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1 Introduction
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Pathways of amyloid-beta absorption and aggregation
in membranous environment’

Abhilash Sahoo,* Hongcheng Xu,” and Silvina Matysiak*“

Aggregation of misfolded oligomeric Amyloid-beta (AS) peptides on lipid membranes has been
identified as a primary event in Alzheimer’s pathogenesis. However, the structural and dynamical
features of this membrane assisted A aggregation has not been well characterized. The micro-
scopic characterization of dynamic molecular-level interactions in peptide aggregation pathways
has been challenging both computationally and experimentally. In this work, we explore differen-
tial patterns of membrane-induced A 16-22 (K-L-V-F-F-A-E) aggregation from the microscopic
perspective of molecular interactions. Physics-based coarse-grained molecular dynamics (CG-
MD) simulations were employed to investigate the effect of lipid headgroup charge — zwitterionic
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine: POPC) and anionic (1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine: POPS) on A 16-22 peptide aggregation. Our analyses present an
extensive overview of multiple pathways for peptide absorption and biomechanical forces gov-
erning peptide folding and aggregation. In agreement with experimental observations, anionic
POPS molecules promote extended configurations in A peptides that contribute towards faster
emergence of ordered S-sheet-rich peptide assemblies compared to POPC, suggesting faster
fibrillation. In addition, lower cumulative rates of peptide aggregation in POPS due to higher
peptide-lipid interactions and slower lipid diffusion, results in multiple distinct ordered peptide ag-
gregates that can serve as nucleation seeds for subsequent Af aggregation. This study provides
an in-silico assessment of experimentally observed aggregation patterns, presents new morpho-
logical insights and highlights the importance of lipid headgroup chemistry in modulating peptide
absorption and aggregation process.

(APP) by beta secratase in the endosomal pathway and gamma

Aberrant aggregation of peptides and proteins on cellular mem-
branes has been associated with the pathogenesis of a number of
neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s
(PD) and Huntington’s (HD) disease!=3. Alzheimer’s disease,
characterized by extra-cellular amyloid plaques*® and intra-
cellular neurofibrillary tangles”-8, is a significant social challenge
which has affected 5.7 million people in the United States®. The
amyloid cascade hypothesis for AD presents aggregation of a
39-43 residue long intrinsically disordered peptide-amyloid beta
(AB) as the trigger for a cascade of events culminating in neu-
ronal deaths and dementia!®-11, Multiple alloforms of AB pep-
tides with an intrinsic tendency to form fibrillar aggregates are
created by successive excisions of Amyloid precursor proteins
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1 Electronic Supplementary Information (ESI) available: Alterations to the coarse
grained model and other supporting evidences. Movie presenting membrane as-
sisted emergence of secondary structures on POPS. See DOI: 10.1039/cXCP00000x/
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secretase in the plasma membrane 12-14. Recent evidences have
implicated soluble, low molecular weight AB oligomers as the
primary cytotoxic agents, correlating strongly with cognitive de-
fects 1518, The structural diversity of polymorphic AB oligomers
contributes towards multiple pathways for Af -induced neuronal
toxicity 1.

A broad range of proteins and peptides, regardless of large vari-
ations in the amino acid sequence, have been shown to form
amyloid fibril at high concentrations?9-22, Experimental char-
acterization of peptide aggregates through X-ray diffraction has
revealed common structural features such as the cross beta sheet
architecture23:24, Structural studies of A peptides through solid
state NMR 2°, hydrogen-deuterium exchange2® and electron mi-
croscopy?7-2% have also shown the presence of similar cross beta
sheet patterns. The central hydrophobic core (CHC), residues 17-
21 (L-V-F-F-A) of the complete AB is crucial for fibrillation39-34, In
addition, solid state NMR studies have confirmed that A 16-22
(K-L-V-F-F-A-E) is one of the the smallest peptide sequence capable
of forming highly ordered, stable beta sheet rich fibrils at neutral
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pH?3>. Therefore studies of the structural and kinetic properties
of a simpler tailorable model peptide, AB 16-22, can provide a
better understanding of the molecular forces responsible for fibril
formation/elongation 36-38,

