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Abstract Alzheimer’s disease is a neurodegenerative brain disease, where pathological hallmarks are senile plaques consisting primarily of amyloid-beta peptides.
The investigations, however, point out not only the importance of physico-chemical
properties of peptides themselves, but the membranes as the targeting environment
as well. Commensurately, the interrogation approaches are required to focus on
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these systems at various length scales ranging from the submolecular and molecular levels relevant to the structures of peptides and/or membrane lipids locally,
to the supermolecular levels covering the aggregates and large structures ensuing
from the peptide-membrane interactions. In this chapter, we are summarizing the
previous studies that look at complex model and biological membranes using a
variety of experimental and theoretical methods based on, or complementing, the
scattering techniques. We attempt to examine the effects modulated by the presence
of Aβ peptides, and more importantly to determine the modes of interaction between
membranes and peptides.
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Abbreviations
Aβ
AD
APP
INS
IXS
MD
NMR
NR
NSLD
PUL
REMD
ROS
SAND
SANS
ULV

amyloid-beta
Alzheimer’s disease
amyloid precursor protein
inelastic neutron scattering
inelastic X-ray scattering
molecular dynamics
nuclear magnetic resonance
neutron reflectometry
neutron scattering length density
polyunsaturated lipids
replica-exchange molecular dynamics
reactive oxygen species
small angle neutron diffraction
small angle neutron scattering
unilamellar vesicle
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1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
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1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
1,2-dioleoyl-sn-glycero-3-phosphatidylserine
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
1-palmitoyl-2-oleoyl-glycero-3-phosphatidylcholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine

10.1 Introduction
Biological membrane is a compositionally complex and fairly dynamic structure
fundamental to the function of cells and organelles. The membrane contains three
main types of components: lipids, proteins, and carbohydrates. Actual amounts of
these components however differ between various biomembranes. For example, the
major lipid components of a plasma membrane are 21 mol% phosphatidylcholine,
29 mol% phosphatidylethanolamine and phosphatidylserine, 21 mol% sphingomyelin, and 26 mol% cholesterol [1]. All the phospholipids are polar molecules,
which in the presence of polar liquid form specific structures. Hydrophobic parts
made up of long hydrocarbon chains move away from polar liquid, while lipid heads,
in contrary, move towards the liquid in inter- and outer-cellular environments. This
ensues forming the bilayered membrane. It is now generally accepted that active functions such as transport and signaling that take place at membranes are provided by the
membrane proteins. Their proper function in turn depends on the physical properties
of environment the proteins reside in, the underlying matrix made of lipids [2].
In general, the different membranes serve different functions and consequently
have different structural properties. Indeed, the myriad processes taking place in
these membranes are reflected in the lipidome’s size and diversity [3]. For example,
the thermodynamic phase of lipids plays one of the starring roles in determining the
membrane’s structural properties [4]. At the assistance of increasing temperature,
the crystalline phase passes from a highly ordered structure to the liquid-crystalline
phase typical of high disorder [5]. It is a lipid membrane in this fluid phase that is
biologically most attractive due to its dynamic structure, in which the lipids almost
freely diffuse yet embrace their overall bilayered structure of liquid membrane [6].
In addition to the temperature factor and participation of given lipids themselves, the
membrane thermodynamic phase is determined by the presence of other membrane
components. This is documented well in the case of cholesterol, whose concentration
variation across the organelles gives the liquid membranes control over their structure
and dynamics [7].
The changes of membrane functionality most likely originate in the structural
properties of membrane, that are known to be accompanied by the changes in
membrane physico-chemical properties. The cholesterol, for instance, increases the
order of lipid hydrocarbon chains and increases the stiffness of the membrane. On the
other hand, melatonin was found to increase the fluidity of the membrane and counteracted the effect of cholesterol [8]. Interestingly, decreasing levels of melatonin in
the brain tissue were correlated with the aging similarly yet in a counteracting way
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as increasing levels of cholesterol [9]. The role of membrane properties, its chemical
composition, and additives is thus not surprisingly discussed in a connection not only
to the membrane function but the disfunction too [10]. This concerns many various
diseases, and those related to aging (amyloid toxicity and conformational diseases)
in particular [11]. The crucial role in these processes is thought to be imparted by
peptide-membrane interactions, which modulated by a membrane composition may
cause a peptide to misfold and bring about irreversible conformational changes to
other peptides and proteins.
Among conformational diseases, Alzheimer’s disease (AD) is a neurodegenerative
brain disease manifested by the nerve cell loss, 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. Unfortunately, with a ubiquitously
increasing aging of the population, this number will increase further, projected to
reach 131 million in 2050 [12]. It was discovered in 1906 by Dr. Alois Alzheimer,
who first observed morphological and histological changes in the brain of impaired
patients [13]. He described amyloid plaques and the neurofibrillary tangles based
on the autopsy observations. These two findings are still considered to be the main
sequelae of the disease that are visible on the brain. The root cause of the disease,
however, eludes explanations to the present days.
There have been several hypotheses suggested before 2019 [14] that try to explain
the origin of AD (Fig. 10.1). Metal ions that play various functional roles in organisms, for instance, have been reported to participate in amyloid-beta (Aβ) peptide

