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Accumulation of protein-based (Af) aggregates on cellular membranes with varying structural prop-
DOL:00.0000000000000¢ erties is commonly recognized as the key step in Alzheimer's pathogenesis. But the experimental and
computational challenges have made this biophysical characterization difficult. In particular, studies
connecting biological membrane organization and Af aggregation are limited. While experiments
have suggested that an increased membrane curvature results in faster Af peptide aggregation in
the context of Alzheimer's disease, a mechanistic explanation for this relation is missing. In this
work, we are leveraging molecular simulations with a physics-based coarse grained model to address
and understand relationships between curved cellular membranes and aggregation of a model tem-
plate peptide AB 16-22. In agreement with experimental results, our simulations also suggest a
positive correlation between increased peptide aggregation and membrane curvature. More curved
membranes have higher lipid packing defects that engage peptide’s hydrophobic groups and promote
faster diffusion leading to the peptide’s fibrillar structures. In addition, we curated the effects of pep-
tide aggregation on membrane's structure and organization. Interfacial peptide aggregation results in
heterogeneous headgroup-peptide interactions and an induced crowding effect at the lipid headgroup
region, leading to a more ordered headgroup region and disordered lipid-tails at the membrane core.
This work presents mechanistic and morphological overview of relationships between biomembrane’s
local structure and organization, and AP peptide aggregation.

1 Introduction

Alzheimer’s disease is characterized by extracellular self-assembly
of AP protein segments into ordered fibrillar aggregations 3. Re-
cent reports have pointed to amyloid-membrane interactions as a
crucial step in modulating the aggregation kinetics and associ-
ated disease pathogenesis*7. In particular, biophysical aspects of
membrane organization such as membrane order and charge can
affect peptide aggregation kinetics. In addition, peptide aggrega-
tion can also effect changes to membrane’s structural properties.
Three experiment-derived hypothesis detailing effects of peptide
aggregation on membrane organization have been suggested —
carpeting model, membrane-pore model and detergent model®.
But the exact biophysical mechanism characterizing this interac-
tion is still missing. While significant research efforts have been
applied to understanding peptide aggregation in aqueous solvent,
studies in presence of membranous environments are rather lim-
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ited. Research in this direction can impact our understanding of
event-pathways in Alzheimer’s disease.

Recent experimental reports have suggested that A peptide
can have differential aggregation patterns when interacting with
anionic membranes compared to zwitterionic/cationic ones®-10,
Here, peptide insertion and peptide aggregation in presence of
zwitterionic membranes were correlated to the increased mem-
brane compressibility. Experimental studies have also charac-
terized the dynamic role of membrane curvature in driving the
formation of and interaction with amyloids 112, Peptide aggre-
gation was studied with Phosphatidylcholine vesicles of varying
sizes using Thioflavin T fluorescence assay to track fibrillation.
This study observed a reduced lag time with smaller vesicles com-
pared to larger ones. The authors also used isothermal titration
calorimetry to report endothermic binding between A and small
lamellar vesicles compared to exothermic binding with large unil-
amellar vesicles. Such curvature associated modulations in aggre-
gation thermodynamics and kinetics has also been observed in the
case of o-Synuclein (Parkinson’s disease) and Huntingtin protein
(Huntington’s disease), suggesting a fundamental nature in pro-
tein aggregate-membrane interactions 1314, This presents a need
for biophysical studies into membrane curvature driven peptide
aggregation.

