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Abstract

Aggregation of misfolded proteins, named amyloids, is associated with more than fifty so-called
protein misfolding diseases. Alzheimer's disease (AD) is related to the amyloid B (AB) aggregation
and aggregates' deposition in the patients' brains. Despite many research efforts, AB properties
and behavior are not entirely understood. Moreover, mechanistic links between AB and AD
etiology is unclear. Consequently, AD remains incurable. For this reason, more than 46 million
people worldwide suffer from AD, and it is estimated that this number will increase to 131.5
million by 2050. Therefore, AD is a global health problem that requires more research effort to
be solved.

The amyloid cascade hypothesis attempts to connect AB with AD development. This hypothesis
suggests that AB over-production, aggregation, and accumulation in the human brain triggers a
cascade of molecular and cellular events leading to progressive neurodegeneration. AB can form
various kinds of aggregates, including different A oligomers (ABOs) and AB fibrils (ABFs). Initially,
ABFs were the main subject of research studies. However, the latest research showed that both
AB monomers (ABMs) and ABFs are not toxic, while ABOs demonstrate high toxicity. ABOs cause
various kinds of toxicity, and one of them is cell membrane permeation. However, the cell
membrane can also catalyze AB aggregation, thus surviving the presence of some AB forms.
Unfortunately, ABOs are polymorphic and metastable, representing the major challenge in
distinguishing between different ABO behavior and toxicity.

The present dissertation's main objective is to decipher the mechanism of membrane permeation
by ABOs and identify the kind of ABOs that causes this toxicity. Atomic force microscopy (AFM)
imaging was used to monitor AP aggregation and distinguish between different types of AB
aggregates produced. The formed ABOs are classified into small size (SS) and large size (LS) ABOs
based on their size. LS ABOs fibrillate on the membrane surface without compromising the
membrane integrity. In contrast, SS ABOs permeate the membrane via a mechanism that consists
of both pore formation and lipid extraction. First, SS ABOs form pores in the membrane. These
pores expand with time, and then, SS ABOs insert into the membrane through these pores, thus
clogging the pores. Being inside the membrane, SS ABOs extract the membrane lipids either by
simultaneous extraction of lipids from both membrane leaflets or by sequential extraction of
lipids from the outer and then from the inner membrane leaflet. Interestingly, although SS and
LS ABOs interact with the membrane differently, they both reduce the membrane Young's
modulus by ~45%.

The second part of the research consists of expanding the knowledge of ABO-lipid interaction by
studying it with electrochemical and IR spectroscopic techniques. Moreover, the interaction of
non-toxic ABMs with lipid membrane was studied as a control measurement. Electrochemical
techniques showed that the membrane electrical properties change significantly only in the
presence of ABOs. That is a consequence of membrane permeation by ABOs. Polarization-
modulation infrared reflection-absorption spectroscopy (PM-IRRAS) showed that both ABMs and
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ABOs disorder membrane lipids. Both AB forms interact with the membrane hydrophobic core,
i.e., lipid acyl chains, causing changes in these chains' conformation and orientation. However,
these changes are more pronounced in the presence of ABOs. Interestingly, ABMs and ABOs
interact with lipid heads differently. ABMs dehydrate lipid heads but do not affect their
orientation. In contrast, ABOs do not change the lipid head hydration levels but significantly
affect their orientation. Two-dimensional correlation spectroscopy (2D-COS) showed that
structural changes in lipids precede those in AB. Moreover, it showed a sequential change of the
AB secondary structure in line with the A aggregation mechanism.