Fig. 10.1 Distribution of clinical trials performed with regards to the various hypotheses of AD up
to the year 2019
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aggregation and toxicity [15–17]. The most intriguing, however, are the cholinergic
or neurotransmitters hypothesis [18], tau hypothesis [19], and Aβ hypothesis [20].
The cholinergic hypothesis is the oldest, based on the assumption that the cause of
the disease is an insufficient synthesis of acetylcholine in the body, which serves as
a neurotransmitter. Unfortunately, treatment with drugs that increase acetylcholine
production has been shown ineffective [21].
The tau hypothesis identifies the tau protein situated inside the cell as a main
contributor to the disease. The normal function of this protein is securing the division and orientation of cellular organelles in the underlying cytoplasm by creating
a cytoskeleton system. These microtubes are then disrupted and gradually disintegrated as a result of the protein aggregation, leading eventually to the collapse
of the cytoskeleton and subsequent disruption of the neuronal transport system,
ultimately resulting in cell death. An anticipated trigger for the aggregation is Aβ
peptides, though the details of this process are yet to be known [22–24].
Aβ peptides are proposed to be a key factor also in another hypothesis. It was first
postulated in 1991 and it presumes that extracellular Aβ peptides form plaques that
are a major cause of AD [20]. Aβ is a peptide that is most often composed of 40–42
amino acids. Its toxicity is associated with the fact that it aggregates into soluble
oligomers, which may exist in several forms. It was suggested that a specifically
misfolded oligomer may trigger other oligomers to take its form, generating thus
a chain reaction and the formation of plaques and fibrils, which may supposedly
be a cause of the disease [22, 25]. Recent studies are however more focusing on a
monomeric Aβ and small oligomers as an origin of the AD [26, 27].
Aβ peptide is formed by enzymatic cleavage of amyloid precursor protein (APP)
in two isoforms 1–40 and 1–42. APP is cleaved in two ways, the so-called nonamyloidogenic and amyloidogenic pathways [28, 29] (Fig. 10.2). The natural function of Aβ is not yet fully understood, although animal studies have not shown
any significant physiological function [30]. Nevertheless, some potential activities
such as regulation of cholesterol transport [31], enzyme kinase activation [32], or
antimicrobial properties [33] have been discovered. As mentioned above, Aβ is
most commonly associated with AD where it creates so-called plaques. It has been
shown that in the early stages, the non-aggregated form of Aβ can penetrate the cell
membrane and initiate intracellular toxicity mechanisms resulting in programmed
cell death [34, 35]. As mentioned above, AD is a neurodegenerative brain disease,
where about 50% of the brain’s dry weight is supplied by lipids that support various
structural or metabolic functions [36]. However, the lipids of different shapes and
sizes do not affect the static structure only, but their different chemical composition modulates also the elasto-mechanical properties of the membrane. The liquid
nature of membrane reflected in its fluidity is one of the examples that has been a
topic of a vast number of studies [37–42]. Small molecules such as cholesterol and
melatonin may alter the properties of liquid membrane further and in turn affect, in
both diseases aiding or normal function protecting ways, amyloid fibril formation
and toxicity. The intramembrane interactions become thus obviously a key factor
in these hypotheses. One of the parameters proven to play an intriguing role in
the interactions of Aβ peptide with membranes was concluded to be connected to
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Fig. 10.2 The sketch of the amyloid-beta hypothesis of the Alzheimer’s disease onset. The intermembrane amyloid precursor protein is cleaved in the amyloidogenic pathway, where extramembranous β-secretase and intramembranous γ-secretase cut APP to form Aβ40 or Aβ42 peptides.
Created peptides may start to aggregate inside or outside the membrane in the case of misfolding
conditions

the thermodynamic phase of lipid membrane. Apparently, Aβ1-40 interact with the
membrane at temperatures below the main phase transition due to the smoothness of
tightly packed gel-phase lipids [43].
Other parameters of importance are the charge and pH. In mostly a zwitterionic
lipid bilayer, the peptide will interact with the membrane interface while moving
towards its hydrophobic core and thus it will prevent interactions with other peptides
that can potentially trigger a change in its secondary structure. In the case of an
anionic bilayer, the peptide will be more prone to interact with other peptides as
it will be located closer to the membrane surface and exposed to the surrounding
solution. The latter is more likely to contribute to oligomerization [44]. Also, a lower
pH (pH ˜ 5) can induce a more rapid fibrilization of amyloid-beta peptide [45], which
means that a local decrease of pH near the anionic lipid bilayer can also contribute
to the peptide aggregation. Controversially however, the aggregation of Aβ1–42 was
proposed not to occur at pH < 5 and pH > 9.5, while it started rather between pH >
6 and <9.5 [46].
A further factor which can be an important element in the aggregation of Aβ is
oxidative stress. It has been linked to AD and other age-related neurodegenerative
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diseases connected to dementia. Interestingly, the Aβ protein itself has been shown
to further advocate oxidative stress [47, 48], as the AD infected brain exhibits more
oxidative damage than a normal brain [49], and the areas of a high concentration of Aβ
have displayed an increased level of protein oxidation [50]. As has been mentioned
before, the pathological hallmarks of AD are senile Aβ plaques aggregated together
with metal ions like copper, iron, or zinc. These redox-active metal ions together with
Aβ can, in turn, produce the reactive oxygen species (ROS). The ROS as highly reactive chemical molecules then contribute to oxidative damage of the nearby molecules
of lipids, proteins, and Aβ peptides [51]. All these effects subsequently introduce
some characteristic changes to the structural properties of the membrane, and can
thus be revealed by the methods of structural investigation. Neutron scattering is
one of such influential techniques whose access to the membrane physical properties
(thickness, shape, localization, and others) can answer some questions related to the
oxidation stress, the impact of charge and pH, and possibly many other factors setting
on the AD.
The study of membranes started with the discovery of a microscope in the seventeenth century. It allowed recognizing its bilayered structure and permeable character [52]. The most detailed insights into the membrane structure however became
available in the twentieth century with advancement of scientific research based
on scattering approaches [11, 41, 53]. The neutron scattering techniques extend
these possibilities further owing to the ability of studying the inhomogeneities in
membranes, which can be composed of not only different lipids but also proteins and