While increasing molecular simulation studies are focusing on
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aggregate-membrane interactions, it is difficult to study these
processes with traditional all-atom simulations, because of asso-
ciated long lengths and experimental timescales to study these
systems1>17,  While most studies of membrane-curvature in-
duced peptide behaviour using atomistic simulation have been
limited to studies with a single peptide, some emerging work
have reported the correlated effects of membrane curvature and
peptide aggregation!®1°. Even atomistic simulations with en-
hanced sampling approaches are often limited to aqueous so-
lution, considering the increase in quantities and diversities of
molecular entities in presence of membranes?%-27. Another ap-
proach that is often applied to address this spatio-temporal scale
issue is coarse-graining28. This method reduces the resolution
of a molecular system by grouping together local atoms, which
in turn provides a performance-boost by smoothing the free-
energy landscape and preventing locally trapped states. Sev-
eral coarse-grained models have been applied to study oligomer-
membrane associations2?34. Physics-based transferable coarse
grained forcefields like MARTINI have enabled molecular simu-
lations with exact amino-acid sequences that have coupled pro-
tein aggregations to membrane-curvature3>-37, But MARTINI in-
volves restraining the secondary structure of each protein units,
thereby preventing studies of conformational transitions.

In this work, we have used a recently developed a polarizable
coarse grained protein and membrane model (Water Explicit Po-
larizable Coarse-Grained Model — WEPCGM) 384! Our coarse
grained protein model captures secondary structural transitions
and works in tandem with our membrane model which accu-
rately reproduces membrane electrostatics and structural proper-
ties from experiments. Here, we are scoping the study to A 16-
22 peptide aggregation as this is one of the smallest segment of
the full-length peptide that is capable of forming ordered aggre-
gates and has been used as a model template in many experimen-
tal and computational investigations*>~*°. Here, we have used
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) to cre-
ate our model lipid membranes, as phosphatidylcholines are the
most abundant lipid molecules in mammalian cells and previ-
ous experimental studies have used such membranes for peptide-
aggregation studies!1.

2 Methods

2.1 Coarse Grained Model and Simulation Set-up

Both the membrane and peptide models feature local grouping
of atoms to generate functional coarse-grained atom-types (CG-
beads) that are representative of the physics and chemistry of
the atoms they represent. The molecular polarization is explicitly
included by addition of dummy charges on polar coarse-grained
sites, such as an amino acid’s peptide backbone 4®. These dummy
charges on protein and lipid molecules interact with the central
CG-bead by harmonic angular potential, and with the local envi-
ronment through coulombic interactions. Adding explicit-charges
to represent dipoles will generate dipole-induced interactions,
that can couple environmental fluctuations to protein structure
and generate secondary and super-secondary structures. These
forcefields have been developed using the polarizable MARTINI
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water model383%47  The protein-backbone and the glycerol-
esters are modeled as polarizable beads in the case of peptides
and lipid molecules, respectively. Beads representative of lipid
tails and hydrophobic residue sidechains, are modeled as hy-
drophobic beads. Some of the beads representing parts of ly-
sine and glutamate sidechains have explicit charges to represent
cationic and anionic nature of the respective amino acids. A more
explicit description of the forcefield is presented in the supple-
mentary information (Fig. S1, S2). Previous reports have ex-
plored the use of these CG models to study membrane-induced
peptide folding, calcium ion driven lipid demixing and peptide
aggregation in presence of membranes38-41:45_ Recently, we val-
idated our forcefield by simulations with AB 16-22 peptide in
aqueous solution and in presence of membranes composed of
POPC and POPS lipids, where peptides were allowed to inter-
act with the membrane from solution and form ordered aggre-
gates®.

