by over three
orders of magnitude with respect to nucleation in solu-

tion [15].

Bilayer membranes can exist in different structural
phases and can undergo local and global phase changes.
A large body of work has focussed on exploring how the
membrane’s dynamical properties, such as its fluidity, re-
late to amyloid aggregation of bound proteins [16-23].

For instance, fluid membranes, constituted of short
and saturated lipid chains, were found to most effectively
catalyse the nucleation of a-synuclein [16], while less fluid
membranes composed of long lipid chains had less cat-
alytic power. Furthermore, the addition of cholesterol to
lipid membranes was found to alter its fluidity and gov-
ern the nucleation rate of AB42 [22], a peptide implicated
in Alzheimer’s disease. In these cases the physical prop-
erties of the membrane are controlled through variations
in its composition, and decoupling the role of the mem-
brane’s physical properties from its chemical specificity
is extremely challenging.

The questions we focus on here is how the microscopic
steps that drive amyloid nucleation at the membrane sur-
face are altered by the inherently dynamic nature of lipid
bilayers.

Computer simulations can be of great help in this case,
enabling us to systematically investigate the role of the
physical and chemical properties of lipid membranes in-
dependently from one another, thus helping to identify
key players behind membrane-driven amyloid nucleation.

In this work, we develop a coarse-grained Monte-Carlo
model for studying the nucleation of amyloidogenic pro-
teins on lipid membranes. We use it to identify the micro-
scopic mechanisms which connect the membrane fluidity,
the rate of amyloid nucleation, and the morphology of
amyloid aggregates. We find that the membrane most
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FIG. 1. Simulation model and membrane-driven fibril formation. (a) Proteins can exist in two distinct conformations:
a soluble s’ and a B-sheet-prone conformation. Lipid molecules are modeled by one hydrophilic head and two hydrophobic
tail beads. (b) Soluble proteins can form oligomers via their tip-to-tip interactions. Protein molecules in the 3-sheet-forming
conformation can assemble into fibrillar structures through the interactions of the blue side-patches. (¢) The lipid membrane
can exist in different structural phases depending on the inter-lipid interactions set in the model. Shown here are the gel
phase (ksT'/e = 0.775) and fluid phase (kgT'/e = 1.135). (d) Example showing the formation of an amyloid fibril on the lipid

membrane from bound proteins.

efficiently catalyses amyloid nucleation by donating its
lipids to the nucleating fibril, which depends ¢) on the
lipid solubility and often correlates with membrane flu-
idity and %) the affinity of proteins to the membrane.
This interdependence controls both the morphology of
the resulting aggregates, which can range from protein-
rich to lipid-rich, and the rate of fibril formation. We
then discuss how our results provide a mechanistic expla-
nation for a number of recent experimental observations
and offer a platform for studying strategies for bypassing
amyloid nucleation in a cellular context.

RESULTS

Computational model

To study the essential features of membrane-assisted
nucleation, we develop a coarse-grained computational
model that takes into account the dynamic nature of the
lipid membrane, the process of membrane-bound protein
oligomerisation, and the protein’s structural transition
that allows fibril formation.

The lipid bilayer membrane is described using a previ-
ously published three-beads-per-lipid model [24], where
the two hydrophobic tail beads are mutually attractive,
allowing for the formation of a stable bilayer. We control
the membrane’s thermodynamic phase state by varying
the depth of the interaction potential between the lipid
tails, kT /e, where kg is the Boltzmann constant and T

is the temperature. In particular, to evaluate the protein
nucleation kinetics across different membrane phases, we
tune kpT'/e between 0.775 (gel phase) and 1.135 (fluid
phase), as shown in Fig. 1(c) (see Methods for details).

The minimal model for the amyloid-forming proteins
is based on the coarse-grained model introduced in
Refs. |25, 26]. Proteins are modelled as hard patchy sphe-
rocylinders and can exist in two distinct conformational
states: a soluble (s) and a (-sheet forming (8) confor-
mation, both of which are equipped with different ar-
rangements of interaction patches. This model captures
the aggregation behaviour through the colloidal nature
of the building blocks, and the internal dynamics of the
protein through the internal degree of freedom associated
to the s-to-f3-sheet conformational transition.

Soluble proteins interact through an attractive end cap
on the spherocylinder, which allows for the formation of
unstructured protein oligomers, Fig. 1(a). The [-prone
conformation has an attractive side patch instead of a
cap, which mediates attractive interactions both with
the s and 8 conformations facilitating the alignment of
proteins and the formation of elongated fibrils. The s-
state represents the conformational ensemble of protein
molecules in their soluble states, for instance a random
coil for both the AS peptide and a-synuclein. The (-
prone-state describes the a conformation of the polypep-
tide chain which possesses strong intermolecular interac-
tions as found in the -sheet-rich cores of amyloid fibrils.
Therefore, the two spherocylinder states represent dif-
ferent classes of membrane binding modes rather than
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FIG. 2. Morphologies of protein-lipid aggregates.

Phase space of the protein-lipid cluster morphologies depend-
ing on the membrane fluidity and protein-membrane affinity.
Three main areas can be distinguished: extended fibrils (or-
ange), smaller fibrillar clusters with interstitial lipids (green),
and strongly mixed lipid-protein clusters (blue). The repre-
sentative snapshots correspond to the circled parameter val-
ues; soluble proteins are not shown.

reflecting precise conformational geometries, which vary
for different amyloidogenic proteins.

Crucially, the proteins can undergo a structural transi-
tion between the soluble and [-sheet-forming state. This
stochastic transition is penalised with a free energy bar-
rier AF,_, g, reflecting the fact that amyloidogenic pro-
teins lose conformational entropy when converting from
native to the S-sheet-prone state and are rarely found in
the -sheet conformation on their own.

