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Abstract

Alzheimer disease (AD) is the most common cause of dementia, characterized by a progressive decline
in cognitive function due to the abnormal aggregation and deposition of Amyloid beta (AB) fibrils in the
brain of patients. In this context, the molecular mechanisms of protein misfolding and aggregation that
are known to induce significant biophysical alterations in cells, including destabilization of plasma
membranes, remains partially unclear. Physical interaction between the AB assemblies and the
membrane leads to the disruption of the cell membrane in multiple ways including, surface carpeting,
generation of transmembrane channels and detergent-like membrane dissolution. Understanding the
impact of amyloidogenic protein in different stages of aggregation with the plasma membrane, plays a
crucial role to fully elucidate the pathological mechanisms of AD. Within this framework, computer
simulations represent a powerful tool able to shed lights on the interactions governing the structural
influence of AB proteins on biological membrane. In this study, molecular dynamics (MD) simulations
have been performed in order to characterize how POPC bilayer conformational and mechanical

properties are affected by the interaction with AB11-42 peptide, oligomer and fibril.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that cause irreversible loss of neurons,
principally in the cortex and hippocampus. The primary neurotoxic species that causes Alzheimer’s
disease are small assemblies of amyloid B (AB) peptide [1]. The mechanism by which AD develops is
not clear and there are not treatments able to slow or stop damage or loss of neurons. There are four
principal hypothesis that try to explain AD onset: cholinergic [2], tau [3], amyloid cascade [4], and
vascular [5], recently developed. The amyloid cascade is the most accredited hypothesis and consider
the deposition of amyloid 3 plaques around neurons as the principal cause of the irreversible neuronal
damage and memory loss. A peptide is product from cleavage of the Amyloid Precursor Protein (APP)
by a-, B- and y-secretase [6]. There are two principal type of Ap peptide, one constituted by 40 residues
(AB40), which accounts for 90% of secreted AB, and a less prevalent type constituted by 42 residues
(AB42)[7]. The stability of these structures is strongly related with the progression and severity of the
disease, pushing the scientific community to huge efforts in order to characterize the molecular stability
of amyloid aggregates and discover novel drugs [8—11]. However, ABas2 is the most toxic specie which
is characterized by a polymorphic nature [12] and tends to aggregate in more rapidly way [13]. In detail,
ABso can assume only a U-shaped structure instead of AB42 that can adopt both U- and S-shaped
structure [14]. Recent studies demonstrate that the S-shaped ABa2 is the most compact and stable
specie [10,15,16].

Amyloid beta assemblies tend to interact with cell membranes. The association and the interaction of
amyloid oligomers with lipid bilayer produce toxic effects on the normal cell functions and activities.
Physical interaction between the peptide and the membrane leads to the disruption of the cell
membrane in different ways, e.g. carpeting on the surface, penetrating in the cell membrane causing
transmembrane channels, causing detergent-like membrane dissolution [17-20]. lonic homeostasis,
membrane leakage and cell toxicity are due to the disruption of the cell membrane, that causes the
penetration of small molecules and ions inside the cell [21]. Changes in these interactions are due to
the bilayer composition, e.g. different types of lipids and the percentage of cholesterol [22]. In this
connection, a molecular level understanding of the interactions governing the structural influence of AB
on biological membrane represents an important research advance.

Several studies have investigated the interaction between amyloid protein, i.e. monomer and small
oligomer, and different type of bilayer. Studies reported here analyse the effects of amyloid protein on
POPC bilayer. Xiang et al.[23] found that oligomers with more than two peptides tend to modify the lipid
bilayer by generating water channels, besides, with the increasing of the number of peptides the free
energy of penetration tends to decrease. In another work [24] authors conclude that in case of carpeting
of amyloid peptide on the membrane, the latter undergo perturbation becoming more gel-like and rigid
modifying area per lipid and order parameter. Nevertheless, since POPC is a zwitterionic bilayer, both
the membrane and the protein inserted in it tend to remain stable during MD simulations [25,26]. Other
MD studies demonstrate that the insertion of AR oligomers into explicit solvated lipid bilayer is not
spontaneous due to high energy barrier [21]. However, once an oligomer is inserted into the membrane,

it causes a thinning of the bilayer and this consequences increase with the assembly dimension [27].