The final part of the research elucidates inhibition of ABO toxicity by a fluorene-based active drug
candidate, named K162. It was previously reported that K162 is an effective AB toxicity inhibitor
in vivo. However, the mechanism of this inhibition was not revealed. Our electrochemical
impedance spectroscopy (EIS) investigations showed that K162 prevents membrane permeation
by ABOs. These findings were confirmed by AFM, which showed no membrane pores in the K162
presence, typically formed by ABOs in the K162 absence. AFM and molecular dynamics (MD)
simulations were employed to study AB aggregation in the K162 presence to gain insight into
K162-AB interaction. MD simulations showed that the aggregation of K162-bound AR is
energetically very costly, thus unfavorable. However, AFM results showed that AR aggregates in
the K162 presence. Apparently, K162 also aggregates itself, and not all K162 molecules bind to
AB. Consequently, A aggregation in the K162 presence is not entirely prevented. Notably, the
aggregation pathway is modified by K162. In the K162 presence, only non-toxic A forms, i.e.,
ABMs, ABDs, and ABFs, are formed, and the production of membrane-permeating ABOs is
bypassed. Unlike other AP toxicity inhibitors, K162 preserves neurologically beneficial ABMs. The
deciphered AP toxicity inhibition mechanism explains previously-reported in vivo results and
provides a novel therapeutic approach for AD that might be explored in the future.
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Chapter 1. Introduction

This chapter provides background knowledge essential for understanding the findings presented
in the thesis. The first part of the chapter discusses Alzheimer's disease (AD) and its impact on
the human population. Next, amyloid B (AB) is introduced through the amyloid cascade
hypothesis, demonstrating the connection between AB and AD. Then, AB production, structural
properties, and behavior are described. The second part of this chapter introduces a cell
membrane and its essential components. Then, the concept of model cell membranes is
introduced as well as its importance in research studies. The third part of the chapter consists of
a critical review of the literature regarding the A interaction with a model cell membrane. This
part provides an insight into the current state of the field and the challenges it faces. The final
part of the introduction describes the thesis objectives.

1.1. Alzheimer's disease and amyloid B
1.1.1. Alzheimer's disease

Advances in science and technology resulted in the extension of the human life duration.?
Unfortunately, the chance of getting a neurodegenerative disease increases with age.
Alzheimer's disease (AD) is the most prevalent type of neurodegenerative disease.? Aging,?
genetics,* and having a family history of AD> are the greatest risk factors for AD, with aging being
the most significant one. The percentage of people suffering from AD increases remarkably with
age, i.e., 3% of 65-74 years old, 17% of 75-84 years old, and 32% of 85 years old people (or older)
have AD.® Over 46 million people worldwide live with AD (more than the population of Spain).
This number is estimated to increase to 131.5 million by 2050.7 This trend shows that a new AD
case appears every three seconds. Based on this trend, the number of patients will double every
20 years. Besides affecting the welfare of the human population, AD has a significant impact on
the world economy. The global costs associated with AD patients' care have increased from 604
billion USS in 2010 to 818 billion USS in 2015 (35.4% increase).” Estimations, based on this trend,
show that this cost will be higher than 2 trillion USS by 2030. If worldwide AD care is a country,
it would be the 18t largest economy globally with a market value higher than those of Google or
Apple.” Therefore, AD represents one of the most significant worldwide problems of the 215t
century.

AD, a type of dementia, involves progressive neurodegeneration that severely impairs
cognition.®® Difficulties in remembering information learned recently are an early clinical
symptom of AD because the brain's learning centers are affected first. With the progression of
AD, new symptoms appear, such as impaired communication, disorientation, confusion, poor
judgment, and behavioral changes. Ultimately, difficulties in speaking, swallowing, and walking
occur.
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AD was first reported about a century ago.® In 1907, Alois Alzheimer, a German clinical
psychiatrist and neuroanatomist, documented the progression of an unusual illness in a 51-year-
old woman in the asylum in Frankfurt. Alzheimer reported a "peculiar substance" in the form of
extra- and intracellular deposits present in the patient's brain. Polish-Jewish neurologist and
neuropathologist Teofil Simchowicz, also Alzheimer's student, named the extracellular deposits
"senile plaques."!! Almost 80 years later, it was discovered that these senile plaques (Figure 1.1a)
are composed of amyloid B (AB),*? and the intracellular deposit, known as neurofibrillary tangles
(Figure 1.1b), are composed of hyperphosphorylated tau protein.'® These discoveries made
senile plagues and neurofibrillary tangles hallmarks of AD, and they put a spotlight on AB and tau
protein as the main suspects behind AD-related toxicity.
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Figure 1.1. Immunocytochemistry of AD brain sections showing (a) senile plaques and
(b) neurofibrillary tangles [adapted from *3].