Analysis of the simulation trajectories shows that
membrane binding is first achieved by the soluble pro-
tein conformation, whose affinity for the lipid membrane
heads is set by the value of 4. To model the amphi-
pathic nature of the protein and allow it to partially in-
sert and anchor into the lipid membrane, as observed
for both a-synuclein [27] and AS [28], the protein can
also interact with the lipids tails with a fraction of egy,.
The [-sheet-prone conformation is equipped with two
separate patches on opposing sides of the spherocylin-
der with affinity for either the proteins or the lipids,
Fig. 1(a). Such a twofold binding motif enables the
protein to form a fibril and, at the same time, interact
with the lipid membrane. This motif is chosen to mimic
the general membrane-binding characteristics of amphi-
pathic proteins such as a-synuclein and A3, which upon
binding to the membrane can undergo a structural tran-
sition that promotes [-sheet formation in contact with
lipids [10, 29, 30]. The strength of the lipophilic attrac-
tion of the protein (red patch) is controlled by €gy,, while

the protein-protein interactions of the s- and [-states
(blue patches) are controlled by €55, €55 and eg3.

Using the model presented in Ref. [25] we found that no
nucleation occurs in solution during the simulation time,
while nucleation in the presence of lipids can be fast, as
observed in experiments [31]. To be able to explore the
mechanisms of membrane-assisted nucleation across dif-
ferent conditions in a computationally efficient way we
set the conversion barrier AFs_,3 and the S-membrane
interaction €gy, proportionally to 10 kgl" while suppress-
ing nucleation in solution. Further details can be found
in the Supporting Information.

Membrane-assisted nucleation mechanisms

Through binding to the bilayer, the soluble pro-
tein molecules readily arrange into small unstructured
oligomers on the membrane due to their self-interaction.
The oligomerisation on the membrane is more efficient
than in solution due to the higher protein concentra-
tion on surface. If after a lag time a successful conver-
sion in one of the proteins to its S-prone conformation
has occurred, aggregation and potential fibril elongation
can start. Our simulations show that the properties of
lipid membranes can dramatically influence the pathway
through which this nucleation occurs. In the following,
we distinguish two basic pathways and the related mor-
phologies of amyloid aggregates: a protein-rich and a
lipid-rich, which also give rise to an intermediate case,
as illustrated in the phase diagram in Fig. 2.

In the gel phase (kg1 /e = 0.775), membrane lipids are
packed closely and bound proteins are unlikely to pene-
trate into the bilayer. In this case, the membrane essen-
tially behaves as a static surface: proteins adsorb onto
the surface, form transient oligomers, which eventually
provide an environment for fibril nucleation [25]. Such a
pathway typically results in the appearance of elongated
fibrils epitaxially growing on top of the bilayer (orange
area in Fig. 2), which often detach and diffuse away from
the membrane. The size of the fibrils strongly depends on
the protein-membrane affinity e,. High £4y-values lead
to an increased membrane coverage, which causes fast
growth of the fibril after initial conversion, and hence a
higher proportion of longer fibrils, as shown in Supple-
mentary Fig. Ab.

The morphology of nucleated clusters changes dis-
tinctly when the membrane is in the fluid phase, as best
seen in the regime of low protein-lipid affinities in Fig. 2.
In this case lipids are comparatively weakly bound within
the bilayer and can be extracted from it more easily.
In fact, experiments show that the lipid solubility is in-
creased when shortening the acyl chain length of satu-
rated lipids [16] (see Supporting Information for details.
This enables the lipids to actively participate in the for-
mation of fibril nuclei. At low protein-lipid affinities e,
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FIG. 3. Amyloid nucleation rates on the membrane. (a) Control case: nucleation rates when only soluble proteins
interact with the lipid beads and (-like proteins do not penetrate into the hydrophobic core. Non-monotonic behaviour is
observed with respect to the protein-lipid interaction €. (b) Nucleation rates when the interactions between the proteins and
the lipid-tails are non-zero and proteins can penetrate the bilayer, as in Fig. 2. Amyloid nucleation is sped up in the direction

of higher fluidities in addition to the non-monotonic scaling with e.m observed in (a).

the membrane is weakly covered by proteins and the first
nucleation step typically proceeds via the direct interac-
tion of a single (-prone protein with the hydrophobic
tail of a lipid, either by lipid extraction from the bilayer
or partial insertion of the protein into a packing defect.
The converted [-prone protein can then get coated in
lipids or (further) inserted into the lipid bilayer, which
hampers the fast elongation of fibrils and leads to mixed
protein-lipid clusters (blue area in Fig. 2). This nucle-
ation pathway is promoted by packing defects in the lipid
bilayer at increased membrane fluidities. The exact com-
position of the aggregates depends on the relative rate
of incorporation of lipids and proteins into an aggregate,
governed both by the membrane fluidity and the protein-
membrane affinities.

At higher protein-membrane affinities (e L 4ksT)
the membrane is substantially covered by proteins, see
Supplementary Fig. A2. The local environment of a
growth-competent nucleus will hence be abundant in
soluble proteins, leading to a faster addition of pro-
tein monomers and hence fibrils with lower lipid content
(green area in Fig. 2). Interestingly, the bound proteins
also modify the local phase state of the membrane, as in-
dicated by a reduction of the average area per lipid as ey,
is increased (Supplementary Fig. A4). This hinders lipid
extraction and yields an intermediate nucleation path-
way between the lipid-rich and protein-rich regimes, as
illustrated in Fig. 2.

Similar trends to those observed in our simulations
have been reported in atomic force microscopy experi-
ments monitoring A aggregating on model lipid mem-
branes [20]. On fluid model membranes with strong elec-
trostatic interactions between proteins and lipids, bilayer
deformations and clustering of lipids around A3 were ob-
served, whereas on gel phase membranes elongated ma-

ture fibrils appeared, just like in our simulations. Fur-
thermore, experiments have shown that a-synuclein fibril
formation in the presence of vesicles leads to membrane
remodelling and lipid extraction [32], yielding fibrils in-
tercalated with lipids that often cause vesicle disintegra-
tion. According behaviour involving membrane rupture
can be observed in our simulations at later stages of the
aggregation process when stresses induced by the grow-
ing fibril-lipid aggregates become too large.

Membrane fluidity enhances nucleation rates

In addition to controlling the morphologies of amy-
loid aggregates, the membrane has an immediate effect
on the rates of amyloid nucleation. To convert from the
soluble into the fibril-forming state the protein needs to
overcome the intrinsic free energy barrier AF;_,53. The
role of the membrane in modifying this nucleation barrier
can be twofold: (7) to increase the local concentration of
proteins by restricting their mobility to the membrane
surface and (i) to actively participate in the formation
of the pre-fibrillar nucleus through hydrophobic interac-
tions. Here, we decouple these two effects by analysing
two separate scenarios: a control case in which a protein
is only allowed to adsorb onto the membrane but cannot
co-nucleate with lipids, and another one in which S-sheet-
prone proteins can co-nucleate with lipids as depicted in
Fig. 2. The two scenarios are characterised by the pres-
ence or absence of the lipid-protein interaction patch of
the -prone conformation (red patch), while the interac-
tion between the s-conformation and the lipids remains
unaltered.