Jang et al. have simulated a pore formation starting from small AB40 fibril, showing local thinning,
membrane disruption and local increasing of the surface pressure as a consequence of AB40 insertion
into cell membrane. Another consequence of AB association with cell membrane is cytotoxic effect due

to an increase in membrane fluidity [28].

Starting from these observations, MD simulations were employed to study and analyse the effects of
ABu1-42 protein on POPC bilayer from the conformational and mechanical point of view. In particular, the
main focus of this work is to evaluate the influence of the amyloidogenic protein in different stages of
aggregation on the plasma membrane.

Material and Methods

AB peptide in water
The AB11-42 peptide model was extracted from the Protein Data Bank (PDB ID: 1IYT [29]). The first

system was composed by the AB11-42 peptide placed in a triclinic box, with a distance of 2 nm from the
edge of the box to respect the minimum image condition. The obtained system was solvated with explicit
water and Na-Cl ions were added in order to obtain a concentration of 0.15 M. After an energy
minimization protocol, NVT and NPT equilibration, 300 ns of non-restrained MD simulation was
performed.

APB oligomer in water

Five AB peptides representative structure was extracted from the last 100 ns of 300ns long MD and
were placed randomly in a triclinic box. Each monomer was separated from the other and from the edge
of the box at least by 1.2 nm to avoid long-range interaction. The system was solvated with water and
the NaCl salt concentration was fixed at 0.15 M. After an energy minimization protocol, NVT and NPT
equilibration, 500 ns of non-restrained MD simulation was performed, extracting a conformation of the
AB11-42 oligomer following the procedure of another work [30].

AB fibril in water

The 5 chain ABu1-42 fibril model was extracted from the Protein Data Bank (PDB ID: 2MXU [31]). The
first system was composed by the AB11-42 fibril placed in a triclinic box, with a distance of 1.2 nm from
the edge of the box to respect the minimum image condition. The obtained system was solvated with
explicit water and Na-Cl ions were added at concentration of 0.15 M. After an energy minimization
protocol, NVT and NPT equilibration, 300 ns of non-restrained MD simulation was performed.

AB in membrane

To evaluate the impact of amyloid § assemblies on the membrane, a peptide, a 5-mer oligomer and a
5-mer fibril were inserted into a POPC bilayer using CHARMM-GUI software [32—-34]. A lipid bilayer of
14 nm x 14 nm was created, adding 2 nm layer of water on both side of the membrane. The ions
concentration was fixed at 0.15 M, obtaining systems between 140000 and 170000 particles.



Peptide and oligomer were inserted into the bilayer with random orientation, while, in order to create
different replicas, the fibril was oriented in a different way for every system (Supporting Information-
S.1). A POPC hilayer was created with the same dimensions as above, except for the 1 nm of water
thickness. This membrane system was used to compare the results obtained from the above-mentioned

membrane protein systems.
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Figure 1 — Visualization of the systems’ main component. Starting from the left are represented the peptide, the
oligomer, the fibril and a POPC phospholipid

Simulation Setups

CHARMMS36 [35] forcefield was considered to model protein topology, and the system was solvated
with explicitly modelled TIP3P water [36]. Each systems were subjected to energy minimization by the
steepest descent algorithm [37]. Subsequently an NVT ensemble for 100 ps at 300 K by means V-
rescale algorithm [38] and time constant of 0.1 ps. The correct density of 1 atm was achieved with 100

ps NPT equilibration using Berendsen algorithm [39] with a semi-isotropic coupling type.