1.1.2. Amyloid B

The amyloid cascade hypothesis proposes that the AB protein plays a central role in AD
development.!*?> This hypothesis suggests that AP over-production, aggregation, and
accumulation in the human brain parenchyma triggers a cascade of molecular and cellular events
leading to a progressive synaptic and neuritic injury, disturbance of ionic homeostasis, oxidative
damage of cells that result in neuronal death, and consequently, AD.®

AB is a 39-44 amino acids long peptide produced from proteolytic cleavage of a large, type |
transmembrane protein called amyloid precursor protein (APP).178 APP can be processed in two
ways, i.e., according to the non-amyloidogenic and amyloidogenic pathway.’ In the non-
amyloidogenic pathway (Figure 1.2a), a-secretase cleaves APP to produce a soluble N-terminal
ectodomain of APP (sAPPa) and an 83-amino acid C-terminal fragment (C83). Next, y-secretase
cleaves C83 to split it into an APP intracellular domain (AICD) and a non-pathogenic fragment p3.
In the amyloidogenic pathway (Figure 1.2b), B-secretase cleaves APP, forming a soluble N-
terminal ectodomain of APP (sAPPB) and a 99-amino acid C-terminal fragment (C99). Finally, y-
secretase cleaves C99 at one of the several different sites to produce AICD and amyloid B (AB) of
variable length, i.e., with 39-44 amino acids. Under normal physiological conditions, the most
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abundant AB form consists of 40 amino acids (ABao). In comparison, the 42 amino acids-long form
of AB (ABa2) is significantly less produced, i.e., the ABa2-to-ABso molar ratio is ~1:9.2° However,
the production of ABaz is elevated in body fluids of AD patients.?! The ABa2 is more toxic’?%3 and
more aggregation-prone than AB40.2*7%® Inherited mutations in APP and y-secretase facilitate the
production of more toxic ARz relative to the usually abundant ABao, leading to the development
of familial (early-onset) AD.'®'” Hence, ABs; was the objective of studies presented in this
doctoral thesis.

Figure 1.2. Proteolytic cleavage of APP according to (a) non-amyloidogenic and (b) amyloidogenic
pathway. (a) In the non-amyloidogenic pathway, sequential proteolytic cleavage of APP by a- and
y-secretase leads to the formation of a soluble N-terminal ectodomain of APP (sAPPa), an 83-
amino acid C-terminal fragment (C83), an APP intracellular domain (AICD), and a non-pathogenic
fragment p3. (b) In the amyloidogenic pathway, B-secretase cleaves APP to produce the soluble
N-terminal ectodomain of APP (sAPPB), 99-amino acid C-terminal fragment (C99), AICD, and AP.