Similar to Terakawa et al. ’s experimental study on the effect
of membrane-curvature on peptide aggregation, our model lipid
membranes are also composed of POPC lipids'!. The initial frame
was prepared with A} 16-22 peptides (with peptide to lipid ra-
tio of 1:10, similar to experimental systems outlined in Kandel et
al. *8) solvated randomly away from the membrane. We instituted
a hardcore repulsion with ¢4 and c;, terms set to 0 and 0.00247
respectively between lipid headgroups (phosphate and choline)
in the lower leaflet and the peptide backbone. This forces the
peptides to exclusively interact with the upper leaflet. As previ-
ous simulations have shown that this peptide fragment primar-
ily stays at the membrane-water interface, such applied repulsion
between the lower leaflet and the peptide backbone would not
affect the peptide aggregation and adsorption properties. Each
simulation system was composed with 242 POPC lipid molexules,
24 AB 16-22 peptides solvated in 5400 coarse grained water
molecules. The membranes were held with different values of
surface-tension to reproduce conditions with varying curvature.
Such an approach of using applied surface-tension as proxies for
membrane curvature has been previously used in atomistic simu-
lations to study membrane insertion of anti-microbial peptides+®.
Furthermore, A 16-22 stays at the membrane-interface, where
membrane-curvature primarily manifests as an increased area-
per-lipid#°. Fig. 1 shows the relationship between the area-per-
lipid and the applied surface-tension values in standalone simula-
tions with POPC membranes in absence of peptides. The area per
lipid is computed simply by dividing the total membrane lateral
area with the number of lipid molecules in one leaflet. The high-
est surface-tension in our case corresponds to a small unilamellar
vesicle with a diameter of 13.4 nm, which was verified with a 100
ns molecular simulation of complete vesicle (877 lipids) *°. These
values are similar to those reported with coarse-grained and large
all-atom simulations °%->2, We also simulated a larger membrane
with 512 POPC lipid molecules, 50 A 16-22 peptides and 9973
coarse-grained water molecules at the highest value of surface-
tension for 1.5 microseconds, to verify that our system does not
suffer from finite size effects.

The simulation protocol is identical to that mentioned in Sa-
hoo et al.*>. A brief overview is presented here. The initial
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Fig. 1 Relationship between applied surface-tension and the area-per-
lipid. Each point denotes a simulation system.

peptide-membrane system was created with peptides dispersed
randomly in solution, away from the membrane. The molecular
system was then energy minimized and equilibrated for a period
of 50 nanoseconds, with position restraints on the peptides. Af-
ter that, the position restraints were removed and the peptides
were allowed to interact among themselves and with the mem-
brane during the production phase of 1.5 microseconds. All the
simulations were performed with GROMAGCS 4.5.7°3, with tem-
perature maintained at 300K with a Nosé-Hoover thermostat>*
and pressure by Berendsen barostat®>. Two independent repli-
cas were simulated for each simulation condition. The long range
electrostatics is determined through Particle-Mesh Ewald method
with relative dielectric constant of 2.5.

2.2 Analysis

We have used visual molecular dynamics®® and in-house devel-
oped scripts to analyze our molecular simulations. Different ge-
ometric features of peptide and lipid organization was used to
define peptide absorption and ordered aggregation. We used the
position of two second sidechain beads (S2) of PHE to determine
absorption of a peptide into the membrane. First, six nearest lipid
phosphate groups closest to the peptide center-of-mass were used
to create a local membrane plane for each peptide, thereby al-
lowing accommodations for local membrane undulations. Then,
peptides were classified as absorbed if at least one of the PHE-S2
of the peptides moved beyond that local plane in the z-direction.
Here, we classified peptide aggregates as "ordered" if each peptide
in that aggregate participates in at least three backbone-driven
dipole orientations (Fig. S3). Such dipole-dipole interactions can
be construed as equivalent to hydrogen bonds (as observed in
atomistic representation of a 3 sheet) in a coarse-grained sense.

3 Results and Discussion

3.1 Impact of induced curvature on peptide aggregation

To determine the effect of membrane curvature on peptide ag-
gregation, we characterized the structure of peptide aggregates
in simulation with varying applied surface-tension values. Fig. 2
records the overall behavior (in-solution + on-membrane) of pep-
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tide aggregates, with measures for total ordered-aggregate frac-
tion (Fig. 2a) and ordered-aggregate fraction among the peptides
absorbed on the membrane (Fig. 2b). Peptides can interact and
aggregate both in solution and on top of membranes. This com-
petition between peptide-peptide and peptide-membrane interac-
tion shapes the peptide aggregation behavior. At surface-tension
values greater than 35 dyne/cm, peptide absorption progressively
increases. This increase in peptide absorption, in turn leads to
an increased arrangement of the absorbed peptides into ordered
macro-structures on the membrane surface (Fig. 2b), which in-
creases the overall ordered content. It is worth noting that such
increased fibrillation in more-curved membranes are in line with
experimental observation of increased beta-sheets in small unil-
amellar vesicles compared to larger ones!!. The computed frac-
tion of absorbed peptides (1.0) and fraction of total ordered ag-
gregation (0.68, standard deviation 0.02) from a larger simula-
tion system at the highest surface-tension agrees with the values
from the smaller system, suggesting no finite size effects. There-
fore all further analyses presented in this article have focused on
the smaller peptide-membrane systems.