Starting with the control case, we remove the red patch
by setting egn = 0kgT. As evident from Fig. 3(a),
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FIG. 4. Changes in the potential of mean force at increasing membrane fluidity: (a), (b) The three panels each
show the free energy profiles Vs(zem) (red) and Vg(zem) (blue) at increasing fluidities kgT'/e = 0.775,1.015, and 1.135 while
protein-membrane interactions are kept fixed at esm = 3.5kgT and egm = 12ksT (a), and at increasing protein-membrane
affinities €sm = 2.0,3.5, and 5.5 kgT while the fluidity is kept fixed at kgT/e = 1.135 and egm = 12ksT (b). The arrows
indicate the free energy cost for conformational conversion AV, providing a proxy for the nucleation barrier. (c) Initial snapshot
of umbrella simulations for both particle species. (d) Difference between potentials of mean force in the ’s’ and '3’ conformation
evaluated at the minimum of V,(z) as a function of the membrane fluidity and the membrane-protein affinity €sm.

the nucleation rate r(esy) is a non-monotonic function
of the protein-membrane affinity e,,. Here, the rate r is
the inverse mean lag time of S-prone protein dimer for-
mation. At small e4,-values the nucleation rates are low
across all fluidities, where virtually no proteins are ad-
sorbed onto the membrane. At intermediate membrane-
protein affinities, the formation of stabilised membrane-
bound oligomers lowers the nucleation barrier and in-
creases the nucleation rates. At high membrane-protein
affinities the nucleation process is inhibited due to the
unfavourable free energy associated with nucleus detach-
ment. Indeed at €, = 0kgT upon conversion to the
[-state the protein loses its interaction with the mem-
brane, which becomes costly at high protein-membrane
affinities 4, hence prohibiting nucleation. The onset of
this regime is systematically shifted to higher eg,-vales
as the fluidity is increased. This is rooted in the fact
that a higher lipid mobility inhibits the formation of sta-
ble oligomers on the membrane surface (Supplementary
Fig. A3).

In the second scenario, the -sheet-prone protein con-
formation carries a side patch with an affinity for the hy-
drophobic lipid tails of €3y, = 10 kg7, rendering the pro-
tein amphipathic. The value of €3y, is chosen larger than
€sm to reflect the stronger membrane binding associated
to a higher (-sheet content found in experiments [33].
Strikingly, the presence of the 8-lipid interaction leads to
a drastic change in the nucleation rates at higher mem-
brane fluidities across all parameters pairs investigated,
as shown in Fig. 3(b). This effect is caused by the pro-
gressive exposure of the membrane’s hydrophobic core
and the concomitant hydrophobic contacts between lipids
and proteins. Loose lipid packing and the enhanced mo-
bility of the lipids both in and out of the membrane plane
enables the participation of lipids in the s-8 conforma-
tional change and the formation of fibrillar clusters.

The inclusion of lipids in protein aggregates efficiently
drives fibril nucleation as the interaction between the
lipid tails and proteins in the [S-sheet prone conforma-
tion is favourable, which reduces the free energy barrier
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of the s — 3 conversion and stabilises fibril nuclei. This
effect is more pronounced at increasing membrane flu-
idities, which allow for better access to the hydrophobic
regions of the lipid bilayer (Fig. 3). At the same time, a
sufficiently but not too strong protein-membrane binding
affinity €5, enables both efficient binding and oligomer
formation on the membrane without prohibiting the con-
formational conversion.

Free energy barrier for nucleation

To further characterise the molecular mechanisms of
membrane-driven catalysis of amyloid aggregation, we
investigate the free energy barriers connected to the dif-
ferent nucleation pathways. To this effect we sample
the free energy landscape for the s — § conformational
conversion of a protein along the protein-membrane
centre-of-mass separation z.,, in different membrane en-
vironments, thereby setting aside the effect of surface
oligomerisation of the soluble proteins. First, we eval-
uate the free energy profile associated to a protein in
either the s or 8 conformation interacting with the mem-
brane, while separately varying the membrane fluidity
and protein-membrane affinity, see Fig. 4.

Our simulations show that the free energy of binding
between the membrane and the protein decreases with in-
creasing fluidity, as evidenced by the results in Fig. 4(a)
for egm = 3.5kpT and ey, = 12.0kpT (see also Supple-
mentary Fig. A8). Concurrently, we observe a softening
of the repulsive contribution to the free energy profile V,
and a shift of its minimum to smaller z.,,-values. This
change is the combined result of membrane thinning and
a deeper average insertion of the protein into the bilayer
at high fluidities. Larger values of the membrane-protein
affinity ez, at fixed fluidity entail both a deeper free
energy minimum and a shift of the minimum position
deeper into the hydrophobic core (Fig. 4 and Supple-
mentary Fig. A8) . In the case of the protein in the §-
conformation, the free energy profile V3 in the gel phase
consists of a minimum located inside of the bilayer sep-
arated from the membrane surface by a small repulsive
barrier, since it is energetically unfavourable for the (-
protein to insert into the membrane at tight lipid pack-
ing (left panel in Fig. 4(a)). Increasing fluidity removes
this barrier and Vg consists of one deep well representing
the strong hydrophobic binding of the protein within the
lipid membrane.

To estimate the free energy barrier for conversion be-
tween the protein’s s- and [-conformation we evalaute
the free energy difference AV = Vg — Vs at the equilib-
rium position of the soluble protein (indicated as a black
arrow in Fig. 4). This free energy jump provides a proxy
for the nucleation barrier in the dynamic Monte-Carlo
simulations where soluble proteins first bind to the lipid
and find their equilibrium position before slowly con-

verting into the p-sheet-prone conformation. As evident
from Fig. 4(a), as the membrane fluidity increases, the
nucleation barrier AV gradually disappears. Deeper in-
sertion of the soluble protein permits strong interactions
between the (-protein and the hydrophobic core of the
membrane upon conformational conversion. Correspond-
ingly, AV becomes large and negative at high membrane
fluidities, resulting in the increase in the nucleation rates
(Fig. 4(d)).