In its native form, AB exhibits neuroprotective abilities and stimulates brain development.?’ The
native state of any protein, although thermodynamically favorable, is not necessarily stable.
A protein or polypeptide consisting of ~100 amino acids can adopt as many as 10%
conformations.?® The human body's cellular environment contains a so-called "quality control"
system (QCS) that assists proteins in adopting their native folding and degrade misfolded
proteins.?3% Protein misfolding can occur for several reasons, e.g., (i) intrinsic nature of a protein
to adopt many non-native conformations, (ii) malfunctioning of QCS, (iii) mutations in gene
sequence that participate in protein production, (iv) translation and transcription errors,
(v) failures in the post-translational modifications and trafficking, (vi) cross-seeding and seeding
of misfolded proteins, and (vii) environmentally-induced structural modifications of a protein.3%32
Misfolded proteins are unstable because their hydrophobic residues are exposed. To stabilize
themselves, they aggregate into highly-ordered structures with an energy minimum even lower
than that of the native state.33
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The A aggregation mechanism is under debate, and many different aggregation pathways have
been proposed (Figure 1.3).34%2 The "on-pathway" mechanism follows nucleation-dependent
aggregation of misfolded AR monomers (ABMs) into AR oligomers (ABOs), AB protofibrils (ABPFs),
and mature AB fibrils (ABFs). This process also involves the conversion of the dominant AB
secondary structure from random coils (present in ABMs) to B-sheet (present in AP aggregates).
Notably, there are unique B-sheet arrangements in different Ap aggregates. ABOs adopt the anti-
parallel B-sheet configuration, while ABFs contain an in-register parallel B-sheet arrangement,
where individual B-strands are perpendicular to the fibril axis (the B-strands of ABFs are rotated
by 90° in comparison to B-strands of ABOs).343643-45 production of ABFs is still under debate.
Some studies propose that small ABOs combine into thin protofilaments that intertwine to form
protofibrils, and then, these protofibrils intertwine to produce ABFs.**% On the other hand,
some studies propose that ABOs directly assemble into ABFs without forming protofilaments and
protofibrils.*>>° Moreover, ABMs can aggregate according to the "off-pathway" mechanism
(Figure 1.3), forming unstructured, amorphous aggregates.3”3® These "off-pathway" aggregates
can dissociate into smaller aggregates that can further undergo "on-pathway" aggregation.
Furthermore, the "on-pathway" aggregates also dissociate (aggregate fragmentation).3%°! As a
result of these complex processes, many different AB aggregates may coexist.

Figure 1.3. Unfolded APMs get misfolded, and then, they aggregate and adopt various
conformational states according to different aggregation pathways. The scheme was produced
with UCSF Chimera software®? using PDB files 1Z0Q,>® 2BEG,>* and 2LMN?>> for misfolded
monomers/on-pathway oligomers, protofibrils, and fibrils, respectively.

The AB aggregates deposit in the brain as amyloid plaques, which leads to AD pathology. Genetic
risk factors can indirectly facilitate AR aggregation and deposition. The ApoE4 gene is associated
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with decreased brain clearance of AB, promoting AB aggregation and deposition in the brain. This
event is associated with sporadic (late-onset) AD.1®

Therefore, AB misfolding, overproduction, and imbalance in the ABaso-to-ABa; ratio (in favor of
ABay) lead to accelerated AP aggregation into insoluble ABFs. According to the amyloid cascade
hypothesis, these fibrils deposit to produce amyloid plaques, the AD hallmark. However, many in
vivo studies showed individuals with a significant amyloid burden and no memory impairment
symptoms, demonstrating that amyloid deposition does not correlate well with neuronal loss and
cognitive decline.’®® These findings suggested that the amyloid cascade hypothesis needs
revision.

Since various AP forms coexist, it was necessary to perform systematic studies analyzing each of
the AB forms separately to determine their respective toxicities. It was demonstrated that ABMs
and ABFs exhibit low toxicity both in vitro and in vivo.?1%7 They fail to permeate lipid vesicles,®?
exhibit low toxicity towards PC12 cells,®? glial cells in CGC cultures, and macrophage 1774 cells,?3
demonstrate low impairment of memory and learning functions,®*t%7 Jow inhibition of long-
term hippocampal potentiation,®>%® l[ow enhancement of long-term depression®® in rat models.
ABFs, the main component of amyloid plaques,®® exhibit low toxicity, explaining the absence of
correlation between the amyloid plaques and the cognitive decline mentioned above.

In contrast to ABMs and ABFs, ABOs are incredibly toxic. ABOs cause memory impairment,®’ long-
term hippocampal potentiation,®® learning and cognition deficiency,%®® deterioration of
synapses,’%’! suppression of synaptic activity,’? cell death via leakage of lysosomal enzymes,’3
inhibition of mitochondrial activity,”* the increase of production of reactive oxygen species,’> and
neuroinflammation.”®’” Interestingly, ABOs build up in the human brain before amyloid plaques
are deposited.”® 80 Post-mortem analysis revealed that ABOs, unlike ABFs, accumulate in
meningeal vessels8! and cortical lysates®? of AD brains. These findings shifted the research focus
towards ABOs, leading to the so-called "Amyloid B Oligomer" hypothesis.?3

