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Abstract
The Alzheimer's disease (AD) is a conformational disease caused by the
formation of senile plaques, consisting primarily of Amyloid-beta peptides.
The crucial role in this process at its pre-clinical stage is likely imparted by
peptide-membrane interactions. The experimental data suggest several intriguing structural properties of biomimetic membranes that modulate such
interactions. For the most part, it is the impact of the membrane composition. Cholesterol, for instance, increases the order of lipid hydrocarbon
chains while increasing the stiness of membrane, in the contrary to the uidizing eect of melatonin. Both of the latter eects have been correlated
recently with the development of AD. Although a complete understanding
of the physicochemical processes taking place in biomembranes is not established fully, the understanding of lipid bilayer elasto-mechanical properties
provides a foundation for better insights into the structure-function relationships that most certainly take place in complex biomembrane systems.

1 Introduction
Biological membrane is one of the most proliferated organelles in living cells,
whose dynamic yet resilient structure is fundamental to life. It is well accepted
that complex organisms would not exist if primitive proteins, nucleic acids and
ribosomes were not enclosed within elementary permeability barriers [1]. The separation delivered by biological membranes, though one of their primary functions,
is however far beyond being their sole purpose. In fact, their other life supporting property is a specic permeability. Cells need to obtain nutrition, transport
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Figure 1: The schematic representation of amyloidogenic enzymatic cleavage of
amyloid precursor protein (APP) into Aβ peptide. The monomers of peptide appear to be involved in parallel in the peptide aggregation in solution, and that
in membrane leading possibly to cytotoxicity. The peptide-membrane interactions thus portray one of the key features in the onset of conformational diseases.
Graphics adapted from [2].
materials, as well as they are in need of systems for defense, recognition, adhesion, and signaling. All of the functions taking place in biological membranes are
then connected to their structure and dynamics that are provided by their main
constituents: lipids and proteins. The misbalance to the ne relation between
the structure and function determined by the membrane components can result
to the onset of various disorders and diseases. The role of membrane properties
and chemical composition is thus not surprisingly discussed in a connection with
supporting the membrane biofunctions as well as various disfunctions. Amongst
other biological processes studied in this regard recently, is also amyloid toxicity
manifesting during conformational diseases [2, 3].
The AD is one example of conformational diseases of brain manifested by the
loss of nerve cells, which is the most common cause of dementia. Dementia is a clinical syndrome that can be characterized through the following symptoms: memory
and speech disorders, later impairment of cognitive, intellectual and physical abilities. AD aects 6% of the population over the age of 65 and its incidence increases
with increasing age. It is estimated that 47 million people around the world suer
from dementia and with increasing ageing of population this number will increase.
It is expected to reach 131 millions in 2050 [4].
For the most part, the cause of the disease is still unknown, except for 1% to
5% of cases where it is attributed to genetic predispositions [5]. There are several
hypotheses that try to explain the origin of this disease. The amyloid beta (Aβ )
peptide is considered an underlying component in the amyloid beta hypothesis.
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It was rst postulated in 1991. It is believed that extracellular Aβ peptides form
plaques and these are a major cause of AD [6]. The Aβ peptide is a peptide that
is most often composed of 36  43 amino acids and it is formed by amyloidogenic
enzymatic cleavage of amyloid precursor protein (APP) in two isoforms 1-40 and
1-42 as depicted in Fig. 1. It is not clear at the moment whether Aβ peptides
play any physiological role in non-pathological conditions. Overall however, Aβ is
widely understood to be a key pathogen in AD as it is found a main component
of amyloid plaques [6]. Its toxicity is associated with the fact that it aggregates
into soluble oligomers, which may exist in several forms. It is now believed that
a specic misfolded oligomer may serve as nucleus to other oligomers that take
its form nucleating a formation of plaques and brils. According to a simplied
model, the formation of brils goes through the stages: destabilized monomer →
oligomer → mature bril [7]. The latter are known to be toxic to nerve cells
and at the same time resistant to enzymatic degradation. It has been suggested
recently that in this process the mature brils may be a product rather than
the pathogenic cause of neurodegeneration [2]. The reasonable assumption then
suggests to look at the interactions of Aβ peptides with membrane(see Fig. 1),
and the modulation of these interactions by the membrane chemical composition
and ensuing structure-dynamical properties [8].