peptides. These inhomogeneities can be in both lateral and normal directions, and
can be presented by lipid rafts or the aggregates of membrane-embedded peptides
and proteins. The rafts contain lipids with specific properties that are different from
the rest of the lipid pool, most often related to the different thermodynamic phases.
The structural information about rafts and lateral inhomogeneities in general, can be
obtained by appropriate deuteration of lipids and/or adjusting the H2 O/D2 O ratio in
the solvent [11, 54–56].
The parameters relevant to Aβ related investigations point out not only the importance of physico-chemical properties of peptides themselves, but the membranes as
the targeting environment as well. Commensurately, the interrogation approaches are
required to focus on these systems at various length scales ranging from the submolecular and molecular levels relevant to the structures of peptides and/or membrane
lipids locally, to the supermolecular levels covering the aggregates and large structures ensuing from the peptide-membrane interactions. There are a few methods that
allow to look closely at the membrane and interrogate these systems, that we will
discuss in further details.
In this chapter, we are summarizing the previous studies that looked at complex
model and biological membranes using a variety of experimental methods based
on, or complementing, the scattering techniques. We pay special attention to those
researching the possibility to regulate the membrane fluidity by regulating membrane
chemical composition. Finally, we attempt to examine further how these effects are
modulated by the presence of Aβ peptides, and more importantly how these effects
determine the interactions between membranes and peptides.
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10.2 Membrane Phase Transitions
Biological activities of the membrane surface-active compounds are known to depend
on the chemical composition of lipid hydrocarbon chains, polar headgroups, and their
capacity to attract water, and on the combination of lipids, cholesterol, melatonin,
proteins etc. Indeed, as a function is often tightly coupled to the structure, the myriad
specific functions occurring in these membranes are reflected in its compositional
diversity. The multicomponent lipid mixtures allow the membrane, in the first place,
to take control over its local thermodynamic phase.
A thermodynamic phase is a homogeneous property of a system, that is, a body
defined by the same thermodynamic properties at its every point and without the
dependence on the amount of matter. The different phases though may coexist while
being separated from each other by interfaces. Phase transitions are common for
all types of matter and are relatively well described theoretically. When external
conditions such as temperature or pressure change, the phases can change from one
to another [57]. This process is called a phase transformation, or a phase transition. A
characteristic feature of the phase transition is a sharp change in the properties of the
substance–for lipid structures, this means for example a change in the lateral diffusion
rate by a factor of hundreds or even thousands. In turn, this is of key importance in life
sciences. Indeed, the rate of exchange between the cell’s comparative and external
regulators of the multicellular organism will depend on the rate of diffusion.
The diffusion rates in membrane systems correlate closely with their thermodynamic state due to the balance of intra-membrane forces that in turn depends on thermodynamic conditions. This delicate balance of forces is responsible for minimizing
the system’s total energy and includes both headgroup and hydrocarbon chain interactions manifested mostly by the attractive hydrophobic forces within the hydrocarbon
chain region and headgroup dipolar interactions, and the repulsive steric and entropic
effects. When following the consequences of temperature changes, there is an additional factor giving rise to another essential interaction within the lipid membrane,
namely trans-gauche isomerization. The probability of trans-gauche isomerization
in acyl chains increases with increasing temperature and has the opposite effect to
that of van der Waals force. Most importantly however, it introduces the disorder
within the hydrocarbon chain region and induces the membrane softening. This has
proven a determinant feature in many phenomena in the vicinity of chain-melting
phase transition [58].
By the early 1970s, as a result of studies mainly carried out by the method of X-ray
structural analysis, it was found that water–lipid systems form a wide range of liquid
crystal phases [59]. It was found that lamellar lipid phases, to which the phases of
real cell membranes belong, are usually smectic according to Friedel’s classification.
These phases include the so-called Lβ gel phase and Lα fluid phase, corresponding
to the thermodynamic state of lipids in a living cell. The phase transition from gel
to fluid is called the main phase transition. Its study in model membranes of various
compositions was considered to be an important task, particularly in the studies of
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lipid membranes doped with Aβ peptides, since the phase state of the lipid membrane
can also influence the localization of peptides [43].
The lipid membranes are characterized by lyotropic mesomorphism (dependence
of the state on lipid headgroup hydration) and thermotropic mesomorphism (dependence of the structure on temperature) [60]. Both properties are related. The main
phase transition of lipids occurs at a characteristic temperature T m , the value of
which depends on the water content in the system. Temperature of the phase transition reaches a minimum as soon as the total water content exceeds the amount that
can bind lipid structures. At the same time, lipids with a lack of water can be in an
ordered state even at temperatures above T m .
For the studies of systems with lipids and Aβ peptides, it is important to mention
the traditional classification of the phase transitions of the first and second order.
According to Landau’s theory [61], during the phase transitions of the first kind,
the distribution function of the system must be bimodal in the vicinity of the phase
transition point, that is, it must have two maxima. The highest maximum corresponds
to the most stable state of the system, and the second maximum corresponds to
a less favorable, metastable state. At the very transition point, the heights of the
maxima become the same, and the system can simultaneously coexist in both states.
In second-order phase transitions, the distribution function has always only one
maximum, which changes discretely at the transition point. Accordingly, in the case
of second-order transitions, metastable states do not exist.
One of the characteristics of the lipid bilayer, that allows determining the transition
from one phase to another is its mass density ρ. In the case of water–lipid systems, ρ
means the macroscopic density of the system, whose changes depend on the system
volume V only. The coefficient of its thermal expansion (at constant pressure p) can
be expressed in terms of the volume change (dV ) due to the change of temperature
(dT ) [62]:
αp =

