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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. First, it is their sensitivity to the charge
present in the surrounding environment. The structure of membranes changes for
example with increasing concentration of ions, which appears to be an effect born
by peculiar properties of ions and lipid themselves. Interestingly, the differences in lipid
interactions with ions have been linked to the hydration properties of the ions. A plausible mechanism of action in the case of many membrane additives seems to be in
shifting the water encroachment the way that bilayers absorb more or less water molecules - one of the smallest and often neglected biomolecule. The hydration interactions appear to determine also the location of membrane constituents, such as
cholesterol. Moreover, cholesterol increases the order of lipid hydrocarbon chains while
increasing the stiffness of membrane, in the contrary to the ﬂuidizing effect of melatonin. Both of the latter effects 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 speciﬁc permeability. Cells need to obtain nutrition, transport 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 interest in membrane studies started with discovery of optical microscope already in the 17th century [2]. The important ﬁnding of the
permeable character of cell membrane due to its lipid composition has
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been reported by Quinck in 1888 [3]. Finally then in the 20th century, the
focus of membrane research became to ﬁnd its composition and structure.
Following up the ﬁrst theory that assumed the membrane consisted of lipid
bilayer, the membrane ﬂuid properties have been discovered and ﬂuid
mosaic model with proteins embedded into membrane was proposed [4].
Although this model remains a dominant theme in our understanding of
biomembranes, it has evolved to include the notions of rafts [5] and a crowding [6], and turned membranes into highly functional dynamic machines
that are central to biological processes. On the other hand, the misbalance
to the ﬁne 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. Among other biological processes studied in this regard recently, is also amyloid toxicity manifesting during conformational diseases [7,8].
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 affects 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 suffer from dementia and
with increasing aging of population this number will increase. It is expected
to reach 131 millions in 2050 [9].
The disease was ﬁrst discovered in 1906 by Dr. Alois Alzheimer based on
an observation and treatment of a 51-year-old patient, Ms. Augusta “D”, in
a psychiatric hospital in Frankfurt am Main. After an autopsy he ﬁrst
observed morphological and histological changes in her brain [10]. At the
congress in T€
ubingen (1906), he described two neuropathological phenomena: amyloid plaques and the tangle of neuroﬁbrillary (neuroﬁbrillary tangles). These two ﬁndings are still considered to be the main sequelae of
the disease that are visible on the brain. This disease can be characterized
by three main groups of symptoms. The ﬁrst group includes memory loss,
speech disorder, loss of intellectual and cognitive abilities. The second group
contains psychiatric symptoms such as depression, hallucinations, apathy and
anxiety. The third group includes the difﬁculties associated with carrying out
everyday activities (shopping, driving, eating, dressing, etc.).
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For the most part, the cause of the disease is still unknown, except for
1%e5% of cases where it is attributed to genetic predispositions [11]. There
are several hypotheses that try to explain the origin of this disease. The most
important are the “cholinergic hypothesis” [12], the amyloid beta hypothesis
[13], and the tau hypothesis [14]. The cholinergic hypothesis is the oldest
and is based on the assumption that the cause of the disease is insufﬁcient
synthesis of acetylcholine in the body, which serves as a neurotransmitter.
Unfortunately, treatment with drugs that increase acetylcholine production
has been shown to be ineffective [15].
The tau hypothesis suggests that the tau protein inside the cell contributes to the disease. The tau protein begins to bind with other tau proteins
until a neuroﬁbril is entangled within the nerve cell. Tau proteins are part
of microtubules that serve as a cytoskeleton system that secures the division
and orientation of cellular organelles in the underlying cytoplasm. After its
aggregation, these microtubes are disrupted and gradually disintegrated,
resulting in the collapse of the cytoskeleton and subsequent disruption of
the neuronal transport system, ultimately resulting in cell death. The anticipated trigger for aggregation is amyloid beta peptide, although the details of
this process are yet to be learned [16].
The amyloid beta (Ab) peptide is considered an underlying component
also in the amyloid beta hypothesis. It was ﬁrst postulated in 1991. It is
believed that extracellular Ab peptides form plaques and these are a major
cause of AD [13]. The Ab peptide is a peptide that is most often composed
of 36e43 amino acids. 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 speciﬁc misfolded oligomer may serve as nucleus to other oligomers
that take its form nucleating a formation of plaques and ﬁbrils. According
to a simpliﬁed model, the formation of ﬁbrils goes through the stages: destabilized monomer / oligomer / mature ﬁbril [17]. The latter are known
to be toxic to nerve cells and at the same time resistant to enzymatic
degradation.
The Ab peptide is formed by amyloidogenic enzymatic cleavage of amyloid precursor protein (APP) in two isoforms 1e40 and 1e42 [18] as
depicted in Fig. 1. It is not clear at the moment whether Ab peptides play
any physiological role in non-pathological conditions, considering that the
results of animal studies have not shown any signiﬁcant physiological function [19]. Some potential activities, nevertheless, such as protection against
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Fig. 1 The schematic representation of amyloidogenic enzymatic cleavage of amyloid
precursor protein (APP) into Ab 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 A. Martel, L.
Antony, Y. Gerelli, L. Porcar, A. Fluitt, K. Hoffmann, I. Kiesel, M. Vivaudou, G. Fragneto, J.J. de
Pablo, Membrane permeation versus amyloidogenicity: a multitechnique study of islet
amyloid polypeptide interaction with model membranes. J. Am. Chem. Soc. 139 (2017)
137e148; H. Wang, A. Megill, K. He, A. Kirkwood, H.K. Lee, Consequences of inhibiting
amyloid precursor protein processing enzymes on synaptic function and plasticity. Neural
Plast. 2012 (2012) 1e24.