To understand of this curvature-induced peptide fibrillation,
we used geometric and physical metrics that quantify mem-
brane’s structure and organization. Fig. 3a shows the distribu-
tion of hydrophobic solvent-accessible-surface-area (HSASA) for
membranes at different values of surface-tension. An increased
HSASA is indicative of more hydrophobic defects that can af-
fect membrane-peptide interactions. These evidences suggest,
peptide absorption is driven by increased hydrophobic defects in
membranes with higher surface-tension. This is apparent in the
molecular snapshot (Fig. 3b) showing these peptide aggregations
on top of an exposed hydrophobic patch of the membrane at the
highest surface-tension. Furthermore, increased area compress-
ibility of these membranes allow for easy rearrangement of lipid
molecules to sustain larger absorbed aggregates. Also, due to re-
duced crowding, peptide diffusion is faster in membranes with
higher surface-tension (Fig. S4). Now, as we are working with
a dominantly hydrophobic fragment of the Af peptide, the hy-
drophobic side-chains of the absorbed peptides primarily interact
with the membrane’s acyl core. With increasing surface-tension
values, these absorbed peptides with their side-chains engaged
can diffuse around faster. The interaction between the peptides
are then driven by backbone dipole alignments leading to ordered
beta-sheet like structures. A parallel with glycine-valine repeats at
hexadecane-water interface can be drawn here, with fibrillation
at the interface region driven by buried hydrophobic sidechains
into apolar media“4®. Therefore, this increased fibrillation fraction
at later surface-tension values can be attributed to the cumulative
effects of peptide absorption, higher membrane compressibility
and faster peptide diffusion. It is worth noting here that similar
to earlier solid-state NMR experiments, our simulations also re-
port some ordered aggregations into cross-beta like structures in
solution phase on membranes with lower surface-tension values
(Fig. 3 - ¢, d)*?. Here the peptide aggregates primarily in solu-
tion, tethered to the membrane (Fig. 3c). Such cross-beta struc-
tures are also noted for our simulations in solution, in absence
of any membranes (Fig. S5). But, the prevalence of ordered ag-
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Fig. 2 Variation of peptide absorption and ordered aggregation with increasing surface-tension. a) Absorption (Green) and ordered aggregation (Blue)
among all the peptides (in-solution + on-membrane). b) Ordered aggregation (Blue) among peptides absorbed on the membrane only. These values
are averaged over the last 200 nanoseconds of two independent replicates.

gregation is higher on "more curved" membranes because of the
specific topological aspects (hydrophobic defects) that promote
more absorption and backbone-driven inter-peptide interactions.

3.2 Effects of peptide aggregation on membrane structure

Amyloid depositions can alternatively affect membrane’s struc-
ture which can in turn result in functional changes. Several stud-
ies have reported A assisted membrane damage with formation
of heterogeneous pores or detergent-like effects”. A correlation
between membrane fluidity and A self-assembly was suggested
in experiments using dynamic light scattering, fluorescence and
electron microscopy techniques®’. This disruption of membra-
nous environments is also noted by Lemkul et al. for single A
peptide with atomistic simulations®®. The authors reported sev-
eral structural impacts of Af-membrane interactions including lo-
cal disordering of lipid groups, and increased tail-tilts.