1
V



∂V
∂T


(10.1)
p

During the first-order phase transitions, α p turns to be infinite in the vicinity
of phase transition temperature and during the second-order phase transitions, it
experiences a jump. Conveniently thus, one can determine the system phase transition
by the volume dependence on temperature. This allows the densitometry method to
be used to determine the thermodynamic phase of lipids and the characteristics of
their main phase transition [63].
One of the modern methods for determining the density of liquid and gaseous
samples is densitometry based on the Pulsed Excitation Method [64]. The principle
is based on determining the period of forced vibrations of a tube filled with a sample.
In this case, the oscillation period τ is related to the density ρ of the sample filling
the tube by the simple relation:
ρ = Aτ 2 − B

(10.2)
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where A and B are instrumental constants. Among the existing measuring tube configurations, U-shaped tubes are often used for highly accurate determination of the
density of liquid samples with 5-digit accuracy (e.g., DMA densitometers by AntonPaar, Graz, Austria). Oscillations of such a system occur in a direction perpendicular
to the plane of the tube, allowing also for a high precision temperature control. Some
disadvantages of the described method on the other hand, include the relatively large
sample volume required (about 1 ml), as well as the possibility of its macroscopic
separation during long-term measurements. The latter can be avoided by the periodic
re-homogenization of the sample [65].
In addition to temperature and pressure, the phase state of lipid membranes can
be influenced by the presence of ions, or low and high molecular weight compounds.
The above described instrumental method has been utilized recently for example in
determining the temperature and width of the main phase transition of lipid bilayers
with the addition of cholesterol and melatonin [66]. These can be determined readily
from the graph of first derivatives dρ/dT (see Fig. 10.3). The results have shown that
the presence of melatonin and cholesterol dramatically shifts the position and width
of the peak of the density first derivative, which turns out to be in accordance with
their known influence on the membrane thermodynamic phase.
The fluidizing effect of melatonin can be concluded based on shifting the
membrane thermodynamics towards the fluid phase. The mechanism of the effect
has been speculated to be linked to the incorporation of melatonin in the head group
region, introducing thus the defects in the hydrocarbon region. On the other hand,
the effect of cholesterol turned out to be in removing the gel-to-fluid phase transition
detected for the neat lipid system previously. This is in good agreement with the

20

22

24

26

Temperature [°C]

Fig. 10.3 The dependencies of the first derivative of mass density vs temperature for 1,2dimyristoyl-sn-glycero-3-phosphocholine (DMPC) multilayer vesicles aqueous dispersion (error
bars are smaller than the symbol size). A sharp peak corresponding to the main gel-to-liquid phase
transition is observed for pure DMPC (red). For DMPC with the addition of melatonin, the peak
position and shape change significantly (blue). For DMPC with the addition of cholesterol, the peak
vanishes completely (black circles)
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formation of cholesterol-induced liquid ordered (Lo) phase, in which the membrane
is fluid even below the phase transition temperature of lipid. In an aim to understand
the systems at high cholesterol concentrations, the presumed cholesterol’s ordering
effect on the lipid chains and the overall membrane structure has to be scrutinized
further by other experimental techniques, such as those based on scattering principles.