oxidative stress [20], regulation of cholesterol transport [21], enzyme kinase
activation [22], or antimicrobial properties [23] have been discovered. Overall however, Ab is widely understood to be a key pathogen in AD as it is
found a main component of amyloid plaques [24]. It has been suggested
recently (see Fig. 1) that in this process the mature ﬁbrils may be a product
rather than the pathogenic cause of neurodegeneration [7]. The reasonable
assumption then suggests to look at the interactions of Ab peptides with
membrane, and the modulation of these interactions by the membrane
chemical composition and ensuing structure-dynamical properties [25].
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2. Structural signiﬁcance of lipid diversity
As mentioned already earlier, the AD is a devastating neurodegenerative disease of brain, whose dry composition contains about 45%e50%
of lipid [26]. The lipid composition of the brain is unique not only in the
high concentration of total lipids, but also in the content of their individual
fractions. The largest number of lipids and their greatest diversity are
commonly found in this most organized part of the body. It all indicates
the exceptional importance of these compounds for the speciﬁc functions
of nerve tissue. Almost all brain lipids are represented by three main groups:
glycerophospholipids e which form the basis of biological membranes in all
tissues, sphingolipids (sphingomyelins, cerebrosides, gangliosides) e whose
quantity and structural diversity are typical of nerve tissue, and cholesterol.
In the mature brain, 90% of all cerebrosides are in the myelin sheaths, while
gangliosides are typical components of neurons. The noteworthy is a high
content of cholesterol in neuronal membranes, and the fact that it is always
found in a free, non-esteriﬁed state characteristic to most other tissues [27].
Finally, an unusual fatty acid composition should also be noted. The brain
lipids are known to be enriched in polyunsaturated and long chain fatty acids
[28,29]. Moreover, the compositional complexity of membranes is believed
to produce not necessarily the symmetric and homogenous structure, and its
raft-like organization may also affect the interactions with Ab peptides [30].
Due to the compositional complexity of biological membranes, the
physical properties and functional roles of individual lipid species are studied
commonly in model systems consisting of selected lipid types. For example,
the most commonly studied glycerol-based phospholipids are represented by
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (PI), and cardiolipin (CL) [31]. Under neutral pH conditions, the PC and PE headgroups
are electrically neutral, while the PS, PG, and PI headgroups have a net
negative charge. A given mixture of neutral and anionic lipids in a membrane thus confers a surface charge density that inﬂuences the interactions
between membranes and charged molecules such as Ab peptides.
Biological activities of surface-active compounds are known to depend
in the ﬁrst place on lipid acyl chain length [32]. An exciting possibility is
that biological membranes utilize a wide range of lipid lengths to stimulate
different membrane functions. Intuitively, the bilayer thickness is determined, to ﬁrst order, by the length of lipid acyl chains. Although the

Interactions in the model membranes mimicking preclinical conformational diseases

191

Fig. 2 The bilayer thickness changes upon the extension of the hydrocarbon chain
length, for lipids with different headgroups (PC, PG, PE), acyl chain unsaturation and
temperature. The series of bilayer thicknesses obtained at different scales were shifted
vertically to lie on a single line. The perfect ﬁt conﬁrms a relative change being universal
to all the lipids examined. Refer to N. Kucerka, F.A. Heberle, J. Pan, J. Katsaras, Structural
signiﬁcance of lipid diversity as studied by small angle neutron and X-ray scattering.
Membranes 5 (2015) 454e472 for more details.