The MD production has been has been performed using Nose-Hoover [40] (T = 300 K) and Parrinello-
Rahman [39] (P = 1 atm) were used as temperature and pressure coupling. Electrostatic was calculated
using Particle Mesh Ewald (PME) algorithm [41] and Van der Waals with the cut-off of 1.2 nm. Periodic

boundary conditions were applied in all three dimensions.

Simulations were performed using GROMACS software package, version 5.1.4 [42]. Trajectories were
extracted every 20 ps of simulation and the Visual Molecular Dynamics (VMD) package is used to

display the simulated systems. All the results are calculated on the last 20 ns for each system.

Trajectory analysis

To analyse the membrane’s effects on the protein, Root Mean Square Fluctuation (RMSF), Solvent
Accessible Surface Area (SASA) and an order parameter were implemented.

To analyse the conformational properties of the membrane, area per lipid (APL) and bilayer thickness
were obtained using GridMAT-MD tool [43] with 100x100 grid points.

While, the lipid order parameter (p,) was implemented to study the orientation of POPC lipids. It was
calculated using the following equation:

3cos%0 — 1
Pr = 2



where 0 is the angle between the lipid identifier vector (see Supporting Information-S.2) and z-axis,
normal to the membrane. The angle brackets indicate the time average over all atoms located inside a
certain circular crown. Circular crowns were 1 nm thick and were determinate on function of the distance
from the protein. The order parameter varies between 1, indicating full order along the interface normal,
and -1/2, denoting full order along the perpendicular to the interface normal, while 0 means no lipidic
order.

The membrane bending modulus (K¢) was calculated with the method explain in a Khelashvili et al.
work [44], which suggest a heuristic approximation for calculating the monolayer bending modulus from
MD trajectories. The bending modulus is correlated with the ability of the lipid membrane component to
change orientation respect each other. This lipid ability is described by the splay angle (a, between 0°
and 90°) which is related to the splay module y,,. The potential mean force (PMF («)) was obtained

from the probability distribution P(«) of the splay angle:

P(a)
Po(a)

PMF(a) = —kgTIn [

where Py(a) = sin(a) is the probability distribution of a hypothetical non-interacting particle system [45],
kg is the factor of Boltzmann and T is the temperature of the system. Fitting the PMF (a) data with a

guadratic function permits to obtain the tilt module y and the splay module y;,. Then:

Lo 1 Ny

km ¢total on )(ijz

Where )(i’z is the splay modulus for the ijth pair type, ¢;;is the number of near-neighbouring ij encounter
pairs, obtained directly from MD trajectories, and ¢..:q; = Xi; ¢i; represents the total number of

encounters in the simulation for all possible pairwise contributions (i, j) for which the splay is calculated.

Since the bilayer was composed by only POPC, the splay module corresponds to k,,.
Using the heuristic approximation, the bilayer bending modulus was:
KC = ka

Bending modulus has been calculated also as function of the distance from the protein, 2 nm thick
circular crowns were isolated. The value obtained are reported as function of the mean radius.

Results

The results are divided in two main sections, the first regarding the conformation of ABi1-42 protein in
water and in membrane environments and the second regarding the effects of ABi1-42 protein on the
POPC bilayer. A visual inspection of the molecular systems at the end of each MD simulation is shown
in Figure 2, while a visual inspection of the molecular systems in the initial configuration is represented

in supporting information-S.3.



Figure 2 - Representation of the final states for each system studies. From the top to the bottom respectively: the
peptide, the oligomer and the fibril embedded in the POPC bilayer.