10.3 Overall Membrane Thickness
Small angle neutron scattering (SANS) is a powerful technique for studying the
structure of membranes, such as lipidic model membranes and biological membranes
isolated from alive systems. Its main advantage comes from the possibility to measure
samples in biologically relevant conditions, and in retrieving structural characteristics
on several length scales. SANS gives some essential information about the overall
size of objects on the level of thousands of angstroms, at the same time with the
thickness, curvature, inhomogeneity, and asymmetry of the membrane on the level
of tens of angstroms.
The membrane-containing samples for SANS mainly present liquid dispersions,
in which the solution is typically made deuterium rich for enhancing the neutron
scattering contrast between the membrane and solution. While biological membranes
need to be extracted according to the particular protocols required for their isolation,
it is desirable to use the heavy water buffers in the final steps. If the membranes
are formed by synthetic lipids, the lipid powders or films are dispersed in D2 Obased buffers initially. For multicomponent model membranes, all components are
pre-dissolved in an organic solvent (chloroform, methanol, trifluoro-ethanol, or their
mixtures). That allows one to achieve a homogeneous mixing of all components, at the
same time as it enforces the efficacy of the incorporation of various transmembrane
components, such as proteins and peptides. The protocols for embedding Aβ peptide
into model membranes have their specifics that can be found elsewhere [11, 67].
All components (in desired ratios and after receiving required pre-treatments) are
thus mixed in glass tubes, and the solvent is evaporated by a nitrogen stream and
subsequent evacuation. The resulting film that forms on the walls of the glass tube is
then hydrated with D2 O or D2 O/H2 O mixture to obtain the membrane concentration
of about 1 wt% that is required by SANS measurements.
In the case of most commonly used lipids mixed with water, they tend to spontaneously form large multilayered vesicles. These objects result in strong diffraction
patterns when examined by neutron (and/or X-ray) scattering. Although the diffraction patterns have their advantages and are successfully employed in various structural studies, they overwhelm the smooth scattering signal due to the membrane inner
structure [68]. Therefore, the multilamellar vesicles are often extruded through polycarbonate filters with pores of 300–1000 Å to break the multilayers into unilamellar
vesicles (ULVs), and to unify them in size. The prepared samples are typically poured
into quartz cuvettes and placed in a specialized thermo-holder [69].
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Fig. 10.4 SANS curve for
lipid ULVs with embedded
Aβ25–35 peptide. The
Kratky-Porod approximation
is superior for extracting
membrane thickness as seen
by its close fitting to the
curve in the high q region,
while the spherical shell
approximation improves the
fitting in the low q region
that corresponds to the
overall vesicle parameters as
demonstrated in the insert

The experimentally measured SANS curve in the case of non-interacting ULVs is
typically smooth and almost featureless. It remains true after the addition of peptides
if their fraction in the membrane is small enough to prevent aggregation or other
specific inter-lamellar interactions. The analysis of the experimental data can then
be carried out in a manner that is used for lipid membrane systems. The example
of the experimental SANS curve and its theoretical approximations are presented in
Fig. 10.4.
The simplest way to calculate membrane thickness is according to Kratky-Porod
approximation for a region of medium scattering vectors (0.02 < q < 0.1 Å−1 ):
I (q) =

A −q 2 ·Rt2
·e
+b
q2

(10.3)

where q is a scattering vector defined as 4π sinθ /λ, θ is the angle of incident and
λ is the neutron wavelength; A is a constant depending on the average scattering
length density, volume, and quantity of membranes in an experimental sample; b
is a scattering background; and Rt is a radius of gyration along the
√ thickness of a
membrane. The latter relates to the membrane thickness as d = 12 · Rt . In this
case, the membrane is supposed to have a homogeneous distribution of scattering
length density. The function (Eq. 10.3) is simple and unambiguous. The shape of the
theoretical scattering curve depends only on value Rt and does not depend on the size
and overall shape of the membrane. The example of the approximation is presented
in Fig. 10.4. This approach is widely used to study the effect of various factors on
membrane thickness [70], including the presence of Aβ peptides [66].
There is however additional information readily obtainable from SANS experiments that relates to the overall form and size of objects. Since model and biological membranes in solution tend to form vesicles, their scattering curves can be
approximated by function for spherical shells:
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I (q) =

A
· [(R + T )2 j1 (q(R + T )) − R 2 j1 (q R)]2 + b,
q
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where j1 (x) = sinx 2x − cosx x is the first-order spherical Bessel function, R–is the inner
radius of a shell, T is the thickness of a membrane, A is a constant depending on
membrane concentration and contrast between membrane and solvent.
The function assumes that the scattering length density of the membrane is
uniform, which however, can be improved easily by introducing more sophisticated
models [71]. In addition, Eq. 10.4 has to be convoluted further with the size distribution function depending on radius R, due to the size polydispersity of real ULV
samples [71].
Among the other studies, SANS allowed us to study the effect of cholesterol
and melatonin on the membrane parameters in the presence of Aβ peptide, and the
regime of peptide interactions with the membrane [66]. In the case of single lipid
membranes, cholesterol makes the membrane thicker due to its “condensing effect”
that increases the ordering and consequently the length of lipid tails. Melatonin, on
the other hand, reduces the membrane thickness because of its disordering effect on
lipid tails. Thus, cholesterol and melatonin can regulate the membrane fluidity in
opposite directions: cholesterol decreasing, and melatonin increasing, as suggested
already by the results of densitometry.
Importantly, both cholesterol and melatonin are present in the brain where they
are believed to regulate the binding of Aβ peptide with membrane, and to affect the
amyloid fibril formation [72, 73]. Our further SANS experiments have indeed shown
the incorporation of Aβ peptide into the phospholipid membrane [66]. In the case of
a pure lipid membrane, the peptide induces the thinning of the membrane. This effect
can indicate that the peptide binds to the lipid-water interface of the bilayer, thereby
increasing disorder in the bilayer and shortening the lipid tails, similarly to the case
of the addition of melatonin. The same thickness behavior was observed upon the
addition of Aβ peptide into the cholesterol containing membranes. In the case of
melatonin containing membranes, the thickness change was negligibly small. That
can be explained by the peptide incorporation into the hydrocarbon chain region as
outlined in Fig. 10.5. It may be noted however, that the speculated results are at the
limit of SANS experiments, and the approaches providing higher resolution are in
place for further confirmation.