reported absolute thickness values for given lipid bilayers vary widely [33],
their relative changes have been indeed found linear (Fig. 2).
It is interesting to note the same relative thickness changes upon the
changes of hydrocarbon chain length in the case of different types of lipids.
The results for all of the various lipids reported are consistent with a common linear function [34]. This is independent of whether the bilayers are
composed of lipids with different headgroups, or different acyl chain unsaturation. In other words, the addition of CH2 group results in a universal
thickness change for fully hydrated ﬂuid bilayers, regardless of their chemical
make-up. However, this reﬂects the changes in the transverse direction only.
Another signiﬁcant change takes place in the plane of the bilayer, namely to
the area per lipid [35].
As a ﬁrst approximation, one can estimate the behavior of area from the
fact that bilayer thickness increases linearly with each additional carbon, and
so does lipid volume. However, it was demonstrated that it is not possible to
simplify changes in the lateral direction in the same way that one does in the
transverse direction [34]. The difference between the dependence of bilayer
thickness and area per lipid on acyl chain length stems from the delicate balance of forces that are responsible for minimizing the system’s total energy
and includes both headgroup and hydrocarbon chain interactions. A simple
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formulation of the free energy for a planar bilayer involves attractive components that are the result of hydrophobic forces within the hydrocarbon
chain region, headgroup dipolar interactions, and most likely, other interactions [36]. These variables are in addition to the effects resulting from temperature and acyl chain length. The repulsive components are equally
complex, including steric interactions, hydration forces and entropic effects
due to acyl chain conﬁnement [36].
When scrutinizing the consequences of increased acyl chain length, the
attractive van der Waals forces between hydrocarbon tails probably play the
most important role in determining the area per lipid. A decrease in lipid area
as a function of increasing length of saturated chain shown in Fig. 3, implies
that in the bilayers made of saturated lipids the largest contribution indeed
arises from van der Waals interactions.
The situation changes when it comes to the lipids with unsaturated
chains. It is important to add to the previous discussion the effects of

Fig. 3 Lipid areas (left-hand axis and points ﬁtted with solid lines) for a series of PC
lipids with two saturated acyl chains (diCn:0PC), a saturated sn-1 chain and a monocis-unsaturated sn-2 18-carbon long chain (Cn:0,18:1PC), and two mono-cis-unsaturated chains (diCn:1PC). In the latter case, the area increases upon extending the chain
length when the double bond position is ﬁxed with respect to the lipid headgroup (the
position 9-cis), and decreases when it is ﬁxed with respect to the methyl terminus (the
u9 position). A key role of lateral area is corroborated by the observed correlation between lipid area and activity of a protein (speciﬁc Ca2þ-ATPase) reconstituted in the
same bilayers (right-hand axis and points connected with broken line). The results
were taken from N. Kucerka, F.A. Heberle, J. Pan, J. Katsaras, Structural signiﬁcance of
lipid diversity as studied by small angle neutron and X-ray scattering. Membranes 5 (2015)
454e472.
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trans-gauche isomerizations that become prevalent with increasing lipid
chain unsaturation. Acyl chain unsaturation perturbs hydrocarbon chain
packing, resulting in increased chain disorder and a concomitant increase
in lipid area. Already a single double bond in mixed acyl chain lipids increases signiﬁcantly their area per lipid (e.g., Cn:0,18:1PC in Fig. 3). Moreover, the addition of methylene groups to mixed chain lipids (i.e., line to
Cn:0,18:1PC points in Fig. 3) results in an area increase, in contrast to the
decrease experienced by lipids with saturated chains (line to diCn:0PC
points in Fig. 3). This suggests that rotational isomerization contributes
much more pronouncedly to lipid areas of mixed chain lipid bilayers, counteracting the effect of the attractive van der Waals interactions [38]. In fact,
the perturbation induced by the double bond on neighboring saturated
chains is evident when comparing the areas of lipids having 18-carbon
chains: the difference between diC18:1PC and C18:0,18:1PC is small,
compared to the difference between C18:0,18:1PC and diC18:0PC. In
other words, the effect of introducing a single double bond (i.e., C18:
0,18:1PC) to one chain of a disaturated lipid (i.e., diC18:0PC) is several
times greater than adding a double bond to the second chain (i.e., diC18:
1PC) [39].
Finally, structural results for lipids with unsaturated hydrocarbon chains
reveal a nonlinear relationship between the area per lipid and acyl chain
length [34]. As chain length increases, the area per lipid ﬁrst increases, and
then decreases. Although surprising at ﬁrst, the nonlinear behavior of lipid
area can be explained in terms of double bond position, that can be scrutinized easily in MD simulations [40]. It is clear the area increases with
increasing chain length when the double bond’s distance from the lipid
headgroup remains constant (e.g., the position 9-cis for n ¼ 14 to 18 in
Fig. 3). On the other hand, when the double bond is shifted away from
the headgroup, the lipid assumes a smaller area due to the lower disorder
within its hydrocarbon chain region, and consequently keeping the double
bond position at a ﬁxed distance from the methyl terminus (at the u9 position shown in Fig. 3) results in area decrease. As discussed previously,
increasing the hydrocarbon chain length results in increased van der Waals
attraction, which in turn leads to ordering of the hydrocarbon chains, effectively reducing the area per lipid. However, lipid chain disorder also depends
on double bond position, presumably having most effect when the double
bond is located in the middle of the hydrocarbon chain [41].
Intriguingly, the information presented above provides a tool for
designing the lipid membrane to the speciﬁcations desired by a particular
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application, in which for example the position of Ab peptide can be manipulated, or the function of whole proteins can be stimulated. Experimental
evidence for the latter case has been reported for instance in the case of activity of sarcoplasmic reticulum Ca2þ-transporting ATPase reconstituted
into lipid bilayers as in Fig. 3 [37]. Enzymatic activity was found to be
maximal in bilayers composed of medium length (18-carbon) dimono-unsaturated lipids, while it decreased signiﬁcantly in both short- (14-carbon)
and long-chain (22-carbon) lipid bilayers (points connected by broken
line in Fig. 3). This result suggests importantly that lipid area is a good indicator of the lateral interactions within the bilayer that are characterized by
large lateral stresses depending on the depth within the membrane [42].
As discussed above, the repulsive interactions within the hydrophobic region
are closely related to the chain length and its unsaturation, thus the dynamics
of hydrocarbon chains [43]. The balance of forces in the interfacial region is
then dictated for the most part by the chemical composition of lipid headgroups and surrounding environment.