1.2. Cell membrane

The cell membrane, or plasma membrane, is one of the most vital components of every cell. The
cell membrane envelopes the cell cytoplasm, shielding the cell interior from the extracellular
environment. Eukaryotic cells also contain subcellular membranes that divide cell cytoplasm into
different sections, allowing multiple functions to be performed simultaneously in different cell
parts.8% Moreover, the cell membrane plays an active role in connecting the cytoskeleton to
define the cell shape and attaching to the extracellular matrix and other cells to form tissues.
Furthermore, the cell membrane is selectively permeable and controls the transport of molecules
exchanged between the cell and its environment. Therefore, the cell membrane has an essential
role in maintaining cell protection, homeostasis, and communication with the environment.

In 1972, the "fluid mosaic" model of the cell membrane was formulated (Figure 1.4).2°> This model
suggests that the cell membrane is a lipid bilayer that encompasses carbohydrates and proteins.2®
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All molecules present in the cell membrane are amphipathic, i.e., they have hydrophobic and
hydrophilic parts. These molecules arrange to satisfy as many hydrophilic and hydrophobic
interactions as possible, adopting the most stable structure in a polar environment.®” This
arrangement results in formation of a planar two-dimensional structure with a hydrophobic core
and hydrophilic sides. Some proteins, like integral proteins, span the entirety of the cell
membrane. They establish hydrophobic and hydrophilic interactions with respective lipid
counterparts. Other proteins, like peripheral proteins, only temporarily reside on the membrane
surface. Carbohydrates can adhere to proteins or lipids to form glycoproteins or glycolipids,
respectively.

Figure 1.4. lllustration of the "fluid mosaic" model of the cell membrane.

Lipids represent approximately 50% of the cell membrane composition, although the lipid
composition varies between different types of cell membranes.® Like other cell membrane
components, lipids are also amphipathic molecules, i.e., they have hydrophilic heads and
hydrophobic tails. Hydrophobic and van der Waals forces acting between lipids make them
assemble into a bilayer structure where hydrophobic tails are hidden, and hydrophilic heads are
exposed, i.e., oriented towards the cell interior (cytoplasm) and the cell exterior (extracellular
fluid). Even though all lipids consist of heads and tails, the chemical composition of these parts
varies significantly. As a result, three different types of lipids are distinguished, i.e.,
phospholipids, sphingolipids, and steroids.?®

Phospholipids are the most abundant type of lipids in most cell membranes (Figure 1.5). Typically,
phospholipid has a tail composed of two fatty acyl chains. The acyl chains vary in length (usually
16 or 18 carbon-carbon bonds) and degree of saturation. They can be saturated (no double
carbon-carbon bonds) or unsaturated (one or more double carbon-carbon bonds). The lipid tail
is connected to the lipid head via esterification of acyl chains to two hydroxyl groups of the
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glycerol moiety. The glycerol moiety is attached to the phosphate group, linked to different
groups (R group) like choline, ethanolamine, or serine. Phospholipids are classified according to
the chemical composition of the R group. For example, phosphatidylcholine (PC), the most
abundant kind of lipids in the plasma membrane, contains a choline group composed of a
positively charged alcohol moiety bound to a negatively charged phosphate group. In
phosphatidylethanolamine (PE) and phosphatidylserine (PS), the phosphate groups are attached
to OH-containing groups, i.e., ethanolamine and serine, respectively. Depending on the R group,
phospholipids can be charged (positively or negatively) or not charged (zwitterionic).

Figure 1.5. Structural formulas of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS). R groups, phosphates, glycerols, and fatty acyl chains are
colored in red, yellow, blue, and green, respectively.

In 1884, another class of phospholipids was discovered in the brain extracts — sphingolipids. They
are named after the Greek mythological creature, the Sphinx, because of their enigmatic
nature.’® Sphingolipids consist of a long fatty acyl chain attached to the amino group of
sphingosine. Sphingomyelin (SM) is the only non-glycerol lipid present in the cell membranes
(Figure 1.6).288 In most mammalian cell membranes, SM makes from 2 to 15% of the total lipid
composition.®! Importantly, higher SM concentrations are found in a particular type of tissue,
e.g., peripheral nerve and brain.?>®2 The SM structure is very similar to that of PC lipid, which is
why it is also classified as a phospholipid. In SM, phosphocholine is bound to the terminal
hydroxyl group of sphingosine.