The production of Af peptides occurs in a membranous en-
vironment, exposing the peptides to a number of lipid-peptide
interactions3?. Also, the perturbation of cellular membranes,
followed by ion-dysregulation due to oligomeric forms of Af
peptides is hypothesized to be a central part of AB assisted AD
pathology39—#1. Therefore, a mechanistic understanding of bio-
mechanical interactions of Af peptides with cellular membranes
is necessary to gain insights on the A cascade pathway. A} pep-
tides have been shown to exhibit varying aggregation patterns on
lipid bilayers depending on their structure and composition 4249,
CD and Thioflavin T assay studies on unilamellar vesicles have re-
vealed an accelerated aggregation of A 16-28 peptides into or-
dered beta sheets on anionic bilayer (DPPG) as compared to zwit-
terionic bilayer (DPPC)4>. In addition, an AFM experiment us-
ing supported bilayers, has shown that disruption of zwitterionic
membranes (DOPC) is higher than anionic membranes (DOPG)
in presence of AB peptides#®. Recent evidences from imaging
studies using TEM, AFM and total internal reflection fluorescence
microscopy have suggested that small unilamellar vesicle (SUVs)
with a larger curvature promotes amyloid fibril formation when
compared to large unilamellar vesicles>%°1,

A morphological characterization of Af oligomers is difficult
due to its transient and soluble nature 5254, On the other hand,
computational studies, particularly molecular dynamics (MD) can
be an ideal alternative to access this small time scale, transient be-
haviour®®. Atomistic simulations, often coupled with advanced
sampling techniques have been extensively implemented to study
small-scale peptide oligomerization in solution56-63, Some re-
cent atomistic studies on peptide-lipid interactions have investi-
gated pre-formed membrane-inserted oligomers and the very ini-
tial phases of oligomer-lipid interaction ®#-%¢. Due to high compu-
tational costs and sampling issues, atomistic simulations have not
been used to study peptide aggregation on lipid bilayers start-
ing from a solvated monomeric configuration. Coarse grained
molecular dynamics (CG-MD), which provides a reduced reso-
lution description of a system and significantly improved sam-
pling of protein conformational landscape, is an effective tool to
study complex systems with extended spatio-temporal scales®”,
specifically peptide aggregation starting from monomeric pep-
tides. Many novel coarse grained force-fields (In-lattice and Off-
lattice) have successfully characterized ordered amyloid aggrega-
tion®-73, PRIME 20, an intermediate resolution unbiased pep-
tide coarse graining scheme has been implemented with discon-
tinuous molecular dynamics (DMD) on many amyloidogenic se-
quences including Af peptides to study fibril formation in so-
lution”74. Zheng, et. al. explored the aggregation free en-
ergy landscape of Af peptides using AWSEM-MD — a predictive
coarse grained force-field’>. A minimalistic, phenomenological
model (Clafisch model) was implemented with a variable dihe-
dral term to generate peptide aggregation on model vesicles®?.
Recently, another phenomenological coarse grained three bead-
per-residue, amyloidogenic peptide model (Shea model) was em-
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ployed with implicit solvent to demonstrate spontaneous peptide
aggregation into beta sheets on model lipid membranes”°. These
coarse graining techniques, either have been designed only for
peptides (PRIME20-Hall model) or do not provide peptide se-
quence/lipid type specificity (Clafisch and Shea models).

Here, we present a CG-MD study of partitioning, folding and
aggregation dynamics of Af 16-22 peptides (K-L-V-F-F-A-E), in
presence of model lipid bilayers composed with zwitterionic-
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
anionic-POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine) starting from their solvated monomeric state. We
designed the peptide using a modified version of prior-developed
coarse grained model - Water-Explicit Polarizable PROtein Model
(WEPPROM) 777 which generated secondary structures of
small peptides from primary amino acid sequences without any
built-in bias. Lipids were modeled by another slightly altered
variant of recently created Water-Explicit Polarizable MEMbrane
(WEPMEM) model that could accurately reproduce dielec-
tric properties at the lipid-headgroup (interface) region’’-78,
Physically, peptide aggregation involves an interplay between
hydrophobic and hydrophilic effects, indicating the importance
of precise modeling of electrostatic interactions7%-80. The novelty
of these models is the introduction of structural polarization at
the peptide-backbone and lipid-headgroup which is necessary
for studying peptide-lipid interaction and membrane induced
peptide folding””. Both these models have been parameterized
to use Yesylevskyy’s polarizable water model81.