3. Effect of ions
Various results in literature suggest that anionic lipids assist the aggregation of Ab peptides [44]. The electrostatic interactions obviously play an
important role in a whole range of physiological processes taking place at the
membrane interface and in the surroundings of membranes. Among the
intramembrane interactions lipid-lipid, lipid-peptide, and even peptidepeptide, the signiﬁcance of ions for the proper functioning of biological
membranes cannot be overestimated. The ions are ubiquitous in the cytosol
and the extracellular ﬂuid, and associate directly with plasma membrane
properties such as membrane ﬂuidity, bending and compressibility moduli,
electrostatics, and aggregation and fusion. Their functions within cell membranes are understood to inﬂuence the gating of ion channels, membrane
fusion, and membrane ﬂuidity [45]. Although a complete understanding
of these physicochemical processes has yet to be established, their functionality is known to depend strongly on the type of ion, the chemical composition of the membrane’s interface, its thermodynamic state and a degree of
hydration [46]. Not surprisingly, Naþ, Kþ, Ca2þ, Mg2þ, Zn2þ or Cl have
been found to play a prominent role also regarding the bilayer structure and
its interactions with Ab peptides [47].
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The primary effect of charged ions interacting with multilayered membranes is reﬂected in the increased lamellar repeat D-spacing that is the result
of charge induced repulsion between the layers. The swelling in the presence of different types of salts has been reported for various zwitterionic lipid
multilayers [48e51]. It has been observed also in bacterial model membranes
composed of smooth lipopolysaccharides (LPS) [52,53]. The data showed a
signiﬁcant amount of water penetrating even deep into Naþ loaded LPS bilayers, including the bilayer’s hydrophobic core center. The increased levels
of hydration have been correlated with enhanced biological activities in biomimetic membranes which posts an intriguing research issue. The LPS
membranes loaded with monovalent cations such as Naþ have been reported measurably more active than those with some divalent cations, and
orders of magnitude more active than with Ca2þ [54]. Commensurately,
Ca2þ cations showed a restricted water penetration in the LPS bilayers, making them more compact and less permeable to water [53].
The more detailed mechanism of the interaction of Ca2þ cation when
compared to other cations has been revealed effectively utilizing a model
system [55,56]. The results have conﬁrmed that divalent cations bind to
phospholipid bilayers by increasing the lamellar D-spacing as discussed
above. In the case of vesicular systems in excess water condition, multilamellar lipid dispersions converted completely into unilamellar vesicles (i.e.,
inﬁnitely large d-spacing) when the surface charge density was higher
than 1e2 mC/cm2 [57]. More interestingly however, the low salt concentrations have revealed the changes also to the lipid bilayer structure itself.
The condensing effect was detected through the observation of area per lipid
decrease (Fig. 4), while Ca2þ brought up an effect different from Zn2þ, for
example.
Initially, both Ca2þ and Zn2þ cause area per lipid to decrease, reaching
a saturation level with further concentration increase in the case of Zn2þ.
A non-monotonic behavior in the case of Ca2þ, however suggests inherent
differences in the interactions of the two cations with lipid bilayers. The
radial distribution functions calculated from molecular dynamics (MDs)
simulations [56] have shown that Ca2þ forms a contact pair with any headgroup atom of lipid much more favorably than Zn2þ. These differences
in the interaction speciﬁcity appeared to be well correlated with the hydration properties of the two cations. The hydrogen bonding of water molecules extends beyond the ion’s primary hydration shell. The crystal
arrangements of the three biologically most relevant cations in bulk water
2þ
have been proposed to be Zn½H2 O2þ
6 $½H2 O12 , Mg½H2 O6 $½H2 O12
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Fig. 4 Ca2þ and Zn2þ cation-induced changes to bilayer structure expressed through
the area per lipid changes relative to neat lipid bilayers made of diC18:0PC (DPPC).
The Zn2þ impact shows a typical binding isotherm with a monotonic decrease of
area per lipid, after which it seems to plateau. In the case of Ca2þ ions concentration
increase however, area per lipid parameter goes through a minimum before reverting
to the original level as for the neat lipid bilayers [56].
2þ
and Ca ½H2 O2þ
hydration shell then
6:1 $½H2 O5:29 [58,59]. The smaller Ca
most likely allows for its more speciﬁc contacts with the lipid headgroup.
While the overall hydration of ions may consist of several hydration
shells, the power of their binding weakens rather quickly. The weakly
bound water molecules from the secondary shell are then easily replaced
by the lipid atoms if they appear in the close vicinity. In fact, both the
ions and lipids reduce their hydration shells by up to 50% in the case of
ion-lipid complex formations [46]. The primary shell however remains
mostly intact, while consisting of six water molecules around each ion.
Interestingly, our recent MD results suggest a formation of symmetric molecular crystal lattice. In the case of Mg2þ, also a seventh water molecule can
bind to the cation if it falls within the primary interaction region (w2 Å)
around the ion (Fig. 5). In this, the symmetry of previous molecules is not
violated.
It is worth to point out, the above-mentioned interactions become
increasingly important when functionalizing the model membrane systems
with speciﬁc applications. The role of water molecules moderating the interplay of such interactions between various components of biological membrane can thus be seen as a certain link between its structure and function.
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Fig. 5 The arrangement of hydration water molecules surrounding the Mg2þ ion as obtained from MD simulations. It creates a regular crystal lattice consisting of 6 water molecules within its primary hydration shell. The seventh water molecule may occur in this
hydration shell without interrupting the symmetry of previously formed structure.