10.4 Detailed Membrane Structure
While the above discussed experimental approach of SANS covers several length
scale regimes, it is nevertheless a low-resolution method with the limitation on the
level of tens of angstroms (corresponding roughly to 2π/qmax , where a typical qmax ~
0.2–0.3 Å−1 ). This satisfies the information related to the overall membrane properties. It is however not possible to look more closely at the membrane local structure
and even submolecular arrangements. The extension of the high-resolution limit is
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Fig. 10.5 The changes in the thickness of DOPC bilayer d induced by the incorporation of Aβ
peptide at the presence of cholesterol or melatonin [66]. The thickness of pure DOPC membrane
was taken as a reference point (dashed line). The black empty points and top axis correspond to
DOPC bilayer without Aβ peptide, and the red points and bottom axis correspond to the DOPC
bilayer with 3 mol% of Aβ peptide. The inserts contain snapshots of molecular dynamic simulations
of corresponding systems, corroborating the peptide’s location near the lipid-water interface in the
case of pure DOPC and that with the addition of cholesterol, while it is localized in the hydrocarbon
region in the case of melatonin addition

often possible thanks to the changing the geometry of samples from unilamellar to
multilamellar membranes, and from unoriented spherical vesicles to the parallelly
oriented arrays [68]. As a result, several diffraction orders that become achievable
experimentally may provide a spatial resolution of several angstroms (typical qmax ~
0.6–0.8 Å−1 ).
Similarly to SANS, small angle neutron diffraction (SAND) measurements are
performed in an inverse q-space followed by the reconstruction of neutron scattering
length density (NSLD) profiles in a real space. This is achieved straightforwardly
through the Fourier transform of diffraction form factors F h (calculated as a square
root of integral diffraction intensity) [74]:
N L S D(z) =



h max
2πhz
2 
Fh cos
D h=1
D

(10.5)

where h is a peak order, and D is a lattice spacing calculated from the Bragg equation.
In this, neutron diffraction in particular provides an unprecedented possibility to solve
the infamous scattering phase problem directly in the experiment. The phase signs
(+ or – for centro-symmetric systems in the case of most membranes) of diffraction
form factors can be deduced from the systematic substitution of H2 O by D2 O in the
hydrating solution that must yield a linear change as a function of D2 O fraction [74].
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Fig. 10.6 The NSLD profile reconstructed from SAND experiment. The solid line scaled to the
left-hand axis shows the total NSLD profile of the entire bilayer hydrated with 8% D2O. The broken
lines scaled according to the right-hand axis show the probability distributions of water (blue color)
and 3 mol% Aβ peptide (green color). The insert on top of the graph depicts schematically the
plausible distributions of Aβ peptides within the bilayer

The NSLD profiles obtained at various D2 O concentrations are then utilized in
determining several membrane structural properties. The profiles obtained at 8%
D2 O solution, for example, show only the membrane not obscured by the scattering
from solvent (see Fig. 10.6). This is because the neutron scattering length for H is
–3.739 fm and that for D is 6.671 fm (together with 5.803 fm for O) [75], making the
contribution of 8% D2 O water solution to the NSLD practically zero. These profiles
are thus often used to extract lipid head-to-head thickness DHH from peak to peak
distance across the bilayer. The DHH variations resulting from the compositional
changes are then rudimentary parameters when looking for correlations between
structure and function. The evaluation of DHH allowed for example to postulate the
condensing effect of cholesterol and fluidizing effect of melatonin [8], as discussed
in the previous section on SANS and densitometry.
In order to better understand how various components affect the interactions of
biomolecules with the membrane, it is necessary to determine also their location
within the membrane. The SAND experiments allow just that by providing quantitative data on the distribution of structural moieties, their sizes, shapes, and correlation
lengths. At first, these can be determined following the assumption that the given
component does not disturb the overall structure of the membrane and rather changes
its features locally. In fact, this approach can be easily applied not only to neutron
techniques, but to the X-ray diffraction as well, assuming the additions are made in
small quantities. For example, 1.5 mol% of Aβ peptide was localized either inside
the membrane core or at its surface depending whether shortened or full length
peptide was added, respectively [76]. Our recent results demonstrate this approach
in Fig. 10.6.
Another important result attainable from SAND experiment while utilizing
contrast varied NSLD profiles is the water probability profile (see Fig. 10.6). The
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Fig. 10.7 The example of
the NSLD profile difference
of labeled (blue) and
unlabeled (red) samples. The
difference reveals the label
distribution along the profile,
whose integrated area under
the curve is directly
proportional to the amount of
the label

general NSLD profile consists of the contribution due to lipid membrane (and its
substances as melatonin, cholesterol etc.) and water. The subtraction of NSLD
profiles measured at any two different D2 O contents provides thus the probability
distribution of water only, as the unchanged membrane contributions cancel out each
other [74]. The mean position of water-bilayer interface present in the water distribution (often obtained by error function fitting) determines then the bilayer thickness
DB (Fig. 10.6).
Finally, the most intriguing advantage of neutron diffraction and the contrast variation technique in particular, is the labeling approach. The sensitivity of neutrons to
various membrane components can be changed similarly to the case of D2 O/H2 O
exchange discussed above. The subtraction of the two NSLD profiles yields a distribution of label and thus a given moiety in question [77]. An example of this approach
is illustrated in Fig. 10.7, where protonated vs. deuterated n-decane was added to the
lipid membrane [78]. The differences are visible clearly when the labeled components are contained at high concentrations (up to 2:1 ratio of n-decane:lipid in the
work mentioned). Unfortunately, often employed minute amounts of labeled components preclude the practicality of this approach in SANS and SAND methods. Its
applicability may nevertheless benefit from even higher resolution achievable in
reflectometry as we will discuss further.

10.5 Single Planar Membrane
Neutron reflectometry (NR) turned out to be a feasible tool for the investigation of
model lipid membranes with the ever-progressing advancement of neutron sources.
Particular attention has been paid to the application of NR for the study of interactions
between the membranes and various proteins. Currently, there is a great expansion in
its application also to the research of membranes with Aβ peptides, driven mainly by
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two factors. The first is the wide evidence on the Aβ peptides aggregation at the cell
membranes that is correlated with the pathology of many serious disorders including
Alzheimer’s, Parkinson’s, and prion disease or type II diabetes [79, 80]. The second
factor is a great effort behind the optimization of the sample preparation methods
for the NR studies of biological processes. As a result, NR allows scrutinizing the
submolecular details of single planar membranes. Despite the availability of other
well-developed experimental methods with comparable resolution (e.g. SANS and
SAND), the application of NR can provide structural information on the systems
with a specific architecture.
The suitability of NR follows from the fundamental principles of reflectometry as
an optical method designed for the examination of thin layers. At a certain level of
generalization, a single lipid membrane can be treated as a system of parallel layers,
hence appropriate for scrutinizing by the NR. In addition, the crucial difference with
respect to other methods is that NR allows inspecting a lipid bilayer in its individual
planar form. This is in a contrast to the diffraction experiments where adjacent
bilayers in the stack may intercept or hinder the access of solvent (and additives) inbetween the lamellae. Although SANS enables experiments with lipid bilayers in a
single form, ULVs of spherical shape and significant curvature may also exhibit some
limitations with respect to the concept of the cell membrane model. The drawbacks
that have to be considered are the difference of lateral pressure in inner and outer
bilayer leaflets as well as the actual thickness of the lamella.
From the fundamental point of view, NR probes the structure of thin homogeneous layers and their interfaces with a possible resolution down to a few angstroms.
The lipid bilayer deposited onto an optically flat surface can be regarded as a system
of such layers with corresponding refraction indices. Impinging neutron beam penetrates the sample and it is reflected at the interfaces according to the laws of optics.
The neutron reflectivity, R, refers to the ratio of the incoming and exiting neutron
beams (the ratio of elastically and specularly scattered neutrons to incident neutrons)
and it is measured as a function of momentum transfer q (see the definition in ‘Overall
membrane thickness’ section). R(q) is given by the Fresnel’s law and Born approximation as the Fourier transform of NSLD(z) distribution in the direction perpendicular
to the interface, similar to that in previous cases of SANS and SAND [81]:
R(q) =