Outer neuronal cell membranes are extremely diverse with a
wide variety of glycerophospholipids and ceramides®2. Af pep-
tides show an enhanced propensity to aggregate into ordered beta
sheets on negatively charged membranes composed with anionic
lipids#%:79:83-86  Also, many experimental studies to understand
the effect of lipid type on peptide aggregation have used POPS as
one of the anionic components 8789, This prompts our choice for
using POPS as the model anionic lipids to study the oligomeriza-
tion of Af peptides in membraneous environments. In this pa-
per we explore the differences in the morphology and kinetics of
membrane-assisted beta sheet formation by A 16-22 on model
lipid membranes using coarse grained MD simulations. The pa-
per also presents a mechanistic explanation to experimentally ob-
served kinetic behaviour. To our knowledge, this is the first coarse
grained simulation study that captures the complex process of
peptide aggregation in membraneous environment, from peptides
solvated in their monomeric state to formation of ordered sec-
ondary structures, while maintaining peptide sequence and lipid

type specificity.
2 Methods

2.1 Peptide Model

The AP peptide model is primarily derived from WEPPROM —
which has been successfully applied to study interfacial folding
and aggregation of small peptides without any externally added
bias”677, with certain modifications (Table S1). In short, the
CG peptide consists of three types of beads - charged (+/-), hy-
drophobic (H) and polar (P) mapped from an atomistic amino

This journal is © The Royal Society of Chemistry [year]
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acid sequence (Figure 1). Each amino acid’s peptide backbone has
been mapped into a single polarizable backbone bead (BB) with
structural polarization added through dummy positive/negative
charges (BBp/BBm). These dummy charges interact with the
central backbone bead through a harmonic potential, with each
other through a cosine squared angle potential and with its envi-
ronment through electrostatic forces. This results in an induced-
dipole effect, adding directionality to peptide backbone-backbone
interactions, generating secondary and super-secondary struc-
tures”. Charged residues (K and E) are represented as two side
chain beads (S1/S2) - one hydrophobic another charged. The
side-chains in the CHC region (L-V-F-F) just have hydrophobic
beads with sidechains of Leucine and Valine represented as single
bead (S1) and Phenylalanine with two beads (S1 and S2).

§2
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X Vv F E BB

-
n
-

BB
S1

52

-q
Fig. 1 A schematic description of peptide coarse-grained model

Further details about forcefield parameters, details of
parametrization and model validation is provided in Ganesan et.
al.”® and modifications are listed in supplementary (Table S1).

The peptide model was validated using experimental and com-
putational evidences of A 16-22 aggregation into ordered cross
beta structures in aqueous solution23:24:36:90  Simulations with
12 A monomers, solvated in water (0.14 M) aggregated into
stable beta sheet rich oligomers (Figure S1).

2.2 Lipid Model

Similar to the original MARTINI forcefield”!, lipids - POPC and
POPS in our lipid model — adapted from WEPMEM 77, are mod-
elled by 13 CG beads each through a 4:1 mapping scheme.
Some alterations made to the WEPMEM forcefield have been de-
scribed in Table S2. At the lipid-headgroup, phosphate (PO4)
and choline (NC3) are mapped to a charged coarse grained
bead, whereas glycerol-esters (GL1 and GL2) and serine (CNO)
are represented by polarizable beads with structural polariza-
tion generated through two dummy charges similar to the pep-
tide model. Lipid oleoyl tails are designed with five hydrophobic
beads, whereas the palmitoyl tails with four. Please refer to Gane-
san et. al. for further description of the coarse grained model”?.
Both the lipid and peptide models are compatible with each other

This journal is © The Royal Society of Chemistry [year]
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and use polarizable MARTINI water model®! for solvation.

2.3 Simulation Protocol

The model POPC bilayer, composed with 240 lipids and POPS
bilayer with 242 lipds were solvated with CG water (lipid to wa-
ter ratio fixed approximately at 20). The simulations were per-
formed on GROMACS 4.5.4%2. After the preliminary energy min-
imization, the bilayers and counter-ions (in case of POPS bilayer)
were equilibrated for 10 ns (time step, dt = 10 fs) using NPT en-
semble. Temperature was maintained at 300K through a Noose-
Hoover thermostat?394 with a time constant of 1 ps. Parinello-
Rahman barostat®® with a time constant of 1 ps and compressibil-
ity of 3 x 1077 /bar was used alongside with semi-isotropic pres-
sure coupling to maintain a pressure of 1 bar. Particle mesh Ewald
(PME) 9697 with a relative dielectric constant of 2.5 and cutoff
distance of 1.6 nm was used to compute long range electrostat-
ics. The Lennard-Jones interactions were modified starting from
0.9 nm to 0 at 1.2 nm by the GROMACS shift scheme.