4. Hydration effect on the interactions
In the previous section we have discussed interactions of lipids and
ions with water e one of the tiniest and often forgotten biomolecules.
The observations imply that lipid-ion interactions do not only depend on
which cation is present, but also on the lipid’s thermodynamic state and
its level of hydration. The localization of water molecules and hydration
properties within membranes depend on both the lipid head group type
and the organization of hydrocarbon acyl chains (e.g., gel, liquid-crystalline
phase). For glycerophospholipids for example, a markedly smaller area per
lipid distinguishes PEs from other membrane lipids despite sharing the
same glycerol backbone (i.e., PCs, PGs, and PSs). The tight lateral packing
of PE molecules in the bilayer then points to the strong hydrogen bonding
between these headgroups which in turn results in signiﬁcantly reduced hydration. In fact, the hydration in the La phase represents only about 9 molecules of water per PE lipid [60], while a PC molecule in La phase imbibe
about 25 waters, with about 10 of them located in the lipid head group
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region and the remains located in the ﬂuid space between adjacent bilayers.
Charged lipids, such as PI or PS on the other hand, imbibe water without
limits [61].
The proper functioning of biological membranes appears to be well
correlated to the structural properties, thermodynamic conditions, and
composition of lipid matrices. The various additives are known to enable
or inhibit these functions provided, for the most part, by membrane proteins. Intriguingly, the action of these additives can be linked conceivably
to another component of complex membrane assemblies e water. It creates
a stable yet dynamic network around the membranes and down to their surfaces, by which it dictates the actual structure of bilayered membrane. It imparts the interactions between membrane and omnipresent ions to ﬁne-tune
its structure and most likely the function. It intercalates between the lipid
headgroups at the water-membrane interface, wherein it modiﬁes the lateral
pressure that in turn impacts the proper function of membrane embedded
proteins. It also penetrates the membranes much deeper, including its hydrophobic core, changing thus locally their properties and enabling other
components to locate deep within membranes. Water is obviously one of
the most prevalent molecule in membrane systems, their inseparable
component, and a modulator of their structural properties that are reﬂected
in their proper biological functioning. By virtue of the roles it plays, water
should be considered a biomolecule.
The stability of water-membrane interface is maintained through the
hydrogen bonding established between membrane components and water
molecules, wherein they all may act as a donor and an acceptor. The primary
targets of water for the formation of hydrogen bonds within lipids are the
non-ester phosphate oxygens and the carbonyl oxygens [62]. The peculiarities of these interactions are however affected by the thermodynamic properties of lipids, as well as by the other membrane components. One of the
most studied additives, and one with the well known biological importance
is cholesterol. From the point of view of hydration interactions, it participates in hydrogen bonding through its hydroxyl oxygens [63]. The alternate
hydrogen bonded complexes of cholesterol, water, and lipid occur, while
forming clusters of two to seven molecules. Importantly, the hydrogen
bond network is a dynamic structure with the frequent switching of bonding
partners. The hydrogen bonding partner of the cholestrol’s hydroxyl
switches from the lipid’s phosphate to the carbonyl. In addition, the cholesterol’s hydroxyl is accompanied by a certain amount of water molecules that
are hydrogen bonded to it all the time. One can speculate that the latter
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creates a locally polar environment, which stabilizes the cholesterol hydroxyl
even within the nonpolar bilayer core [64].
The lipid-cholesterol interactions are modulated by the membrane disorder, which increases with temperature and unsaturated lipid content,
but decreases with lipid chain length [65]. Compared to the thicker bilayer,
the results show that the thinner bilayer is more disordered, has higher molecular tilts, and has a large degree of cholesterol interdigitation between the
two bilayer leaﬂets. Perhaps most signiﬁcantly, the overall lateral area is
greater in the thinner bilayer. Collectively, these data suggest that decreased
lipid order and density confer greater conformational freedom to cholesterol
and accommodate its reorientation. In addition to these differences between
the thin and thick bilayers, the simulations reveal two additional structural
differences that allow and encourage the reorientation in the thin bilayer.
First, the short lipid þ cholesterol bilayer is signiﬁcantly more permeable
to water than the one made of long lipid þ cholesterol. These waters participate in the cholesterol reorientation, as observed in Fig. 6, where water
molecules interact with the cholesterol hydroxyl as it submerges into the