Changing the affinity €5, can additionally influence
the barrier. In the gel phase protein insertion into the
membrane is not possible and we observe a monotonic
increase of AV(z) with higher protein-membrane affini-
ties (top row of Fig. 4(d)). In the rate measurements
reported in Fig. 3, the nucleation rate initially increased
with e5m (lower AV) by virtue of surface oligomerisation.
This is a multi-protein effect not captured at a level of a
single protein conversion. Conversely, AV becomes non-
monotonic in £4,;, even without the multi-protein effects
at high fluidities, since soluble proteins can partially in-
sert into the fluid membrane. The interaction between
the B-protein and lipid tails increases closer to the mem-
brane centre, hence the free energy gain of transitioning
to the S conformation also grows. In the strong binding
regime, however, the effective binding free energy of the
soluble protein grows faster than that of the S-prone pro-
tein, leading to the re-entrant increase in the free energy
barrier AV for the conformational conversion.

Quantitative comparison with experimental data

In what follows, we compare our findings to experi-
mental results [16], which characterise the effect of lipid
chemistry on the primary nucleation rates of a-synuclein
in the presence of lipid membranes.

Considering fully saturated lipids of different acyl
chain lengths, the experimental data show that vesicles
consisting of the longest acyl chains that form gel-like
membranes result in the slowest amyloid aggregation
rates. Conversely, the shortest lipid molecules, which
have the highest solubility in water and constitute a vesi-
cle in the most fluid phase, lead to the fastest aggregation
rates [16].

Since our model is highly coarse-grained and general
in nature, it remains non-trivial to map the exact lipid
bilayer phase state and protein-membrane interaction pa-
rameters from experiments to our model.

Importantly, the lipid model used here does not ac-
count for the complex structures of unsaturated acyl
chains. The comparison with experimental data is there-
fore restricted to fully saturated lipids, where membrane
fluidity and lipid solubility are directly related.

Nevertheless, the increase in the area per lipid from ex-
periments between the gel phase and the two fluid phase
vesicles under consideration is 25 and 31%, respectively.
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FIG. 5. Comparison of simulation results with ex-

perimental data: Comparison of the relative increase in
nucleation rates rauid/Tgel between the gel phase and fluid
membranes as a function of the relative increase in area per
lipid Afiuia/Ager. Coloured symbols show simulation results
at different fluidities: (purple) low fluidity (kgT'/e = 0.895),
(green) medium fluidity (ksT/e = 0.895) , and (red) high
fluidity (kT /e = 0.895) with each subset containing 10 dif-
ferent esm-values. The two black symbols represent experi-
mental data from Ref. [16]. The experimental values for rquia
and Agfuia of the fluid-phase DMPS and DLPS vesicles are
normalised to rge1 and Age of a gel-phase DPPS vesicle, re-
spectively.

This range closely matches what we observe in simula-
tions and falls in the medium fluidity regime, as shown
Fig. 5. This is a parameter-free measurement that we can
use to describe the membrane phase state and compare
the simulation and experimental results.

For a quantitative comparison of the nucleation rates,
we consider the relationship between the increase in nu-
cleation rates and area per lipid for different fluid-phase
membranes relative to the gel phase, i.e. the quantities
Tuid/Tgel and Agyia /Agel-

Considering the scenario in simulations where attrac-
tive interactions between the fibril forming protein and
hydrophobic core of the bilayer are enabled, i.e egy =
10kgT (Fig. 3 (b)), we observe that enhanced nucle-
ation rates directly correlate with increases in area per
lipid, as shown in Fig. 5. Nucleation rates depend sen-
sitively on the membrane structure since direct interac-
tions with lipids tails allows the the fibril-forming pro-
teins to sense packing defects. This is not the case for
the non-interacting case (€gm = 0kpT), where we find
practically no variation of the speed up with changes in
the area per lipid, as demonstrated in Fig. A9.

Remarkably, the match between the simulation and ex-
perimental data is achieved only if direct interactions be-
tween the membrane core and the fibril-forming protein
are present. This indicates that the fluidity-dependent
nucleation mechanism proposed here is necessary to in-
duce the experimentally observed enhancement in nucle-

ation rates on fluid membranes. Merely surface-assisted
nucleation through oligomers without lipid-protein co-
nucleation is not sufficient to explain the experimental
data.

Hence, the minimal model developed here appears to
capture the key physics needed to reproduce and explain
the experimental data on membrane-driven amyloid nu-
cleation.

DISCUSSION

In this work we presented a coarse-grained simulation
model to investigate how the phase state of a lipid mem-
brane and membrane-protein binding affinity control the
nucleation rates of amyloid fibrils. Depending on the spe-
cific amphipathic interaction motif of the amyloidogenic
proteins, we identified two main nucleation mechanisms:

1. The formation of protein oligomers on the mem-
brane surface and subsequent nucleation into pure
fibrils

2. The mixing of membrane lipids with fibril-forming
proteins enhanced by membrane fluidity.

The first mechanism determines the aggregation pro-
cess when the protein cannot interact with the membrane
hydrophobic core. The efficiency of this mechanism is
dictated predominantly by the protein-membrane affin-
ity, which stabilises oligomers on the membrane surface.
The enhancement of nucleation is limited to a narrow
regime of protein-membrane interaction in this case. In-
terestingly, this effect can be inhibited at high lipid mo-
bilities, where the formation of stable oligomers becomes
prohibited. This nicely illustrates that the membrane flu-
idity per se does not catalyse nucleation, but that specific
interactions between the protein and the lipids, which of-
ten correlate with lipid fluidity, are required.

In fact, when interactions of the protein with the hy-
drophobic membrane core are present, a second more
powerful nucleation mechanism is enabled. In this regime
lipids can co-nucleate with proteins, which effectively
lowers the nucleation barrier for their conformational
conversion and can result in the formation of lipopro-
tein clusters. This mechanism depends crucially on the
membrane fluidity and is enhanced by the presence of
packing defects and lipid extraction from the bilayer. In-
deed, considering the scenario where the protein in the
[-sheet-prone state interacts with the lipid tails, we ob-
serve a 250-fold speed-up of the nucleation rates between
the slowest and fastest cases in the gel and fluid phase, re-
spectively, (Fig. 3b). This is contrasted by only a 20-fold
speed-up for the case when the protein cannot interact
with the lipid tails (eg, = 0kgT) shown in Fig. 3(a).