After creation of an equilibrated bilayer, 48 peptides (peptide
to lipid ratio of about 0.2) are randomly added into the solu-
tion. The peptide to lipid molar ratio of 1:5 has been previ-
ously investigated in small (A 25-35) peptide-membrane exper-
iments®8. The composite system is then energy minimized and
re-equilibrated for 50 ns with position restraints placed on 4th
residue backbone (on F-19 BB in x, y an z directions) in peptides
and phosphate (on PO4 in z direction) in lipids. The bilayers
were simulated with a fixed surface tension (Berendsen barostat)
to mimic an enhanced area per lipid due to the outer membrane
curvature of SUVs. The area per lipid of both POPC and POPS bi-
layers were fixed at 95 A” to simulate outer membrane of a SUV
with 13.4 nm diameter. These values were obtained through a
WEPMEM simulation of a small unilamellar vesicle system com-
posed of 877 lipids and 61113 CG-water molecules and also veri-
fied against other coarse grained molecular dynamics simulations
with comparable vesicle sizes?”-100, All other simulation parame-
ters were kept similar to the first equillibration step. This second
step allows us to equilibrate the monomeric peptides in the solu-
tion in presence of a lipid bilayer.

Finally, position restraints were removed and a production run
of 1.5 us was carried out using the remaining simulation param-
eters from the second equillibration step. To verify the statistics
presented in this paper, we also simulated a replica of bilayer-
peptide systems with different initial states.

2.4 Analysis

Built-in functions of GROMACS, analysis modules of Visual
Molecular Dynamics 1?1 (VMD) and in-house developed scripts
were used to analyze molecular simulation trajectory.

2.4.1 Peptide absorption

The relative position of two F-S2 beads from the lipid bilayer sur-
face, described by locally close (six nearest neighbors from center
of mass) phosphate (PO4) beads has been used as metrics to dif-
ferentiate between absorbed and unabsorbed peptides. To accom-
modate for the local curvature of lipid bilayers, the height of bi-
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layer surface (/) is determined by the average heights of six near-
est PO4 beads to each individual peptide. The peptides are then
categorized into three classes - completely absorbed (CA), partially
absorbed (PA) and unabsorbed (UA) based on positions of Pheny-
lalanine S2 (F-19/F-20 S2) on a single peptide chain. If the posi-
tion of both F-S2 along bilayer normal (z) is less or equal to A, the
peptide is classified as completely absorbed (CA) whereas if z > 7,
the peptides are considered unabsorbed (UA). Figure S2 provides
a schematic representation of this algorithm and the three classes
of peptides differentiated on the basis of absorption onto bilayer
surface.

2.4.2 Peptide-aggregate Clusters

Peptide aggregation in the simulated systems was quantified by
clustering connected peptides. In this analysis, the peptides are
described by main beads - BB, S1 and S2. This connectedness is
established using distance cutoffs determined from the first peak
of radial distribution functions (g(r)) between these beads (Figure
S3). Two peptides are connected if they have at-least one pair of
beads within their respective cutoff distance. These cutoffs are
detailed in the Table 1.

Table 1 An example of a caption to accompany a table

Interaction Cutoff (nm)
BB - BB 0.45
BB -S1 0.40
BB - S2 0.61
S1-S1 0.65
S1-82 0.42
S2-S2 0.70

The number of peptide clusters, representing peptide aggre-
gates at a particular time is computed by determining connected
components. In addition, the peptide aggregates is also catego-
rized into three groups based on absorption classes of component
peptides - completely absorbed aggregates, partially absorbed ag-
gregates and unabsorbed aggregates. A peptide-aggregate has been
listed as a completely absorbed aggregate, if all of its component
peptides can be classified as either completely absorbed or par-
tially absorbed. On the other hand, an aggregate is designated
as a partially absorbed aggregate, if at-least one of its component
peptide can be classified as partially absorbed and at-least one an-
other as unabsorbed. Finally, if all of the component peptides are
marked as unabsorbed, then the peptide-aggregate is categorized
as unabsorbed aggregate.