2 Membrane uidity
teste teste The elasto-mechanical properties of membranes play a crucial role
in the most important living processes such as cell fusion, ion transport, protein diusion etc. The membrane uidity is one of the examples that has been
a topic of vast number of studies [9][14]. It is known to be aected by various
physico  chemical parameters, with temperature being an obvious representative.
The increasing temperature causes the decrease of lipid hydrocarbon chains order. In addition, the membrane uidity have been shown to be aected by the
incorporation of small molecules, such as cholesterol and melatonin [15][17].
The cholesterol increases the order of lipid hydrocarbon chains and increases
the stiness of membrane, making it less uid. As discussed already, cholesterol
adopts canonically an orientation parallel to the lipids in bilayer (see Fig. 2).
That is, the lipid headgroups and cholesterol hydroxyls sit in approximately the
same plane, while the relatively rigid body of cholesterol (sterols and acyl tail)
aligns with the acyl chains of the lipid. As a result, the cholesterol's presence
in phospholipid bilayers decreases both their uidity and permeability [18]. On
the other hand, melatonin was found to increase the uidity of membrane and
counteracted the eect of cholesterol.
Melatonin is a pineal hormone that is produced in the human brain and is
responsible for maintaining the circadian rhythm and regulating the sleep-wake
cycle [19]. In addition to its well-known anti-oxidative eects, melatonin is known
for its involvement in intracellular signal transduction, regulation of cell death and
cell proliferation [20]. The potential protective mechanism of melatonin against
AD has also been suggested. It is most likely that melatonin interacts with membrane non-specically, just as the cholesterol [21]. Melatonin's ability to reduce the
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Figure 2: The MD simulation snapshots demonstrating the localization and orientation of cholesterol (left-hand cartoon) and melatonin (right-hand cartoon) in
lipid bilayers. The mostly hydrophobic nature of cholesterol results in its location
within the lipid hydrocarbon chain region. This is dierent in the case of much
more hydrophilic melatonin, for which its nevertheless lipophilic moieties enforce
its preferential partition to the lipid bilayer at its interface with water. Note the
water molecules have been removed for the clarity of presenting the interactions
between lipids (lines representation) and additives (rods representation).
eects of cholesterol on the membrane and cholesterol-mediated processes, then
stems most likely from their dierent localization in membrane structure (Fig. 2),
and correspondingly opposing eects on the membrane uidity [22].
The direct result of cholesterol decreasing the membrane uidity, thus increasing the lipid chain order is the bilayer thickening as observed in various lipid
systems [23][25]. The observations of a thickening of the hydrocarbon chain region implies that cholesterol prefers to order the lipid's hydrocarbon chain over
the possibility of rectifying the hydrocarbon chain mismatch [26]. Cholesterol promotes the formation of a liquid-ordered phase by condensing the bilayer along
its lateral direction and consequently resulting in an increased bilayer thickness.
On the other hand, uid membranes comprise hydrocarbon chains with frequent
trans-gauche conformational changes due to which the projected chain length decreases. It is therefore possible to appraise the membrane uidity and its changes
by measuring the thickness of membrane in the direction along its normal.
The dependence of membrane thickness parameter upon the addition of cholesterol was shown clearly to increase on the concentration range up to 29 mol%
cholesterol [27]. Intriguingly, our recent results have extended the condensing effect of cholesterol on the membranes including in addition also various amounts of
melatonin (Fig. 3). The bilayer thickening due to cholesterol was observed in the
cases of melatonin concentrations up to 29 mol%. In all of the systems reported,
approximately the same relative changes to the membrane thickness have been
observed. The interactions between cholesterol and melatonin do not appear to
modulate the impact of cholesterol itself on lipid bilayers.