Notably, we demonstrate that the window of effective
nucleation is significantly broadened by the interaction
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between the protein and the membrane core leading to
even more efficient amyloid nucleation over a wider range
of membrane fluidities and protein affinities.

It is important to note that the membrane fluidity in
our model is controlled only by inter-lipid interactions,
hence the fluidity and the ability of lipids to be extracted
from the bilayer are necessarily correlated in our model.
This is a good representation for saturated lipids, where
lipid solubility controls the phase state of the membrane.
However, membrane phase behaviour can also be con-
trolled by lipid geometry, as in the case of polyunsatu-
rated lipids. In such a system the membrane fluidity and
lipid solubility are not necessarily correlated in a straight-
forward way [15]. Similarly, membrane inclusions such as
cholesterol [22] or proteins can also control the membrane
phase behaviour and have a non-trivial effect on the abil-
ity to extract lipids from the bilayer. Our simulations do
not capture these more complex couplings.

We found that the nature of the interactions between
the protein and the membrane is of key importance in
determining the aggregation pathway and the protein’s
capacity to disrupt membranes. In our model, the choice
of two separate side patches is necessary to capture the
incorporation of lipids into amyloid structures observed
in experiments. Without a separate protein-lipid patch
lipids are pushed out of fibrils and mixed aggregates can-
not be achieved ruling out the pathway to lipid-rich ag-
gregates.

Hence, the imbalance between membrane-membrane
and membrane-protein interactions is an important fac-
tor not only in controlling the rates and pathways of amy-
loid aggregation, but also in determining whether amy-
loid aggregates are highly cytotoxic or not. This is also
highlighted in a recent experimental study which shows
that a-synuclein oligomers require a 3-sheet core to insert
themselves into the membrane bilayer and drive disrup-
tion of the bilayer [34].

The physical principles identified in this work are gen-
eral in nature and applicable to a wide range of amyloid-
forming proteins, irrespective of their sequence or fold.
Even more, the presented mechanisms can also be of rel-
evance to membrane-driven aggregation of other proteins
that involve conformational changes and hydrophobic in-
teractions. The computer model developed here also
opens the way for testing strategies to bypass membrane-
assisted amyloid aggregation, which can for instance
involve targeting the interaction between proteins and
membrane hydrophobic core, or altering the lipid com-
position to prevent protein-lipid co-nucleation.
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METHODS

Simulation model The coarse-grained simulation
model employed in this study merges a minimal model
of amyloid nucleation in solution [25] with a lipid bilayer
implicit solvent model [24]. Proteins are represented by
hard spherocylinders of diameter o and length ¢ = 4o
and can exists in a soluble and a [S-sheet forming confor-
mation, as discussed in the main text. The membrane
lipids are represented by a one head bead and two tail
beads. Both the dynamics of the membrane-protein sys-
tem and the conformational switches of the proteins are
simulated using a Metropolis Monte-Carlo algorithm.

As depicted in Fig. 1(a), the soluble protein has an
attractive end cap which allows it to form oligomeric
structures. The pair-wise interaction between two sol-
uble protein tips at distance r = |r| is given by

6
o
— — < 1.
ESS<T> r<l3c (1)
0 r>130.

Vss =

with 55 = 4kgT in this study. In the [-sheet forming
conformation the spherocylinder has two attractive side
patches instead of a tip interaction. One patch with affin-
ity for the membrane, the other with affinity for other
proteins.

The attractive protein side patch has the length of 0.7/
and an opening angle of 180°. If the two patches are
facing each other mediates the interaction potential

—E83 cos?(p) — 555% d<13c

Vs =
0 d>130
where d is the minimal distance between the interacting
hydrophobic patches and egg = 60 kT
The interaction between soluble and [S-prone proteins

is set by
_88[3
‘/S =
-1,

where d is the shortest distance between the attractive tip
of the soluble protein and the side patch of the S-prone
protein and €,3 = €55 + 1kpT".

The coarse-grained implicit solvent model used here for
the lipid membrane is defined in Ref. [24]. The membrane

d<1l3c

3
d>130 (3)
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consists of three-bead lipids, which self-assemble into a
stable bilayer.

The binding of the soluble protein to the membrane
lipids is controlled by the interaction potential

00 r<o
6
Vi = { —eom <“> c<r<iio (&)
r
0 r>13c

where €4y, is scaled by 1, 1/2, or 1/4 if the interacting
lipid bead is either the head bead, the first or the second
tail bead.

The second lipophilic side patch on the 8-prone protein
also has a length of 0.7¢ and an opening angle of 180° and
is oriented opposite to the Vgg-patch. It interacts only
with the hydrophobic tail beads of the lipids via

00 d<o
T d<
Vom = €83m COS 2wes (r— O')} oc<d<o+we.g
0 d>o+wep

()

where d denotes the minimal distance between the at-
tractive patch and the corresponding lipid bead. The
range of Vg,, between the proteins and the lipid is set
to we,g = 0. The interaction strength egy, is set to 0 or
10 kgT, depending on the specific case under considera-
tion.

Lipid beads interact repulsively via a Weeks-Chandler-
Anderson potential given by

w1 () <

0 > T

where 7. = 21/6ba bhead,head = bhead,tail = 0.950, and
biail tail = 0. Beads of a three-bead lipid molecule are
connected by two finitely extensible nonlinear elastic
(FENE) bonds, described by

Kbon r o\ 2
WV,bond = — b; drio log {1 - () } (7)

Too

where kpona = 30¢/0? and ro, = 1.50. Additionally,
the head and second tail bead interact via the bending
potential

kbend
2

Vbend = (7’ - 40)2 (8)

where kpena = 10 5/02. The hydrophobic interactions
between the lipid tails are account for by setting the at-

tractive interaction between the two tail beads to

—€ r<Te

re ST <7+ we
0 >+ we

(9)
with the ¢ and w, being the depth and the range of the
attractive potential, respectively. In this work, we set
we = 1.420 and vary € to prepare the lipid membrane in
different phase state across the gel and fluid regime. In
particular, we vary kgT'/e between 0.775 (gel phase) and
1.135 (fluid). Note that the gel-fluid phase boundary is
approximately located at kgT' /e = 0.81.