2.4.3 Beta Sheet Content

A backbone contact between two peptides is defined by alignment
of back-bond dipoles (BBm-BBp), characterized using a distance
cut off of 2.5 nm between two oppositely charged BB-dummies.
This distance was determined from the interaction peak of ra-
dial distribution function, g(r), between opposite charged dummy
particles. We considered two peptides as beta sheets, if they have
at least five (71.5 %) such backbone-backbone contacts and end-
to-end distance greater than 1.2 nm, similar to beta sheet deter-
mination technique used by Lu et.al.?. The end-to-end length is
the distance between the back-bone (BB) beads of flanking amino
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acids - K and E. The fraction of peptides in mutual beta sheets
constitute the total beta sheet content.

3 Results and discussion

Figure 2a shows the number of unabsorbed peptides over time
whereas Figure 2a-inset presents the variation in the number of
partially absorbed aggregates with time. The peptides can parti-
tion into lipid membranes as individual monomers (Figure 2b), as
small oligomeric aggregates (Figure 2¢) or by slow dissociation of
larger peptide aggregations (Figure 2d) bound to the lipid mem-
brane. Previous AFM studies with full length A peptide have
also reported some of these pathways — absorption as monomers
and oligomers into supported bilayers#3. There was a sudden
significant decrease in the number of unabsorbed peptides within
about first 15 ns for both anionic-PS and zwitterionic-PC simu-
lations (Figure 2a). Following that, the absorption slowed down
due to formation of a number of partially absorbed aggregates.
These aggregates arranged themselves to protect the hydrophobic
cores of their component peptides (Figure 2d), which afforded
some stability and reduced absorption rates. Over time, these
partially absorbed aggregates continued to slowly lose peptides
to the membrane and decrease in total number and size. Partic-
ularly, in contrast to POPC where all inter-facial aggregates were
completely absorbed, one such aggregate on POPS rearranged
and conformed into a stable layered beta sheet structure (Figure
2d) attached to the membrane, similar to structures observed in
membrane-free systems (Figure S1).

The backbones of the absorbed peptides had variable residue-
wise insertion into a lipid membrane modulated by their side
chain hydrophobicity and relative position along the peptide
chain (Figure S4). Throughout the 1.5 us simulation, the ab-
sorbed peptides remained close to the bilayer headgroup region
(Figure 2d, S6). Once absorbed into the membrane, the pep-
tides (monomers and aggregates) start diffusing laterally on bi-
layer surface as shown in the supplementary movie. In addi-
tion, as the peptides are pre-dominantly hydrophobic (71.43 %),
the aggregation on the membrane occurs primarily by pushing
away polar/charged lipid heads thereby exposing the hydropho-
bic tail region as is evident in Figure 3a-d, where peptides have
pre-dominantly aggregated on top of the hydrophobic alkyl tails
(white region).

3.1 Rate of peptide aggregation

The variation in cumulative number of peptide clusters (ordered
+ disordered) over time is presented in Figure 3e. Over time,
due to continued aggregation, the number of peptide clusters on
POPC steadily reduced in number (Figure 3e) to about three clus-
ters and increased in size — number of peptides (Figure S5).
In contrast, on POPS membrane, the number of peptide aggre-
gates/clusters continued to be relatively high, featuring signifi-
cant variations in aggregate sizes, pointing to a comparatively
slower aggregation rate. This disparity in aggregation patterns
can be explained through difference in diffusion rates of PC and
PS. Lateral diffusion of lipids is relatively slower in POPS with a
lateral coarse grained diffusion constant of 0.0369 x 10~cm?/s

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 a) Variation of number of “unabsorbed peptides” with time, averaged over two replica-simulations. The variation of the number of partially
absorbed aggregates has been provided as inset. b,c,d) Different pathways for peptide absorption into lipid bilayer. b) Single (monomeric) peptide
absorption. c) Peptide absorption as oligomeric aggregates. d) Peptide aggregation through dissociation and rearrangement of partially absorbed
aggregates. Coloring scheme: Light green beads - Sidechains of Phenylalanines (F); Blue beads - Peptide backbones; Red region - Polar/charged

lipid headgroup; White region - Hydrophobic alkyl tails (Lipids).