Fig. 6 The snapshots of MD simulations outlying the dynamics of hydrogen bonding in
cholesterol loaded disordered lipid bilayers. The hydroxyl’s hydrogen bonding partner
of cholesterol switches from the phosphate to the carbonyl and submerges closer to
the center of disordered lipid bilayer. At the same time, the water molecules accompany the cholesterol’s hydroxyl groups facilitating its reorientation from the canonical
orientation parallel to the lipid chains, to the orientation in which cholesterol orients
parallel to the membrane plane. Adapted from N. Kucerka, J.D. Perlmutter, J. Pan, S.
Tristram-Nagle, J. Katsaras, J.N. Sachs, The effect of cholesterol on short- and long-chain
monounsaturated lipid bilayers as determined by molecular dynamics simulations and Xray scattering. Biophys. J. 95 (2008) 2792e2805.
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nonpolar bilayer center. Second, the carbonyls of the shorter lipid are significantly closer to the bilayer center than those of the thicker bilayer.
Most importantly, the results of MD simulations depicted in Fig. 6 have
been observed also experimentally. Neutron scattering studies enabled to
locate cholesterol in bilayers made of poly-unsaturated lipids. These bilayers
characteristic of a very high disorder have revealed cholesterol preferentially
sequestered near their center [66e68]. These results then provide further evidence on how different lipid species, their thermodynamic properties, and
hydration conditions may affect the transversal, as well as the lateral organization in membranes. For example, the plasma membranes are known to be
populated with more ordered components primarily in the outer monolayer
[69], whereas more disordered components with the higher water permeability are more abundant in the inner leaﬂet [70]. Finally, polyunsaturated
and long chain fatty acid lipids are an important group of brain lipids, that
accordingly take a participation in an onset of AD [28,29]. The presence
of a large and diverse group of lipids varying in their physico-chemical properties and afﬁnity to other membrane components, and perhaps most importantly varying in the hydration properties, suggests the structural and even
functional signiﬁcance of membrane-water interactions.
The dynamics and hydration interactions of lipids affect obviously the
localization of other membrane components, such as that of cholesterol discussed above or Ab peptides. The peculiarities of interactions within model
and biological membranes on the other hand, are in turn modulated by these
additives. It is interesting to note that activity of ATPase previously shown to
be sensitive to phospholipid chain length, also depends on the cholesterol
content [71]. Maximal protein activation was seen in long-chain phospholipids in the absence of cholesterol, while it shifted toward medium-chain
phospholipids in the presence of cholesterol. This observation clearly suggests that not only the lipid species affect the orientation of cholesterol in
membranes, but that cholesterol alters the structure of bilayers.
Cholesterol is an essential component of mammalian cells required for
building and maintaining the stability and ﬂuidity of membranes. It has
been implicated in cell signaling processes, where it has been suggested
that it triggers the formation of lipid rafts in the plasma membrane [5]. It
is the interaction of cholesterol with the fatty acids of phospholipids that
is believed to play a crucial role in modulating molecular organization
within membranes. Its interaction with saturated chains is well known to
disrupt the regular packing of chains in the gel-like phases while it restricts
the reorientation of lipid chains in the liquid-like phases [72]. Thus, within
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the saturated membrane the cholesterol’s steroid moiety orients parallel to
the lipid chains, while its hydroxyl group locates just below the aqueous
interface. Cholesterol acts effectively as a spacer between lipid molecules,
resulting in the more hydrated lipid headgroups [73,74]. Water-cholesterol
and water-lipid interactions therefore become obviously important in the
dynamical balance of forces within the membrane. Finally, it all plays a
role in determining one of the key structural features of membrane e its
peculiar elasto-mechanical properties.