Monte-Carlo scheme The dynamics of the
membrane-protein system is simulated by a Monte-Carlo
scheme, which includes translational and rotational
moves of individual particles. Additionally, the conver-
sion between the soluble and (-prone conformation of
the protein is also facilitated by a Metropolis criterion.
This nucleated conformational change is accepted with
probability p = min{1,e 2F/kT} where AE denotes
the energy difference between the s and [-prone state.
Switches between the two possible states are attempted
with a probability of 0.01 per time step. These con-
formational changes between the s and the [ state are
penalised by the energy barrier AFy_, g = 10kgT.

The simulations were carried out in a cubic simulation
box with periodic boundaries in the x and y directions.
The height of the box is kept constant at L, = 500.
The lengths L, and L, are allowed to fluctuate to keep
the surface tension of the membrane constant at zero.
Soluble proteins are equilibrated according to a grand-
canonical ensemble with a fixed chemical potential keep-
ing the concentration of soluble proteins constant in so-
lution. Note that S-prone proteins follow the canonical
ensemble. The membrane consists of 30 x 30 lipids in
each leaf, amounting to 1800 three-bead lipids in total.

In a typical simulation run, proteins initially adsorb
to the membrane while being maintained in the soluble
conformation. After the equilibrium surface coverage is
reached, the proteins are allowed to switch between the
soluble and the B-sheet-prone state.
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SUPPLEMENTARY INFORMATION: PHYSICAL MECHANISMS OF AMYLOID AGGREGATION ON
FLUID MEMBRANES

This document includes additional information and results on the simulations carried out in the present study. In
particular it includes:

e Overview of interaction in the simulation model

e Remark on nucleation in solution vs membrane-assisted nucleation
e Coverage of the membrane surface by s-proteins

e Cluster size distribution of bound s-proteins

e Average area per lipid from Voronoi tesselation

e Cluster size distribution of nucleated S-proteins

e Dependence of nucleation rates on S-protein cluster size

e Details on the free energy profiles

e Additional data for the comparison with experimental results

e Lipid solubility in simulations and experiments

Pair-wise interactions between membrane lipids and proteins

J o =

Ess = 4k:BT’ Esg = 5k3BT £pp = 60 kBT

2

Esm = 1.5 - 6kBT’ €Bm = 10 kBT

38

e 1 =0.775 - 1.135 kg T

Protein-protein interactions

Protein-membrane interactions

Membrane-membrane interactions

FIG. Al. Overview of interactions in the simulation model: All possible pair interactions between proteins and
membranes implemented in the simulation model.
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Remark on nucleation in solution vs membrane-assisted nucleation

We have confirmed that for a conversion free energy barrier of AF;_,g = 20 kg7 nucleation in solution never occurs
within our simulation time (4x107 Monte-Carlo time steps). This is the case using the protein number concentration of
0.002, a protein self-interaction €5 = 4 kgT and a switching attempt frequency of 100, the same conditions used in the
simulations in the presence of the lipid bilayer. Under these condition, with a S-membrane interaction €gny = 20kgT'
nucleation occurs on average after 1.2 x 10° time steps in the presence of a fluid membrane (kgT/e = 1.015) in
intermediate the protein-membrane affinity regime at g, = 3.5kgT. Hence, membrane-assisted nucleation in our
model can be significantly faster than homogeneous nucleation, as reported experimentally.

Even though our model is simple, the large number of lipids and the need for a substantial nucleation statistics
prevents us from exploring slow nucleation mechanisms, which is needed to be able to understand the requirements for
fast nucleation. To be able explore the slow nucleation rates realised in the case of a gel-like membrane and at both high
and low values of protein-membrane affinity €4, we reduced the conversion free energy barrier to AF,_,3 = 10kgT.
At the same time the S-membrane interaction was scaled proportionally to gy = 10 kgT'. In addition a condition was
imposed such that homogeneous nucleation in solution cannot occur, which would be the case for the lower conversion
barrier. This condition requires that a s — [ conversion can occur only in the presence of a lipid molecule.

Imposing this scheme allows us to efficiently sample the full range of parameters in our simulation. In particular,
the full range of protein-membrane affinities 4, up to saturation and the complete gel-to-fluid transition of the lipid
bilayer.

Coverage of the membrane surface by s-proteins

Proteins adsorb to the membrane by virtue of their tip interaction with the lipids which is controlled by the value
of 5. Increasing the value of e, leads to a Langmuir-like behaviour of the membrane coverage 6, as can be seen in
Fig. A2(a). Note that due to the fact that the membranes are simulated at zero lateral tension, their area decreases
when reducing fluidity due to closer packing of the lipids. The averaging for each value is a configurational and
temporal average over 10 realisations and 20 frames separated by 20000 Monte-Carlo time steps each. It is interesting
to note that the coverage of the membrane in the gel regime atkgT /e = 0.775,0.815 is enhanced with respect to the
fluid regime. In particular, we can see in Fig. A2(b) that the surface density of bound monomers is significantly higher
for membranes of the lowest fluidities with respect to highly fluid membranes. This effect, which increases with higher
esm-values, stems from the fact that more ordered membrane surfaces promote the binding of isolated monomers in
the indented pockets of closely packed lipids. This is accompanied by the formation of a brush-like configuration
of bound proteins. Figure A2(c) shows the enhancement of bound dimers on the two most gel-like membranes at
intermediate membrane-protein affinities 4, between 3.5 and 4.5 kgT'. This phenomenon also translates to the trimer
density, as seen in Fig. A2(d).

We can understand the behaviour of the membrane coverage in more detail by considering the average cluster size
of bound soluble proteins.

Cluster size distribution of bound s-proteins

After equilibration of the Langmuir-like binding isotherm we measured the size distribution of oligomers bound to
the membrane. The criterion for two proteins to be counted in the same oligomer is that they must interact through
their tips while being bound to the membrane. Note that in this case the oligomer size is obtained before the proteins
can switch to their S-sheet forming conformation.