as compared to 0.0899 x 10 >cm?/s in POPC. While coarse
grained diffusion constant is not directly comparable to experi-
mental and atomistic results, it can capture relative trends. Sim-
ilar qualitative trend has also been observed in other reported
values for lateral diffusion constants!02. The rigid headgroup
of POPS due to intra-molecular pseudo-hydrogen bonds cap-
tured by CNO dipole-dipole interactions in this coarse grained
scheme, prevents faster diffusion for lipids. This restricts the
effective exclusion of lipid molecules’?, preventing peptide ag-
gregation. In addition, increased interaction between lipid head
group (CNO/PO4) and peptides in POPS can further result in bet-
ter mixing of peptides and lipids, compared to POPC (Figure 3f).

3.2 Beta Sheet Content

Over time, peptides rearranged into aggregates with high beta
sheet content on both bilayers. Figure 4a presents time evolu-
tion of beta sheet content over time. Similar to reported CD and
Thioflavin T assay studies* with AB 16-28, the beta sheet con-
tent in peptide aggregates was significantly larger (approximately
double) for POPS as compared to POPC. Even with larger sized
aggregates, peptides on PC bilayer were more unstructured. The
higher beta sheet content on PS bilayer can be explained by the
distribution of end-to-end distance of peptides. Peptides on PS are
in general more elongated (Figure 4b) which exposes their back-
bone to more peptide backbone-backbone interactions, thereby
increasing the overall beta sheet content. In agreement with our
coarse grained simulations, atomistic molecular dynamics simula-
tions of single peptide-membrane systems also reproduce a trend
towards more elongated peptides in PS than PC (Figure S6). This
lower end-to-end distance of peptides in PC can be reasoned in
terms of membrane compressibility and peptide-lipid insertion.
The higher compressibility of POPC membranes as compared to

This journal is © The Royal Society of Chemistry [year]

POPS, that has been previously reported 193 and also captured by
our CG model”?, increases the relative penetration of peptides
into POPC membranes. Figure 4c presents the distribution of F-
S2, the “highest inserted” side chain bead into the membrane.
This increased insertion of F-S2 on POPC membranes, coupled
with charged residues at the ends — K and E which prefer to
stay close to bilayer surface, distorts the shape of the peptide
into a sharper “U/O - like” shape (Figure 4b) thereby decreasing
the average end-to-end distances and backbone-bone contacts.
The higher membrane disruption for some zwitterionic lipids like
DOPC compared to anionic DOPG has also been recorded in AFM
experiments by Hanes et. al*3. Moreover, similar to FTIR ex-
periments on Af3 peptides in membranous environment by Yu et.
al. 194, a relatively higher insertion of F-19 as compared to F-20 is
observed. In addition, as apparent from Figure 4d the sidechain
of Glutamate (E-S2) in POPS is positioned slightly away from
the bilayer-headgroup as compared to POPC because of the inter-
action between positively charged choline (NC3) and negatively
charged E-S2 which is absent in POPS. This further increases pos-
sibility of intra-peptide K-E interactions which results in a less
expanded peptide conformation.

In addition, due to higher number of total inter-peptide interac-
tions in large amorphous peptide aggregations on POPC, it is diffi-
cult for peptides to effectively rearrange into ordered beta sheets
necessary for efficient fibrillation. On the other hand, peptides on
PS form numerous slow diffusing smaller oligomeric aggregates
which can reorganize comparatively easily into beta sheet rich
structures before coalescing into larger aggregates.

Oligomeric deposits on membranes can act as nucleation-seeds
for subsequent peptide aggregation from solution. To test this hy-
pothesis, after the initial production run of 1.5 u s, we added 48
more peptides into both bilayer systems (with pre-existing pep-
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Fig. 3 a,b) Last frame snapshot of peptide aggregates on two opposing leaflets of POPC lipid membrane in simulation 1. c,d) Last frame snapshot
of peptide aggregates on two opposing leaflets of POPS lipid membrane in simulation 1. The red part in this representation corresponds to polar
headgroup and the white part corresponds to hydrophobic tails. The blue connected beads represent peptide backbone. e) Variation in the number of
AB 16-22 aggregates over time, averaged over both replica-simulations. Even connected components of size one (monomers) have been designated
as a single cluster. f) Integration of radial distribution function between charged peptide sidechains (E/K-S2) and lipid headgroup (POPC:NC3/PO4,