5. Membrane ﬂuidity
The elasto-mechanical properties of membranes play a crucial role in
the most important living processes such as cell fusion, ion transport, protein
diffusion etc. The membrane ﬂuidity is one of the examples that has been a
topic of vast number of studies [33,75e79]. It is known to be affected 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 ﬂuidity have been
shown to be affected by the incorporation of small molecules, such as
cholesterol and melatonin [80e82].
The cholesterol increases the order of lipid hydrocarbon chains and increases the stiffness of membrane, making it less ﬂuid. As discussed already,
cholesterol adopts canonically the orientation parallel to the lipids in bilayer
(see Fig. 7). 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 ﬂuidity
and permeability [83]. On the other hand, melatonin was found to increase
the ﬂuidity of membrane and counteracted the effect 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 sleepwake cycle [84]. In addition to its well-known anti-oxidative effects,
melatonin is known for its involvement in intracellular signal transduction,
regulation of cell death and cell proliferation [85]. The potential protective
mechanism of melatonin against AD has also been suggested. It is most likely
that melatonin interacts with membrane non-speciﬁcally, just as the cholesterol [86]. Melatonin’s ability to reduce the effects of cholesterol on the
membrane and cholesterol-mediated processes, then stems most likely
from their different localization in membrane structure (Fig. 7), and correspondingly opposing effects on the membrane ﬂuidity [87].
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Fig. 7 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 different 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).

The direct result of cholesterol decreasing the membrane ﬂuidity, thus
increasing the lipid chain order is the bilayer thickening as observed in
various lipid systems [88e90]. 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 [64]. 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, ﬂuid 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 ﬂuidity 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 [91]. Intriguingly, our recent results have extended the
condensing effect of cholesterol on the membranes including in addition
also various amounts of melatonin (Fig. 8). 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.
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Fig. 8 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 effects are additive thus without any interactive term. The results adapted
k, V. Skoi, A. Kuklin, N.
from T. Murugova, O. Ivankov, E. Ermakova, T. Kondela, P. Hrubovca
Kucerka, Structural changes introduced by cholesterol and melatonin to the model
membranes mimicking preclinical conformational diseases. Gen. Physiol. Biophys. 39/2
(2020) (in print).

Different from cholesterol, melatonin added at various concentrations
(up to 29 mol%) causes a decrease in the bilayer thickness (Fig. 8). Its impact
on the cholesterol-loaded bilayers appears again very similar, in the agreement with the effect of cholesterol on the melatonin-loaded bilayers. The
mutual interactions between cholesterol and melatonin do not appear to
play a signiﬁcant 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 [91].
The effect 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. 7) 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 [80]. The ensuing effect of melatonin concludes nicely its ﬂuidizing effect as corroborated also by the change of sharpness and position of the melting temperature to be broader and appearing at
a lower value [91].
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The effect of the addition of melatonin or cholesterol on membrane
ﬂuidity was conﬁrmed also by MD simulations [80]. In agreement with
the 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 ﬂuidity 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 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 ﬂuidizing agent. In the
context of potential importance of membrane ﬂuidity in the onset of various
conformational diseases, it is important to explore further the interactions of
Ab peptides with such platforms constructed at the controlled levels of
ﬂuidity.

6. Ab peptide interactions
In order to better understand how melatonin and cholesterol affect the
interaction of Ab peptides with the membrane, it is necessary to systematically determine the effects that these molecules have on membrane structure.
Small-angle neutron diffraction (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 [45]. With regard to structural biology, the various scattering
techniques complement crystallographic studies that, in many cases, require
hard-to-obtain, high-quality crystals of macromolecules. Due to the intrinsic
disorder present in biomimetic systems e disorder that is considered important for the proper function of biological systems e the vast majority of
membrane samples do not form perfect, or even near perfect crystals, that
are needed to solve structure to atomic resolution. The limited amount of
attainable data from such samples is then best described by broad statistical
distributions and membrane overall characteristics. Further information
can nevertheless be recovered from neutron scattering experiments, by
changing the system’s “contrast” through the exchange of H2O for D2O.
In fact, such contrast variation approach is the only direct method that allows
to solve the infamous scattering phase problem without disturbing the sample structure [88,92].
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The samples in the neutron diffraction experiments are typically prepared on the ﬂat substrate and are hydrated through the water vapors
[93]. This allows the very same sample to be reproducibly measured in
different contrast conditions when changing the hydrating water vapor
phase. Samples hydrated with 100% D2O are best suited for the determination of the bilayer’s overall structure (e.g., total thickness and area per lipid
discussed above) because of the excellent contrast provided between the
deuterium-rich hydration medium and the hydrogen-rich lipid bilayer
[94]. On the other hand, ﬁne structural details are more obvious in samples
hydrated with 8 mol % D2O, where the water contribution has a net zero
neutron scattering length density (NSLD) and the bilayer structure is not
obscured by scattering from the solvent (see Fig. 9). Finally, by utilizing
all the difference proﬁles obtained from samples hydrated with various
percent D2O solutions, it is possible to determine the extent that water penetrates into the bilayer [95]. Consequently, the distribution proﬁle of water
penetration is inferred from difference NSLD proﬁles obtained at various
contrast conditions (see Fig. 9).