2
16π 2 
∫ N S L D(z)e−iqz dz 
2
q

(10.6)

Therefore, the intensity of the reflected beam depends on the thickness, density,
and interface roughness of the sample.
Figure 10.8 shows reflectivity curves obtained for the single lipid bilayer systems
deposited on a planar solid substrate. The influence of cholesterol (29 mol%), melatonin (29 mol%), and both compounds together (29 mol% + 29 mol%) on the structural properties of DOPC bilayer was investigated. The systems were hydrated by
immersing the bilayer face of the substrate to heavy water (D2 O). Characteristic
features of the R(q) curves are fringes with their magnitudes and local minima positions with respect to q. They relate to the layer’s NSLDs and thicknesses in each
system.
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Fig. 10.8 NR data obtained
for the DOPC bilayer
(green), and systems
composed of DOPC with the
addition of 29 mol%
cholesterol (blue) and
melatonin (black) separately
or together (29 mol% +
29 mol%, magenta). Solid
lines represent the best
model fits to the
experimental data. The data
are scaled according to the
factors shown in the legend
for enhancing the clarity of
presentation

In order to obtain the NSLD profile of the system and hence to determine its
composition along the normal to the surface, reflectivity curves are modeled and
subsequently fitted to the experimental data. The models employ the approach where
the NSLD(z) is decomposed in a finite series of layers, each of which is defined by
three parameters: NSLD, thickness, and roughness. Roughness refers to the interface
of two adjacent layers and it is usually expressed by error function. Some advanced
models account for an extra parameter that reflects less than the complete coverage
of the substrate by the membrane. The data shown in Fig. 10.8 were fitted by the
use of a model that assumes a lipid bilayer composed of three homogenous slabs
comprising the lipid heads, lipid tails, and another side lipid heads. The results
obtained by NR for the examined single planar membranes were [107] found to
corroborate the data reported above for the membranes in the form of multilayers
or ULVs obtained using SAND and SANS techniques, respectively [8, 66]. The
counteracting effect of cholesterol and melatonin on membrane thickness (increase
vs decrease, respectively) has been reconfirmed. More intriguingly, the submolecular
resolution of NR allows extending the research by identifying the positions of the
two components and their effects on the incorporation of other bio-related membrane
components.
In order to address the tremendous variability of lipid membranes and the biological processes they facilitate, several sample preparation methods for the examination
of protein adsorption by different biomimetic model membranes have been developed
and employed in NR. Currently, three general approaches are utilized most frequently,
depending on specific conditions that are required to maintain in a given examined
system. The most common types of biomimetic membranes they are expected to
model are (i) phospholipid monolayer at air/water interface, (ii) phospholipid monolayer on solid supports, and (iii) fluid lipid bilayers on solid support. Monolayers
at the air/water interface (i) provide advantages in their simplicity, stability, ease of
preparation and controlling of their properties. Proteins are adsorbed to the monolayer from the aqueous phase, while the lipid packing density of the phospholipid
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monolayer formed using the Langmuir trough can be precisely monitored by controlling the applied surface pressure. This ability is available even during the experiment
and it is absent in the majority of other artificial membrane models. Its unique application potential stems from the fact that lipid packing density affects the protein or
peptide interactions with membranes. It has been shown with the aid of NR that the
amount of proteins associated with lipid monolayers decreases with the increase of
surface pressure [82].
Instead of water, monolayers can be also spread on solid supports (ii). Since
phospholipid monolayer mimics one leaflet of a biological membrane, it can be
employed in the studies of the interactions and adsorption of peripheral proteins [83].
Finally, fluid lipid bilayers on a solid support (iii) represent the group of the most
popular artificial membrane models. Unlike the lipid monolayers, they mimic the
plasma membrane more accurately, hence being physiologically more relevant. In the
wide range of their applications in NR, these systems have shown their suitability in
the studies of protein-membrane interactions where the effect of bilayer environment
has also been taken into account.
The foremost investigated environmental effect in membrane research is that
determining the membrane thermodynamic state, in which the concept of lipid rafts
is attracting a lot of attention. For example, the interaction of Aβ peptides with a
single asymmetric complex membrane mimicking the lipid raft in its composition
is suggested important for Aβ peptides settling and seeding [84]. NR with the aid
of solvent contrast variation method, and contrast enhancement between deuterated
lipids and hydrogen rich peptides was able to localize the place of action of the
Aβ peptide structures and assess their penetration depth. Apparently, the structured
oligomers of Aβ1–42 , considered as the most membrane-active state, are penetrating
the outer leaflet of the membrane only, where they can serve as seeds for further Aβ
aggregation. On the other hand, the unstructured Aβ1–42 early-oligomers were localized even in the inner leaflet. Based on the peculiar NSLD profile, Aβ monomers are
hypothesized to organize themselves within the membrane environment to form the
pores.
A different approach is employed in the case of polymer cushioned membranes
that are deposited on a soft polymeric layer. The layer provides an environment
that attempts to mimic the cytoskeleton or extracellular matrix. It facilitates the
reconstruction of membrane domains morphology and allows for mobility of the
transmembrane proteins. In this way, the role of Aβ1–42 peptides on polymer cushioned membranes with composition mimicking the neural membrane could has been
studied at physiological conditions [79]. By monitoring the kinetics of the bilayer
formation followed by the injection of Aβ peptides, the NR curves and consequently reconstructed NSLD profiles revealed the penetration of Aβ peptides to the
membrane. This could have been correlated nicely with the concomitant increase of
membrane thickness and softening. Although the membrane thickness is certainly
one of the primary parameters achievable in NR (as well as SANS and SAND), the
softening is a parameter related to the membrane dynamics, and is therefore best
researched by other methods, including the inelastic scattering.
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10.6 Membrane Dynamics
Inelastic X-ray and neutron scattering techniques (IXS and INS) are widely used to
study the dynamic properties of various materials. The method is based on measuring
the energy and momentum changes of photons (neutrons), which are determined by
excitations of atoms and/or molecules (known as phonons) inside the sample. IXS
method requires incident photons with energies (10 ÷ 25) keV with transfer energies
during scattering on a sample within (1 ÷ 100) meV [85].
IXS and INS represent two of the few techniques capable to detect rotational
and vibrational excitations of lipid molecules [86, 87], diffusion processes inside
the membrane [88, 89], and to determine energies of intermolecular (lipid-lipid
and lipid-protein) interactions in picosecond-nanometer time–space window [90,
91] in particular. IXS and INS are complementary techniques, with their advantages and disadvantages. For example, INS is nondestructive for the sample and
provides excellent energy resolution, but has a limited dynamic range due to kinematic constraints. In contrast, IXS has no superior energy resolution (comparing to
INS) and the lipid sample may be damaged by radiation during the experiment. At
the same time however, IXS scattering cross-section is inherently coherent, so the
deuteration of lipid tails (often performed for experiments with neutrons), which
changes lipid’s physical properties, is not required. This makes IXS method a bit
more preferable for studying the dynamical properties of lipid membranes.
A typical spectrum of in-plane inelastic X-ray scattering on oriented lipid multilayers is shown in Fig. 10.9. In addition to the central elastic peak, which corresponds to a zero-energy transfer of incident photons, the IXS curve exhibits few
inelastic peaks whose energies are determined by the energies of the corresponding
propagating phonon modes. Positive and negative values of the transferred energy
correspond to the creation and annihilation of phonon, respectively. The number of
inelastic peaks is determined by the number of unique phonon modes. The dependences of transferred energies on the scattering vector q are called the dispersion
curves. The range for the q vector is determined by the size of quasi-Brillouin zone,
which can be understood as the mean distance between the hydrocarbon chains in
the case of lipid membranes.
The IXS technique used recently for investigating the diffusion and relaxation
processes occurring in the lipid membrane has provided experimental evidence for a
dispersive transverse acoustic mode in both Lβ and Lα phase of a pure dipalmitoylphosphatidylcholine (DPPC) that has not been reported before in the literature [90].
The transverse mode exhibited a low-frequency phonon gap when the DPPC transitions into the Lα phase. It was argued that such band gaps are directly related
to spontaneous short-lived (on the picosecond timescale) local lipid clustering and,
consequently, the formation of volume voids in the membrane. The void formation
process then in turn appears to underlie the passive transport of small solutes through
the cell membrane.
Further, the investigation of collective vibrations in DPPC-cholesterol binary
mixtures has revealed the existence of an optical phonon, which emerges due to