Conformation of AB11-42 protein in water and in membrane

AB11-42 protein conformation analysis is a first stage of knowledge suitable to spot difference in the
effects of the peptide, oligomer and fibril on the membrane. As first analysis, protein fluctuations are
evaluated with Root Mean Square Fluctuation (RMSF) (Figure 3). In all cases, protein in water fluctuates
more than the protein in membrane, as expected. In detail, higher RMSF difference is highlighted for
the peptide (Figure 3A) and the oligomer (Figure 3B). Instead, the fibril shows a more stable behaviour,
reporting differences only on the C-terminal part, from residue V36, because of the exposure to the
solvent (Figure 3C). Nonetheless, the fluctuation of the C-terminal part when the fibril is in a solvent
environment is in agreement with recent findings [15]. Furthermore, the Solvent Accessible Surface
Area (SASA) per residue is calculated to shed lights on the tendency of each residue of exposing itself
in the solvent and membrane environments (Figure 3). Proteins tend to have the same behaviour both
in water and in membrane. Observing Figure 3D, which is referred to the peptide, some differences can
be noted for residues F20, 132 and 141 where values are higher for the protein in membrane. In case of

oligomer (Figure 3E), a difference can be noted between residues 31 and V36 where values are higher



for the assembly in membrane. In Figure 3F, the A fibril shows the same behaviour in water and in

membrane.
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Figure 3 — Representation of protein fluctuations using Root Mean Square Fluctuations (RMSF) and protein
solvent Accesible Surface Area (SASA). The pictures show respectively: A) RMSF for AB peptide both in water
and in membrane, B) RMSF for the oligomer both in solution and inserted into POPC bilayer, C) RMSF for the

fibril both in water and in membrane. is calculate, D) SASA for peptide both in water and in membrane, E)

SASA for oligomer in water and in membrane and F) SASA for fibril both in water and in membrane.
The mean value and standard deviation of inter-chain contact area are calculated and reported in Figure
4 for the oligomer and the fibril. This graph highlights the differences between the A fibril, that is more
compact, characterized by a high contact area and low standard deviation, while the AB oligomer tends
to expose more the hydrophilic part as it is characterized by low mean value and high standard
deviation. The outcome of this analysis means that the fibril remains stable and compact in membrane

unlike the oligomer that is disordered and more exposed to the solvent.
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Figure 4 — Protein contact area. The fibril is characterized by a high contact area and low standard deviation,
while the oligomer is characterized by low mean value and high standard deviation, as it tends to expose the
hydrophilic part.

Effects on POPC bilayer by ABi1-42 protein

Understanding the impact of amyloidogenic protein in different stages of aggregation with the plasma
membrane plays a crucial role to fully elucidate the pathological mechanisms of AD. To address this
point, several analyses have been performed in order to evaluate membrane conformational and
mechanical features of the membrane complexed with the amyloidogenic proteins. Firstly, APL
parameter has been calculated obtaining a value for membrane alone of 61.6 + 0.2 A2, which is
considered as reference in calculation of percentage variation of peptide, oligomer and fibril systems
(Figure 5A). This value is in agreement with both experimental and simulation works 64.0 + 1.5 A2
[24,46-48]. After the insertion of the protein in the membrane, there is an increase in APL value for
peptide, oligomer and fibril systems. In particular, with peptide there is an increase of about 2.0% (62.8
+ 0.7 A?), with oligomer of 8.2% (66.7 + 0.6 A?) and with fibril of 8.6% (66.9 + 0.7 A?). It is reasonable
to hypothesize that assemblies tend to destabilize the membrane more than the peptide.

Further consequence of insertion of Af protein into lipid bilayer may be the variation of bilayer thickness.
In this framework, membrane thickness parameter has been calculated obtaining a value for membrane
alone of 4.02 + 0.02 nm, which is considered as reference in calculation of percentage variation of
peptide, oligomer and fibril systems (Figure 5B). In this context, the value with peptide remains almost
unchanged as only decrease by 0.9% (3.99 + 0.04), instead oligomer and fibril have a reduction of the

value by 3.9%, resulting is a thickness values of respectively, 3.86 + 0.02 nm and 3.86 + 0.05 nm.
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Figure 5 — (A) Area per lipid values for membrane alone, peptide, oligomer and fibril systems. (B) Bilayer
thickness values for membrane alone, peptide, oligomer and fibril systems.