Fig. 9 The results of small angle neutron diffraction experiments. The solid line scaled
to the left-hand axis shows the total neutron scattering length density proﬁle (NSLD) of
entire bilayer hydrated with 8% D2O. The broken lines scaled according to the righthand axis show the probability distributions of separated bilayer components (i.e.,
water, melatonin, cholesterol, and Ab peptide). The inset on top of the graph depicts
schematically the distributions of these various components within the bilayer.
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Neutron diffraction experiments have been utilized in various studies
examining the interactions of Ab peptides with model membranes
composed of various lipids. The high propensity of the peptide toward
the bilayer was found in the case of both anionic and zwitterionic lipids,
with the varied location concluded though [44,82]. One of the populations
of Ab peptide reported, ﬁnds its location at the water-membrane interface
where peptides interact with polar lipid headgroups. Fig. 9 documents this
through the allocation of probability distributions to different membrane
components. The results conﬁrm 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 (MDs) simulations in Fig. 10. While the left-hand cartoon
corresponds to the case of Ab peptide located at the water-membrane interface as discussed above, the right-hand cartoon shows the peptide orienting
differently in the melatonin loaded membrane. Since the melatonin demonstrated its capability for increasing the ﬂuidity of membrane, one can expect
this effect to be a key factor for the peptide insertion. Indeed, the more ﬂuid
membrane provides a larger conformational space for all of its components,
resulting likely in more defects within its interior that can accommodate
easily even the molecules of the size of Ab peptide.
Note that the insertion of peptide according to the latter scenario results
in ﬁlling the defects appearing in a ﬂuid membrane (free volume), which
brings membrane close to its original structure with regards to its thickness,
or makes it even thicker. Similarly to the effect of melatonin on the other

Fig. 10 The snapshots of MD simulations depicting the lipid bilayer loaded with cholesterol (left) and melatonin (right). The interactions of Ab peptide with more rigid membrane in the former case force its location at the membrane-water interface. In the latter
case, Ab peptide embeds itself within the interior of more ﬂuid membrane.
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Fig. 11 The changes to bilayer thickness of membranes with different levels of ﬂuidity
upon the addition of Ab 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 ﬂuidity resulted from the addition of 29 mol% melatonin
(Melat). The results suggest the difference in the interactions of the peptide with the
different membranes, most likely resulting in different peptide locations. The results
k, V. Skoi, A.
adapted from T. Murugova, O. Ivankov, E. Ermakova, T. Kondela, P. Hrubovca
Kuklin, N. Kucerka, Structural changes introduced by cholesterol and melatonin to the
model membranes mimicking preclinical conformational diseases. Gen. Physiol. Biophys.
39/2 (2020) (in print).

hand, the interaction of Ab 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. 11 [91].
The results shown in Fig. 11 suggest a signiﬁcant thinning of neat lipid
bilayer upon the addition of peptide (w2.2 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 Ab peptide. The effect 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 different in the case of melatonin loaded membranes. Very intriguingly, the thickness change becomes negligibly small
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when comparing membranes with or without peptide addition (Fig. 11, 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 [82].
The effect of membrane ﬂuidity, whether controlled via the addition of
melatonin or cholesterol, or via the enrichment of lipid composition in its
unsaturation, was observed also by MD simulations [8,96]. The behavior
of Ab peptide interactions with various membranes showed to depend on
membrane unsaturation levels, whereas Ab peptides inserted in lipid bilayers
containing higher amounts of polyunsaturated lipids. The more rigid systems
with more saturated lipids in turn restricted peptides aggregating on membrane surface. The results have been indeed explained based on the order/
disorder characteristic to membranes. In this, more saturated lipid bilayers
have a higher order (similar to those doped with cholesterol), while
increasing lipid unsaturation (similar to the addition of melatonin) is known
to cause disorder. Order then relates directly to a rigidity of a membrane,
which can inhibit the insertion of peptides and promote their aggregation
outside of lipid bilayers [8,96].

7. Concluding remarks
The observations discussed in this chapter may prove to be important
for 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 [97]. As AD is more prevalent later in life, the effects 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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