In this work, we also analyzed induced changes in membrane
order and headgroup tilt due to peptide aggregation. While the
reported behavior exist in all simulation systems, we have shown
results from membranes with the highest surface-tension as that
system has the highest number of absorbed peptides, and there-
fore can be used to report statistically significant results. The
coarse-grained tail order parameter, J (3(cos?8) — 1), quantifies
disorder in acyl tails. Here 6 is the angle made by each bond
vector in the acyl tail with the bilayer normal. The order pa-
rameter varies from -0.5 to 1, reaching the maximum value when
bond vectors are aligned parallel to membrane normal. We classi-
fied lipid molecules in contact (any CG-bead within 7 angstroms)
from the peptide aggregate as "close-to-aggregate" and others as
"away-from-aggregate". Fig. 4a reports the tail order parameter
at the interaction-sites of the acyl tail starting from the region
near the headgroups to the center of the membrane. As com-
pared to lipid molecules that are away from the aggregate, the
lipid molecules closer to the aggregate are more ordered at the
4|
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interfacial region, and more disordered deeper inside the mem-
brane. This observation can be explained in terms of the location
of the peptide aggregate along the Z-axis (Fig. 4b). Due to the
presence of peptide aggregates, the interfacial regions get more
crowded, inducing increased order closer to the aggregates (Fig.
4a). Farther inside the membrane, a hollow defect is generated
by pushing the headgroups away at the interface (Fig. 4b), which
contributes to more disorder near the bilayer center, closer to the
aggregates. These observations align with the reported "aggre-
gate induced order" in previous-mentioned experimental study>’.
We observed this order at the interfacial region, and a more dis-
ordered acyl tail inside the membrane core as the short peptides
reside at the membrane interface.

Finally, we also looked at how the lipid headgroups behave
closer to the aggregate as compared to away from it. Differen-
tial arrangement of lipid headgroups can alter local membrane
potential and have implications in cellular signalling processes.
The distribution of headgroup (PN) tilt with respect to the bilayer
normal is plotted in Fig 4c. PN tilt is more dispersed closer to the
aggregate. This can be understood in terms of increased hetero-
geneity induced by peptide-lipid interactions at the headgroups,
closer to the aggregate.

4 Conclusions

Peptide aggregation into structured deposits have been associ-
ated with many neurodegenerative diseases, particularly through
interaction with cellular membranes. Experimental results have
suggested that both membranes and peptide can influence each
other’s structure and dynamics. Membrane curvature can pro-
mote extensive fibrillation, with faster formation of ordered struc-
tures in presence of small unilamellar vesicles, compared to larger
ones. On the other hand, peptide aggregates can alter mem-
brane’s structure and packing. In this work we have investigated
these intertwined effects with coarse-grained molecular simula-
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tions. Our results agree with previous observations of curvature-
driven peptide aggregation into ordered structures, and suggest
possible biophysical mechanisms for it 1112, Membranes with in-
creased curvatures lead to increased peptide absorption, due to
more exposed hydrophobic defects. The absorbed peptides can
then laterally diffuse around, and interact through the peptide
backbone to form ordered fibrillar structures. The presence of
such peptide aggregates also affects the lipid membrane’s local
structure. The lipid groups closer to the aggregates are more or-
dered at the crowded interfacial region due to interfacial pres-
ence of peptides; and less ordered deep inside the membrane
core. These observations align with previous experiments and
molecular simulations that also highlighted membrane disrup-
tion by peptides>”-58. Our results support the previously sug-
gested "carpeting model" of membrane disruption, by increasing
membrane fluidity inside the membrane core”->”. These locally
close lipids also have a broad distribution in PN vector tilt from
the membrane normal, suggesting the heterogeneous nature of

peptide-lipid interactions. Such local variations in PN vector tilt
can manifest in changes to the membrane’s electrostatic poten-
tial, ion distributions and alter electrostatics-assisted membrane
signalling6%-61, This study unravels the effects of membrane cur-
vature in aiding peptide aggregation, and the effects of peptide
aggregation in reshaping membrane’s local attributes.
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