Another important conformational feature of the membrane phospholipids is the order parameter, which
is calculated as function of the POPC distance from the protein (Figure 6). The distance in case of
membrane alone is referred to the centre of the bilayer. To obtain order parameter as function of the
distance, 1 nm thick circular crown is taken into account, and the value is shown in correspondence of
the mean radius. Figure 6 highlights how in proximity of the protein, the bilayer is less ordered than the
membrane alone, especially in the case of membrane with oligomer and fibril. In particular, it can be
noted that the order parameter is restored when the distance from the assemblies increases, namely
over 4 nm from the proteins’ centre of mass. Instead, in the case of membrane with peptide, the order

parameter does not undergo major changes.
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Figure 6 - A) represents of the order parameter as function of the distance from the centre of mass of the protein.
In case of only membrane, the distance is referred to the centre of the bilayer. 1nm thick circular crown are
isolated and the order parameter calculated is represented in correspondence of the mean radius.

Finally, membrane mechanical properties are evaluated by an estimation of the bending modulus
(Figure 7), as previously done in literature [49-51]. Figure 7A shows the bending modulus reported as
function of the distance from the inserted protein. It has been computed considering 2 nm thick circular

crown and reporting the value in correspondence of the mean radius. The bending modulus value for



membrane alone is 21.5 + 0.4 kgT. In the region near assemblies, namely at 2 nm from AR protein
centre of mass, is observable a drastically decreased of the bending modulus reaching respectively,
13.2+ 0.4 ksT for the oligomer and 12.7+ 0.4 ksT for the fibril. These findings are in agreement with the
Borro et al. [52] scientific group results, which highlight how the bending modulus of 23.6£1.9 keT and
21.5+1.3 ksT for DOPC membrane calculated at pH respectively of 4 and 2, is strongly affected after
insertion of prefibrillar species and fibrils, reducing it to 11.3 £ 0.9 keT and 14.5+1.1 keT respectively.
Figure 7B shows the average of first 4.5 nm referred to the AB protein centre of mass, in which is
highlighted the major bending modulus decrease, especially for the oligomer and fibril. Furthermore, it
must be noted that beyond the distance of 4.5 the membrane with peptide is able to restore the bending
modulus value close to the membrane alone, while in the case of oligomer and fibril the bending
modulus value reach a plateau close to 18 ksT. In this context, this results in a long-range impairment

of the mechanical plasmatic membrane properties, which may promote structural destabilization
processes.
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Figure 7 — (A) Bending modulus variation as function of the distance fom the centre of mass of the protein and
(B) average bending modulus of first 4.5 nm from the aggregates centre of mass. Assemmblies tend to
destabilize the bilayer more than the pepdite. In particular the major influences is found in first 4.5 nm from the
aggregates centre of mass. Moving away from the amyloidogenic oligomer and fibril, bilayer mechanical
properties are not restored to the reference value of membrane alone.

It is interesting to see that mechanical properties of the membrane are not affected by the interaction
with the peptide, since no significant changes were observed. On the other hand, our data demonstrated
how the membrane is destabilized by the presence of the AR assemblies. Within this framework,
oligomer and fibril modify in a similar way the area per lipid and bilayer thickness but in different ways
the tilt and splay angle. Moreover, variations in order parameter and bending modulus are strongly
linked to the distance from the proteins’ centre of mass.
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Discussion

AD is a neurodegenerative disease that leads to a progressive deterioration of cognitive functions,
characterized by an uncontrolled aggregation and deposition of AR plaques in the brain. The two
principal isoforms of AB peptides is the AB1-40, with 40 residues long chain and the more toxic ABi-2,
composed by 42-residues long chain [53]. Even if ABi-42 is present in smaller quantity than ABi-4o, it is
the main responsible of triggering the diffusive deposits [54]. Neuronal membrane destabilization after
the interaction with different size of AB assemblies are common structural links among various
neurodegenerative diseases [55]. In this connection, AB is able to insert itself into the bilayer causing
severe membrane damage [23,56]. The toxic influence of the misfolded proteins on the membrane
depends on the phospholipids composition and the cholesterol percentage of the plasmatic
membrane[57]. Moreover, the membrane composition plays also a crucial role in promoting the
aggregation process of amyloidogenic peptides [58-61]. In this work the bilayer consists of only
zwitterionic POPC phospholipids, because they constitute eukaryotic cell membrane and PC lipids are

abundant in neuronal membrane [62].