POPS:CNO/PO4), averaged over both replica-simulations.

tide aggregates) and recorded their dynamics for 500 ns. Simi-
lar to previous experimental observations19°, initial pre-existing
oligomers acted as nucleating sites, recruiting either individual
monomers or smaller oligomers to create large fibrillar aggregates
(Figure S7). This presents a possibility of multiple ordered aggre-
gates on POPS (larger than POPC) to act as nucleation sites that
can progressively increase subsequent aggregation rates. These
fibrils are attached to the membranes primarily through inter-
peptide interactions with embedded peptides and extend into so-
lution. The aggregate sizes of fibrils in solution, attached to the
bilayers is on average larger than oligomers lying flat on mem-
brane surfaces.

Studies with central hydrophobic core (CHC) provides in-
sights about how structures develop in peptide aggregates 106-108,
Faster development of ordered beta sheet rich structures in A
16-22 can be corroborated with faster ordered fibrillation and re-
sulting toxicity of full length Af peptides in POPS. Similar to our

6 Journal Name, [year], [vol.], 1-10

observations, Lindberg et. al.1%? also found about two fold in-
crease in fibrillation of A 1-42 in an anionic membrane (DOPS).
This effect of lipid headgroup chemistry has also been corrobo-
rated in previous work with surface plasmon resonance and mag-
netic bead assay on A 1-40110,

4 Conclusion

Our coarse grained molecular dynamics simulations reproduce
and provide a mechanistic explanation to a broad spectrum of
experimental results43:4%:104.109.110 e characterized multiple
pathways for peptide absorption into membranes composed of
POPC and POPS. Both lipid molecules have distinct effects on ag-
gregation patterns of absorbed peptides. While rapid cumulative
aggregation (ordered + disordered) was observed in zwitterionic
PC bilayer, the emergence of ordered beta sheets and by exten-
sion, fibrillation was faster in presence of anionic POPS lipids.
The results are in agreement with previous experimental stud-

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 a) Time evolution of beta sheet fraction. b) Distribution of end-to-end length of peptides over the last 200 ns. The gray line shows the end-to-end
distance criteria used to determine beta sheets. (inset)-single peptide representative snapshots describing end-to-end lengths of peptides. Peptide
backbone of AB 17-21 (LVFFA) is presented in magenta, whereas residues K and E are represented by blue and red respectively. The connected
blue beads represent hydrophobic sidechains. c) Density distribution of E-S2/K-S2 (POPC/POPS) along bilayer normal from bilayer center over the
last 200 ns of simulation time. The gray region describes the average location of bilayer headgroup (PO4). d) Density distribution of F19-S2/F20-S2
(POPC/POPS) beads along bilayer normal from bilayer center over last 200 ns of simulation time. All the results presented here have been averaged

over all replica-simulations.

ies4>.79,83-86,109,110 that had observed faster growth of amyloid
fibrils in presence of anionic lipids. The discrepancy in the cumu-
lative aggregation rates is a consequence of faster lateral diffusion
of POPC lipid molecules compared to POPS. On the other hand,
increased beta sheet content in POPS membranes is due to the
differences in membrane compressibility. Higher membrane com-
pressibility of POPC membrane compared to POPS, results in a
relatively higher peptide insertion into the bilayer. This distorts
the geometry of individual peptide molecules which hinders their
participation in beta sheet formation. Some of the morphologi-
cal aspects of membrane assisted A} aggregation reported in this
study such as relatively higher membrane insertion of F19 com-
pared to F20, have been supported by previous experimental ev-

This journal is © The Royal Society of Chemistry [year]

idences194. We also revealed the propensity of initial oligomeric
deposits to act as nucleation seeds to enhance further fibrilla-
tion. Considering the presence of multiple, ordered aggregates
in POPS due to slow cumulative aggregation and peptide aggre-
gates operating as nucleation seeds, POPS membranes can have
an increased progressive peptide aggregation rates. This work
unravels how lipid headgroup driven biochemical interactions in
homogeneous model membranes shape peptide absorption and
aggregation.
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