Dierent from cholesterol, melatonin added at various concentrations (up to
29 mol%) causes a decrease in the bilayer thickness (Fig. 3). Its impact on the
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Figure 3: The impact of cholesterol (left-hand graph) and melatonin (right-hand
graph) on the thickness of lipid bilayers with various amounts of cholesterol and
melatonin added. Clearly, the cholesterol increases and melatonin decreases the
bilayer thickness, while the two eects are additive thus without any interactive
term. The results adapted from [27].
cholesterol-loaded bilayers appears again very similar, in the agreement with the
eect of cholesterol on the melatonin-loaded bilayers. The mutual interactions
between cholesterol and melatonin do not appear to play a signicant role, unlike
the interactions between lipid bilayers and cholesterol or melatonin themselves. It
is worthwhile to note smaller impact of melatonin on the lipid bilayer compared to
that of cholesterol. This can however be explained by relatively smaller molecule
of melatonin, which therefore leads to the smaller disturbance of membrane [27].
The eect of melatonin can be connected with the disordering of lipid tails promoted by melatonin. The molecules of melatonin are located near phospholipid
head groups (see Fig. 2) and lead to a distance expansion between lipid heads.
Consequently, the hydrocarbon region expands laterally, while decreases in the
direction along the bilayer normal (i.e., bilayer thickness). This enlarges the conformational space of lipid tails resulting into the decrease of their order parameter
[15]. The ensuing eect of melatonin concludes nicely its uidizing eect as corroborated also by the change of sharpness and position of the melting temperature
to be broader and appearing at a lower value [27]. The above discussed results
show unambiguously the two molecules impacting the lipid bilayers additively in
opposing directions, i.e., cholesterol in a role of condensing agent, while melatonin
as a uidizing agent. In the context of potential importance of membrane uidity
in the onset of various conformational diseases, it is important to explore further
the interactions of Aβ peptides with such platforms constructed at the controlled
levels of uidity.

3 Aβ peptide interactions
In order to better understand how melatonin and cholesterol aect the interaction of Aβ peptides with the membrane, it is necessary to systematically
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Figure 4: The results of small angle neutron diraction experiments. The solid
line scaled to the left-hand axis shows the total neutron scattering length density
prole (NSLD) of entire bilayer hydrated with 8% D2 O. The broken lines scaled
according to the right-hand axis show the probability distributions of separated
bilayer components (i.e., water, melatonin, cholesterol, and Aβ peptide). The
inset on top of the graph depicts schematically the distributions of these various
components within the bilayer.
determine the eects that these molecules have on membrane structure. Smallangle neutron diraction (SAND) experiments allow for the in situ manipulation
of sample conditions, but more importantly, provide quantitative data on the distribution of structural moieties, their sizes, shapes and correlation lengths [28].
Neutron diraction experiments have been utilized in various studies examining
the interactions of Aβ peptides with model membranes composed of various lipids.
The high propensity of the peptide towards the bilayer was found in the case of
both anionic and zwitterionic lipids, with the varied location concluded though
[17, 29]. One of the populations of Aβ peptide reported, nds its location at the
water-membrane interface where peptides interact with polar lipid headgroups.
Fig. 4 documents this through the allocation of probability distributions to different membrane components. The results conrm the location of cholesterol and
melatonin as concluded earlier, i.e. cholesterol is embedded within the hydrocarbon chain region, while melatonin is found closer to the lipid polar head groups.