10 Approaches for a Closer Look at Problems of Liquid Membranes …

285

Fig. 10.9 A typical spectrum of in-plane inelastic X-Ray scattering on oriented lipid membranes
(black points). The central elastic peak is shown by the blue dashed line, and several inelastic peaks
are shown by lines with color filled regions

out-of-phase vibrations of coupled DPPC and cholesterol molecules [91]. The effect
of cholesterol molar fraction on the phonon band gap opening and evolution has
been determined. The opening of the optical phononic gap with increased cholesterol concentration is direct evidence of the nanoscale domains in Lo phase and
their relationship to the mechanical properties of the cell membrane (such as surface
tension, or bending rigidity), which in turn is related to various cell functions, like
passive transport, cell curvature generation and sustainability.
Considering the recent interest in membrane complexes with cholesterol, melatonin, and Aβ peptides, it will be interesting to employ the above discussed approach
in determining the effect of cholesterol and melatonin – separately as well as together
– on the phonon band gap opening in model phospholipid membrane with Aβ peptide.
Such a system may ensue a formation of rafts as already mentioned in previous
sections. Conveniently, the formation of lateral inhomogeneities creates defects at the
interfaces of these structures that can be well detected and characterized by inelastic
scattering. The integration of peptides amid lipid molecules would also have a characteristic fingerprint in experimental data. The concentration and temperature studies
of the phonon band gap evolution will shed a light on the role of cholesterol and
melatonin in the considerable changes to the membrane structural properties. This
will provide the base information for furthering our understanding of the processes
like Aβ peptide insertion and lateral distribution, direct transport of small molecules,
and energy transfers in cell membranes.
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10.7 Aβ Peptide Secondary Structure
One of the main interests in the Aβ peptide related investigations is the mechanism of
peptide incorporation into the biological membrane and/or its withdrawal from the
membrane. This mechanism is expected to be influenced by both the membrane
elasto-mechanical properties and structural properties of Aβ peptides. Although
neither is understood yet fully, the quaternary structure of amyloid fibrils points
the attention on the tertiary and secondary structures of Aβ peptides (not to discuss
the importance of primary structure that is documented by the toxicity of Aβ peptides
and their amino acids 25–35 in particular).
One of the methods for determining the secondary structure of peptides is circular
dichroism. This method has been used since the very first investigation of the Aβ25–35
peptide aggregation. The results showed a balance between the α-helical, β-sheet and
random coil structures with the changes of various conditions [92]. The balance was
shown to be pH dependent with the concentration driven transition of the random
coil to β-sheet happening in sodium acetate buffer at pH 4 and 5.5, and it shifted the
distribution towards the β-sheets with the increasing of pH up to 7.4. The addition
of negatively charged lipid vesicles to the system comprising Aβ25–35 also caused
the distribution balance to shift in the direction of β-sheet formation, which could
be obtained alternatively by increasing the Aβ25–35 concentration almost 10 times at
the condition without the lipids.
The same structural changes were observed in full-length Aβ1–40 peptide. Investigations of the addition of lipid membranes to Aβ1–42 and Aβ1-40 under various pH
and salt concentrations, however, concluded the peptide secondary structure being
not the only factor in the membrane disrupting activity [93]. The additional NMR
study of Aβ peptide binding to the lipid membranes showed no changes in lipid headgroup region conformation, and in the lipid chain flexibility and ordering [94]. The
peptides therefore could appear to exist with lipid membranes in a non-interacting,
or at least non-disturbing way at some conditions, while a severe disturbance may
occur in other circumstances.
The questions of Aβ peptide interactions with membranes evolved in the necessity to differentiate between the incorporation and adsorption of peptides to the lipid
membrane. The investigations of conformational changes in the Aβ structure over
the time period of 18 days have shown that incorporated peptides avoid the conformational changes, while the surface associated Aβ peptides show dramatic changes
by going from disordered structures to predominantly β-sheet structures after several
weeks [95]. The mechanisms of these changes are however yet to be understood. A
great deal of detailed information needed for shedding more light on the problem
may perhaps come from theoretical studies based on molecular dynamics (MD)
simulations.
In view of the continuous development of high-performance heterogeneous
computing systems, the efficiency of MD methods for modeling the biological
structures, such as lipid membranes and proteins interacting with them, is steadily
increasing. MD simulations help to interpret and corroborate experimental data
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obtained from SANS, SAND, NR, and INS discussed earlier as well as many other
experimental techniques. In turn, the experimental results are an essential part in
the verification and further improvements of MD force fields. Nowadays, one of the
popular areas of the joined MD-experimental approaches is the study of the interaction of the Aβ peptide with model lipid membranes. The principal interest in this
direction, registering particularly with MD methodology, is the problem of searching
conformations and location of the Aβ peptide in membrane-water systems.
The replica–exchange molecular dynamics (REMD) and the umbrella sampling
simulation methods are often used to solve the above problems [96–98]. The idea
of the replica exchange method is that a set of replicas is created, each of which
is assigned a certain temperature value, and those replicas are simulated further in
parallel with a periodic exchange of conformational states. Umbrella sampling is
one of the accelerated sampling methods, the idea of which is to insert an additional
potential reducing potential barriers, that allows the system to bypass the conformational space more easily, and then the effect of this potential is subtracted from
the obtained free energy profile. Well-tempered metadynamics is also a method of
enhanced sampling and calculating the free energy landscape, which is accelerated
by the bias potential depending on collective variables.
The first step towards investigating the mutual influence of Aβ peptides and lipid
membranes is modeling systems with peptide monomers. Currently, a number of
MD simulations have been carried out. They are aimed at studying the Aβ interaction
with model membranes depending on the length and conformation of the peptide,
as well as the composition of the bilayer (e.g., saturated or unsaturated lipid chains,
zwitterionic or anionic lipid headgroups, cholesterol or melatonin addition, etc.). A
general pattern of the Aβ interaction with lipid membranes is then justified by the
consistency of results.
Simulations of the Aβ25–35 monomer in an implicit water-membrane environment
and explicit DMPC membrane with water models by REMD have shown for example
that the peptide can locate in the membrane in two states – a surface-bound state
and a less stable inserted state, between which Aβ can often be interconverted (see
Fig. 10.10 for the illustration) [99, 100]. It is encouraging to recall similar conclusions
achieved based on the SAND experiments [76], though the capability of MD expands
Fig. 10.10 Snapshots of
Aβ25–35 conformations
(helix shown by purple, turn
by cyan, and coil by blue
colors) and positions in
phospholipid membrane
(phosphorus atoms shown by
red points, rest of the lipids
shown by gray color; water
was omitted for the
clarification of presentation)
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the results further. Accordingly, the peptide has highly extended conformations in the
surface-bound state. In the second state, the C-terminus has a stable helix shape and
is located deep in the membrane, while the N-terminus is more disordered with lower
helix propensities and closer to hydrophilic heads. In addition, the peptide binding
slightly decreases membrane thickness and does not cause strong lipid disordering.
The REMD simulations of Aβ10–40 monomer with an explicit DMPC bilayer
demonstrate the existence of one stable peptide state in the membrane, in which
the C-terminus penetrates the hydrophobic part of phospholipids and forms a stable
helix, while the N-terminus interacts mainly with the bilayer surface [101]. At the
same time, the membrane thickness and area per lipid are significantly reduced,
though the increase in the disorder of lipid tails is insignificant due to the shallow
insertion of Aβ10–40 .
The results obtained by umbrella sampling simulations of the Aβ1–42 peptide in
zwitterionic DPPC and anionic DOPS bilayers, and molecular dynamics simulations
of the Aβ1–40 in zwitterionic POPC, anionic POPS, and mixed POPC/POPE bilayers
suggest that the anionic bilayers may stabilize the peptide secondary structure to a
greater extent than the zwitterionic ones. Besides, the C-terminus is embedded into
the membrane hydrophobic core in all but the case of anionic membranes, while
the N-terminus is located closer to the water-membrane interface and more strongly
exposed to a solvent [44, 102]. The main Aβ1–40 conformations are helices and
random coils, although β-hairpins are also observed, mainly in N-terminus peptide
region.
The composition of lipid bilayers significantly influences the insertion, orientation, and aggregation of Aβ peptides, regulating Aβ-membrane interactions. Polyunsaturated lipids (PUL) cause, apparently, stronger adsorption of Aβ on the membrane
and lead to a weaker binding between peptides in aggregates [9]. In the presence of
cholesterol in the lipid membrane, that has been discussed above to ensure a stiffened
membrane as opposed to the highly fluid PUL membranes, the Aβ25–35 peptide does
not permeate into the bilayer hydrophobic core due to the high order of lipids. This
leads to the peptide aggregation on the membrane surface and a slight decrease of the
bilayer thickness [103, 104]. In the case of the longer Aβ1–40 and Aβ1–42 peptides,
Aβ1–40 also ends up preferably at the surface of cholesterol-depleted membranes,
though it exhibits a partially or completely embedded state in cholesterol-enriched
membranes. In turn, Aβ1–42 peptide inserts partially or completely into cholesteroldepleted membranes and completely inserts into cholesterol-enriched membranes
[105].

10.8 Concluding Remarks
Alzheimer’s disease was first described in 1906 based on its clinical symptoms and
microscopic changes in the brain structure [106]. For many years then to come,
microscopy was the main method for recognizing the disease at the autopsy of
patients. With its increasing social impact, however, increased also an interest in
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its identification. Over more than a century, it has seen a huge development in the
research approaches available more or less readily for its interrogation.
The research in general and structural biophysics in particular, have proven to
benefit from the development of dedicated X-ray sources. Starting with the fixed
tube, coincidently around the same time as the AD was identified, all the way to
the free electron lasers, their brilliance has advanced by impressive 16 orders of
magnitude. The golden era of neutrons following its discovery in 1932, brought
other expectations and advancements. The peculiar properties of neutrons allowed
for building sample holders capable to reproduce biologically relevant conditions
during experiments. The in situ approaches expanded to include contrast variation
and deuterium labeling techniques as the most powerful tools. The increase of computational power, doubling every 2 years, earned theoretical approaches their niche in
structural biology most recently. MD simulations, following the sample dynamics
for microseconds now, provide an unprecedented level and amount of details. We
have entered a century of big data, built on promises to combine all the information
into one model.
The research on AD may not be at the end just yet, but we certainly have a lot
of knowledge by now. Owing to the advancements in research approaches, there is
a final number of hypotheses describing the origin of the disease. There is a final
amount of models depicting the interactions leading to the onset of the disease. Most
importantly though, there is finally a limited number of proposals for combating the
disease. Some of the discussed problems certainly find their place at the membrane,
either as the place of origin, development, or even action of Aβ peptides. The closer
and closer looks at these problems will undoubtedly provide an understanding of
relevant mechanisms and perhaps will be a part of the final solution.
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