In all the different simulated systems, the protein tends to stay embedded in the bilayer. This is
compatible with what found by Xiao et al. [31], where their results shows that trimer and pentamer
remain inside the membrane, differently to monomer and dimer. In this research, the peptide remains
inside the membrane probably for the short duration of the simulation. The protein does not undergo
changes if inserted into POPC bilayer. Other studies report the same conclusion and the main reason
is because such lipids have zwitterionic characteristic and tend to not modify protein’s properties
[63,64].

Recent findings have raised the possibility that precursors to amyloid fibrils, such as low molecular
weight oligomers and/or structured proto-fibrils, are the real pathogenic species, at least in neuropathic
diseases like AD [65,66]. Within this context, the human and animal model brain tissue have shown the
presence of AB oligomers in an AD-dependent manner [67—72]. The results of this work indicate that
membrane undergoes in some modification, especially when the AB assemblies are embedded.
Contrary to what happens in literature [24], there is an increase in area per lipid because some lipids
tend to surround the protein moving toward the centre of the bilayer. However, an increase in APL is
compatible with the decrease in bending modulus. Furthermore, the membrane fluidity increase after
the AR association with membrane is another factor which increases the cytotoxicity and promote the
cell apoptosis [28]. In literature has been ascertained that once oligomer is inserted into the membrane,
it causes a thinning of the bilayer dependent on the size of the protein assembly [27]. In addition, the

decrease in bilayer thickness is comparable with results from other works [73,74].

More interesting are the variation in order parameter and bending modulus. In case of bending modulus,
results obtained for membrane alone are in agreement with literature 20.3 ksT [73] and 24.6 + 2.6 ksT
[75]. Variations in order parameter are observed also in other studies[24,25]. The trend of these
properties shows that AR assemblies influence is enclosed in the first 4.5 nm from the proteins’ centre

of mass. Instead, beyond this radius the order parameter is recovered unlike the bending modulus that

11



reaches a plateau at a lower value respect the one for membrane alone, as if there were a long-range

interaction of the protein.

Considering the recent findings, it has been demonstrated a strong causative link between
conformational arrangements of AR assemblies and their neuronal toxicity [76—78], especially with
regard to the high cytotoxicity of the AR oligomers if compared with other AR species [79-81]. The
outcome of this work shows how both oligomers and fibrils are capable of destabilizing cell membranes
from a conformational and mechanical point of view, which may be helpful in understanding the
membrane experimentally demonstrated destabilization of Ap assemblies [82—-87].

Conclusion

Unveiling the reasons behind the toxicity of AR assemblies at different stages of the aggregation process
plays a key role towards developing effective strategies against amyloidogenic pathologies as
Alzheimer's and Parkinson’s diseases. Within this framework, plasmatic membrane destabilization
upon interaction with different AB-protein states is directly related to the progress of neurodegenerative
disorders. In the present work molecular dynamics simulations have been applied to understand how
amyloidogenic peptide, oligomer and fibril affect the cellular membrane from a conformational and
mechanical point of view. In particular, oligomer and fibrils assemblies have been ascertained to
influence the membrane thickness and area-per-lipid, suggesting a “thinning” of the phospholipids
bilayer. In order to complete this picture, mechanical properties of the membrane will be tested in
presence of oligomer and fibril aggregates. The results show that AR assemblies strongly affect the
order parameter and bending modulus values, suggesting a “softening” of the plasmatic membrane.
Further in silico and in vitro investigations regarding the interaction of AR species and membrane is of
crucial importance in order to better understand the mechanisms of cell damage by amyloidogenic

proteins.
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