The second population of peptides has been reported embedded inside the hydrophobic core of membrane as demonstrated by the results of molecular dynamics
(MD) simulations in Fig. 5. While the left-hand cartoon corresponds to the case
of Aβ peptide located at the water-membrane interface as discussed above, the
right-hand cartoon shows the peptide orienting dierently in the melatonin loaded
membrane. Since the melatonin demonstrated its capability for increasing the uidity of membrane, one can expect this eect to be a key factor for the peptide
insertion. Indeed, the more uid membrane provides a larger conformational space
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for all of its components, resulting likely in more defects within its interior that
can accommodate easily even the molecules of the size of Aβ peptide.
Note that the insertion of peptide according to the latter scenario results in
lling the defects appearing in a uid membrane (free volume), which brings membrane close to its original structure with regards to its thickness, or makes it even
thicker. Similarly to the eect of melatonin on the other hand, the interaction of
Aβ peptide with the membrane at its surface should advance the defects within
the hydrophobic core that in turn decreases its thickness. This has been indeed
detected in small angle neutron scattering experiments as shown in Fig. 6.

Figure 5: The snapshots of MD simulations depicting the lipid bilayer loaded
with cholesterol (left) and melatonin (right). The interactions of Aβ peptide with
more rigid membrane in the former case force its location at the membrane-water
interface. In the latter case, Aβ peptide embeds itself within the interior of more
uid membrane.
The results shown in Fig. 6 suggest a signicant thinning of neat lipid bilayer
upon the addition of peptide (∼2.2 Å). This observation corroborates clearly the
interaction of peptide with the underlying lipid bilayer. Apparently, it increases
the disorder of hydrocarbon chains resulting to the shortening of their projected
length. Further, lipid bilayers with an elevated concentration of cholesterol also
revealed the bilayer thickness decrease upon the addition of Aβ peptide. The eect
of peptide appears to suggest again the increase of lipid chains disorder caused,
most likely, by its incorporation at lipid-water interface.
The situation is however dierent in the case of melatonin loaded membranes.
Very intriguingly, the thickness change becomes negligibly small when comparing
membranes with or without peptide addition (Fig. 6, results denoted by Melat).
Unlike in the other two systems discussed above, melatonin containing membranes
do not respond to the addition of peptide by the increased disorder. One can
conclude this to be a result of peptide incorporation away from lipid head group
region and thus within their hydrocarbon chains. Literature indeed reports such
orientation of peptide while interacting with membranes that contained melatonin
[17].
The eect of membrane uidity, whether controlled via the addition of melatonin or cholesterol, or via the enrichment of lipid composition by their unsaturation, was observed also by MD simulations [3, 30]. In agreement with the
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Figure 6: The changes to bilayer thickness of membranes with dierent levels of
uidity upon the addition of Aβ peptide. The base membrane was modeled by
neat diC18:1PC (DOPC). The increase of rigidity was achieved by the addition
of 29 mol% cholesterol (Chol), while the increase of uidity resulted from the
addition of 29 mol% melatonin (Melat). The results suggest the dierence in the
interactions of the peptide with the dierent membranes, most likely resulting in
dierent peptide locations. The results adapted from [27].
experimental data, MD simulations corroborate that cholesterol increases the acyl
chain order in lipid bilayers, while melatonin this order decreases. In other words,
melatonin increases the uidity of the membrane due to its preferred location
just inside the crossover region describing the lipid headgroups and the fatty acid
chains. Both experimental and theoretical data are in good agreement and show
that the eect of melatonin on bilayer thickness is opposite to that of cholesterol.
These observations may prove to be important for other studies on amyloid
toxicity, as they may lend some insight into understanding the molecular mechanism of melatonin's protection in AD. For example, melatonin levels in the body
have been shown to decrease with age [31]. As AD is more prevalent later in life,
the eects of melatonin and cholesterol on lipid membrane become increasingly
important as their amounts in membranes also change with age. The conclusions
of various investigations can, therefore provide an understanding for the possible structural changes taking place within biological membranes. Since the AD
seems to be correlated with peptides aggregating outside the membrane, capability of membrane to retain peptides within its interior could be understood as a
preventive mechanism to the disease onset.
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