In other sphingolipids, sugars are present in their heads, and these kinds of sphingolipids are
known as glycolipids. Glycolipids represent 2-10% of the plasma membrane lipid content, and
they are abundant in nervous tissue.?® Gangliosides are complex glycolipids in which sphingosine
is bonded with one or two-branched sugar chains that contain sialic acid groups (Figure 1.6).
Gangliosides represent 10-12% of the neuronal membranes' lipid content, and 20-25% of them
are located in the outer leaflet.®®> Monosialotetrahexosylganglioside (GM1) is one of the most
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important types of gangliosides in the brain. It represents 10-20% of the brain's ganglioside
content.®%%

Steroids are the third important class of membrane lipids. They have a four-ring hydrocarbon
structure. Cholesterol (Chol) is the most abundant steroid present in mammalian tissues.®’ Given
that Chol is mostly composed of hydrocarbons, it should be hydrophobic (Figure 1.6). However,
one hydrocarbon ring is modified with a hydroxyl group, making that part hydrophilic and the
whole molecule amphipathic. Chol is abundant in mammalian cell membranes, but it is absent in
prokaryotic cells.®? In most mammalian tissues, the Chol concentration is ~2 mg/g tissue, while
in the central nervous system is 15-20 mg/g tissue.”® About 25% of the total amount of
cholesterol in the human body is located in the human brain, mostly in the myelin sheets
surrounding the axons. Chol plays a vital role in neuronal development, synaptic plasticity, and
brain function.

Figure 1.6. Structural formulas of sphingomyelin (SM), monosialotetrahexosylganglioside (GM1),
and cholesterol (Chol). Sphingosines, fatty acyl chains, phosphates, cholines, sialic acids are
colored inred, green, blue, orange, and violet, respectively. The hydrophilic part of Chol is colored
in cyan.

1.2.1. Lipid self-assembled nanostructures and phase transitions

From the biological point of view, the planar lipid bilayer represents the most important lipid
structure type. However, lipids' amphipathic nature allows them to self-assemble into various
nanostructures (lipid polymorphism).?’=° These structures include micelles, vesicles, cylindrical
tubules, and disks (Figure 1.7). The lipid structure and environmental factors, e.g., temperature,
hydration, and water content, affect the lipid nanostructure formation.’®°° For example,
cylindrically-shaped PC lipids are called bilayer lipids or type O lipids because they form a planar
lipid bilayer.1® On the other hand, type | lipids, like inversely conical lysolipids, and type Il lipids,
like conical PE lipids, cannot produce a planar bilayer on their own, thus are known as non-bilayer
lipids. In non-bilayer lipids, the head's cross-sectional area is not proportional to that of tails,
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causing them to have a conical or inversely conical shape. There is an imbalance of molecular
forces (electrostatic, steric, van der Waals, hydration forces) acting on these lipids' heads and
tails. As a result, non-bilayer lipids form structures that have an intrinsic curvature. For example,
type Il lipids have a conical shape forming structures with negative curvatures, i.e., that bend
towards aqueous exterior, like inverse micelles and inverse tubules. On the other hand, type |
lipids have inversely conical shape with intrinsic tendency to form structures with positive
curvatures, i.e., away from the water, like micelles.

Figure 1.7. lllustration of different lipid nanostructures, i.e., (a) spherical micelle, (b) inverted
micelle, (c) vesicle (liposome), (d) cylindrical micelle (tubule), (e) inverted cylindrical micelle
(tubule), and (f) disks.