The average cluster size is plotted in Fig. A3(a). It directly derives from the number of bound oligomers up to size
10, as shown in Fig. A2. At the lowest binding affinities the average cluster size can drop below one (only monomers)
due to the fact some snapshot during temporal averaging contain no bound proteins. Furthermore, the average cluster
size rises more steeply with ey, for less fluid membranes. Above ez, = 4.5 kgl the average cluster size for the two
least fluid membranes saturates and even drop as €4y, is increased further. This can be explained by the fact that the
abundance of bound proteins further drives the lipids in to a close-packed state. There proteins bind strongly in the
resulting dents between the close-packed lipid heads which hinders the formation of oligomers and leads to an excess
in bound monomers.

Effectively, this results in a opposite scaling of the average cluster size with the fluidity above and below the
threshold g4, = 4.5 kgT, which signals a binding regime of strong protein binding. This scaling is shown Fig. A2(b).
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FIG. A2. Membrane coverage characteristics of soluble proteins as a function of e, and fluidity: (a) Average
number of adsorbed proteins per unit area on the lipid membrane as a function of the protein-membrane fluidity. Different
colours indicate ten different values of fluidity in the range kg7T'/e € {0.775,0.815,...,1.135}. Average number per unit area of
oligomers of increasing size: (b) monomers, (c¢) dimers, and (d) trimers.

Distribution of area per lipid

In order to shed light on the influence of bound protein proteins we computed the distribution of areas per lipids
as a function of both the membrane-protein affinity 5, and the membrane fluidity. The area per lipid distribution
was obtained by Voronoi tesselation.

Figure A4 shows the average area per lipid as a function of the fluidity. Firstly, we directly can see the signature
of the gel-to-fluid membrane phase transition as a jump in the average area per lipid as kg7 /e is increased, i.e. as
the strength of the hydrophobic lipid tail attraction is decreased. In addition we observe that the three cases with
the highest membrane-protein affinities exhibit a shifted phase boundary between gel and fluid. The adsorption of
proteins delays the gel-fluid transition towards higher kgT/e-values. Or put differently, the adsorption of s-proteins
to the membrane can induce a fluid-to-gel transition.

Cluster size distribution of bound S-proteins

In addition to the case of soluble proteins, we also recorded the oligomer size distribution of converted S-proteins.
Simulations were run until 20 proteins have converted to their -state, then the cluster size distribution was recorded.
Here, the criterion for being counted in the same cluster is that two proteins have to be interacting through their side
patches in the g-conformation. The results can be seen in Fig. A5.

The average cluster size of S-prone prone proteins depends on both the membrane-protein affinity e, and the
membrane fluidity. High membrane-protein affinities entail a high membrane coverage, which in turn leads to the
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FIG. A3. Average cluster size of bound protein oligomers (a) Average cluster size of soluble protein oligomers bound to
the lipid bilayer. Different colours indicate ten different values of fluidity kg7T'/e € {0.775,0.815,...,1.135}. (b) Slice through
(a) at the constant protein-membrane affinities esm = 4.5kB7T and esm = 5.5kp7T showing an increase (decrease) of the average
oligomer size with growing membrane fluidity.
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FIG. A4. Average area per lipid: Average area per lipid as a function of (a) membrane fluidity and (b) membrane-protein
affinity obtained via Voronoi tesselation.

quick elongation of nucleated S-proteins. This manifests itself in a average cluster size of 20 for the lowest fluidity
above affinities of 4, = 4.5 kgT.

We can observe that increasing fluidity tends to reduce the average (-cluster size due to the increased tendency
towards producing mixed lipid-protein clusters.

Dependence of the nucleation rates on the cluster size

As discussed in the main text, the nucleation rates in Fig. 3 are determined by the time step where the first S-prone
dimer is formed. In Fig. A6 we report the dependence of the nucleation rate of clusters on the size of the cluster. The
main conclusion we can draw from this analysis is that the formation of higher order S-clusters is suppressed in the
regime of small membrane-protein affinities and high fluidities. This can be explained by the consideration that fast
formation of higher order S-cluster on the one hand requires a local environment enriched in bound proteins, which
is not provided at low e4,-values and on the other hand can be inhibited by the absorption of -proteins into the
membrane core facilitated at high fluidities.
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FIG. A5. Average size of S-protein clusters: Average cluster size distribution once 20 -prone proteins were formed.
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FIG. A6. Nucleation rate for different cluster sizes. The four panels show the nucleation rates as a function of s, for
the four different fluidities studied in this work. Each panel reports the rate for forming a S-monomer up to a S-pentamer as
the membrane fluidity kg7/e and the membrane-protein affinity €.m are varied.

Details on the free energy profiles

The potentials of mean force (PMF) for both protein species were obtained using Umbrella simulations in which
one isolated protein was brought into interaction with the lipid bilayer by lowering the protein in a stepwise fashion
from solution into the the centre of the lipid membrane.

Therefore, these simulations inherently cannot account for cooperative effects between proteins but will only reflect
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FIG. A7. Free energy profiles of the soluble and (-like protein. The four panels show a selection of free energy
profiles: (a), (b) at fixed fluidity and (c), (d) at fixed affinity. (a) Free energy profile of the soluble protein at fixed fluidity
kgT/e = 0.895 and varying affinities esm. (b) Free energy profile of the fS-like protein at fixed fluidity kg7/e = 0.895 and
varying affinities €gm. (c) Free energy profile of the soluble protein at fixed affinity esm = 3.50kgT and varying fluidity. (d)
Free energy profile of the -like protein at fixed affinity egm = 13.50kgT and varying fluidity.

the influence of the membrane on the conversion probability of a single isolated protein.

From the umbrella simulation we obtained the two potentials of mean force for the soluble and [-like protein,
denoted by Vs = Vs(2, €, €m) and Vg = Vg(z, €, €4m ), respectively. Here, the variable z designates the centre-of-mass
separation between the membrane and the protein.

A single protein is placed at a sufficient distance from the membrane to be out of interaction range. Then the
protein is inserted into the membrane using a biasing potential, as illustrated in Fig. 4. Subsequently, the weighted
histogram analysis method [35] is used to compute V(z). The resulting PMFs reflect the corresponding free energy of
binding in the protein-membrane system.

We distinguish the free energy profiles for the s- and (-states of the protein that are denoted by Vi(z) and Vs(2),
respectively. The minimum position zpin, s reflects the average equilibrium binding position of the protein along the
membrane normal.

Variation with protein-membrane affinity

As the respective affinities are increased, the depth of both the PMFs of the soluble and (-like proteins increase
reflecting the stronger binding of the protein to the membrane, as can be seen in Fig. A7(a) and (b) for kgT' /e = 0.895.
In addition to this, we observe that the minimum of V; shifts also in position to lower values of the centre-of-mass
separation, which is not the case for Vg. This results from the model assumption that soluble proteins can also interact
with the two hydrophobic lipid tails.


https://doi.org/10.1101/2019.12.22.886267

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.22.886267; this version posted May 2, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

17

! ! ! ! ! OF T T T T =
— kgT/e =0.775
4.0 ——kgT/e =0.895 A -5 ]
N AIBT/E =1.015 EN
35l \ ——kgT/e =1.135 ] & -10f
£ A E - 15F
3.0F 4 = — kgT/e = 0.775
— 32 - ol T eT/z =089
250 - " - . 1 kgT/e = 1.015
" _osf kgT/e = 1.135
2 3 4 5 6 2 3 4 5 6
Esm(kpT) Esm(ksT)

FIG. A8. Minima of the soluble potential of mean force: (a) Position of the minima of V,(z) as a function of egp,.
Different colours indicate the four different membrane fluidities discussed in this work. (b) Depth of the free energy profile
Vs(z) at the minimum position zmin as a function of membrane fluidity and membrane-protein affinity.

At the same time the density profile of the membrane lipids is not affected by increasing the affinity. From this we
can conclude that the soluble protein insert further into the lipid bilayer as its affinity to the membrane is increased,
which is a result of the specific lipid interaction profile we have chosen.

Variation with membrane fluidity

Varying the membrane fluidity, the soluble PMF reacts differently. This situation is plotted in Fig. A7 (c). At the
lowest fluidity kT /e = 0.775, the protein experiences a strong repulsive branch of the PMF, while being bound in a
relatively narrow well on top of the lipid membrane. In the more fluid phases the resulting PMF is markedly softer.
We observe both a decrease in the depth of the PMF and and shift to lower values of Az.,. However, in contrast to
the constant fluidity case, now the density profile of the membrane is changed as well which results from the thinning
of the membrane as its phase state changes from gel to fluid. The average z position of the lipid head in the top
leaf of the membrane decreases from 2.40 + 0.350 to 1.920 4+ 0.640 indicating that the membrane thins and at the
same time the lipid head experiences higher fluctuations in z. Going across the gel-fluid transition, the minima of
the soluble PMF shifts by more than ¢ which indicates that the shift in the PMF position is a combination of the
thinning of the membrane and a higher mobility along the membrane normal due to higher fluidity.

A slightly different situation arises for the 8-like protein as shown in Fig. A7(d). If the membrane is in its gel phase,
the PMF V3(z) exhibits a barrier since the S-proteins do not directly bind to the hydrophilic lipid heads. As the
fluidity of the membrane is increased, this barrier vanishes and the resulting value of the PMF minimum decreases
with higher fluidities.

In summary, the membrane fluidity in our simulation model has a direct effect on the characteristics of the
membrane-protein interaction. As can be seen in Fig. A8(a) both the membrane fluidity and the protein-membrane
interaction have a significant effect on the position of the PMF minima for the soluble protein. The resulting affinity
is shown in Fig. A8(b). We see that at high affinities, the protein is more strongly bound at low fluidities than at
high fluidities. This results from the closer packing of the lipid head, and bound protein can arrange in the resulting
lattice-like surface of the membrane surface maximising its binding energy.

COMPARISON OF SIMULATION RESULTS WITH EXPERIMENTAL DATA

In order to allow for a quantitative comparison to available experimental data we consider the variation of amyloid
nucleation rates as a function of the average area per lipid. Specifically, we consider the relative increase in rates and
area per lipid between different fluid membranes with respect to a gel membrane given by rauid/rgel and Agayida/Agel,
respectively.

Plotting rauid /gl against Aguia/Agel for the two cases discussed in the main text (Fig. 3), we can observe a markedly
different scaling. If egm = 0 kT, rauid/reel shows a very weak dependence on the increase in area per lipid, which is
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cause by increasing membrane fluidity. In contrast to this the interacting case egy = 0kpT exhibits a significantly
higher variation with the increase in area per lipid caused by the increased exposure of hydrophobic content through
membrane defects as fluidity grows. To quantify the different scalings we fitted the two data sets which provides us
with two exponents X\ for the fitting function of the form

Tfuid/Tgel O (Aﬂuid/Agel))\ : (10)

The fits result in A = 0.42 for the case €3y, = 0 kg7 and A = 14.2 for the case egm = 10 kg7, as illustrated in Fig. A9.
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FIG. A9. Increase in nucleation rates as a function of area per lipid: The relative increase in nucleation rates is plotted
against the relative increase in area per lipid for the two cases with and without interactions between the lipid tails in the
[B-prone proteins. In addition, fits to the data points are shown to retrieve the scaling exponent A.

LIPID SOLUBILITY IN SIMULATIONS AND EXPERIMENTS

Experiments in Ref. [16] have shown that decreases the length of the acyl chain of saturated lipids from (16 : 0)9
(DPPS) to (14 : 0)2 (DMPS) and (12 : 0); (DLPS) increases to solubility (or free energy of transfer) AG from
approximately —55kJmol ™! to —48kJmol ™' and —41kJmol ', respectively. Under the experimental condition in
this Reference, the (16 : 0) lipid vesicles are in the gel phase, whereas the other two are in the fluid phase.

The corresponding values of the lipid free energy of transfer in our simulations exhibit the same trend when reducing
the interaction strengths between the lipid tails (i.e. going from the gel to the lipid phase). However, a precise match
of the numerical values of the lipid solubility cannot be achieved from such a general lipid membrane model.

For the different fluidities kg7 /e = 0.775,0.895,1.015 and 1.135 the value of the lipid solubility in simulations is
approximately AG = —45kJmol ', —35kJmol !, —25kJmol * and —15kJmol ', respectively.
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