In the cell membrane, the lipid composition is optimized to form a planar lipid bilayer. Having
various lipids in the cell membrane, including non-bilayer lipids, is vital for proper cell functioning.
Lipid bilayers have to allow material exchange between the cell and its environment while
preserving the barrier function and overall structural stability.'%* Therefore, both bilayer and non-
bilayer lipids participate in maintaining the necessary flexibility and robustness of a lipid bilayer.
Moreover, the non-bilayer lipids like PE have an active role in physiological processes like

proteolipid interactions!® and folding of lac permease protein.®’

Planar lipid bilayer may convert to a non-planar (non-bilayer) structure. Changes in the lipid
bilayer environment might be the reason for this conversion.'%! The increase in temperature can
increase repulsive forces in lipid tails, causing increased stress in lipids. Once the accumulated
stress exceeds a critical point, a new lipid structure emerges. Peptides can also induce conversion
from a planar to a non-planar lipid structure.'® Alamethicin converts planar bilayer of 1,2-
dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE) into cubic phase,'% gramicidin A converts
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planar bilayers of various lipids to hexagonal H; phase'®* and lysophosphatidylcholine (LPC)
micelles to planar bilayers.19>

A lipid bilayer can undergo phase transitions that do not involve a change of the planar shape. In
this case, lipids change their conformation, which affects lipid bilayer thickness and
mobility.106197 These phase transitions of lipid bilayers are known as thermotropic phase
transitions because they are mostly influenced by temperature. However, also pressure, lipid
composition, and water content affect lipid bilayer phase transitions.?® At low temperatures, the
lipid bilayer is in the crystalline (sub-gel) phase (Figure 1.8a). The temperature increase causes a
bilayer transition to the gel phase (Figure 1.8b) in which acyl chains are fully extended in all-trans
conformation.'®® At this point, some lipids can adopt several other arrangements, like the
interdigitated (Figure 1.8c) and tilted (Figure 1.8d) gel phase. In some bilayers, e.g., bilayers
composed of DMPC lipids,*? further temperature increase causes the bilayer's phase transition
to the ripple phase, characterized by corrugations on the bilayer surface (Figure 1.8e). At
temperatures exceeding the lipid melting temperature (Tw), lipid bilayers convert to liquid
crystalline (disordered) phase (Figure 1.8f). In this phase, the lipid acyl chains are melted, i.e.,
they are no longer fully extended in all-trans conformation, and an increased number of gauche
conformers appear. In this phase, lipids exhibit higher rotational motion, and overall lipid
bilayer's mobility is increased.

Figure 1.8. Illustration of lipid planar (a) subgel, (b) gel, (c) interdigitated gel, (d) tilted gel,
(e) ripple, and (f) liquid crystalline phase.

1.2.2. Lipid rafts

Lipid rafts are small (10-200 nm in diameter) biomembrane regions enriched in Chol, SM, and
glycolipids (particularly gangliosides).88110.111 They are named rafts because of their low buoyant
density, which allows their isolation from the rest of the membrane.'!? Lipid rafts serve as a
platform that accommodates various transmembrane and GPI proteins. They play an active role
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in multiple cellular functions like cell movement, signaling, division, adhesion, axon guidance,
vesicular trafficking, synaptic transmission, membrane-associated proteolysis, and
endocytosis. 88112113

Changes in lipid rafts are associated with the loss of neuron function, leading to cell death and
neurodegenerative diseases.'*11> For example, the genetic mutation that causes the failure of
monosialodihexosylganglioside (GM3) synthesis leads to the infants' developmental retardation
and death.!'® Decrease in the ganglioside and Chol concentrations is associated with aging,'°
and age-related neurodegenerative diseases like AD.!'” On the other hand, increased
concentrations of GM1 and monosialoganglioside GM2 (GM2), along with Chol decrease, were
also observed in lipid rafts of AD brains.'!® Moreover, an increase in GM1 and ganglioside GD1a
(GD1a), accompanied by a decrease in ganglioside GD1b (GD1b) and ganglioside (GT1b) contents,
was found in individuals with AD.'*° Chol is another significant component of lipid rafts associated
with AD.*?? An increase in the Chol concentration in midlife people is a risk factor for developing
AD.?! Statins, compounds that lower Chol level, have been associated with the diminished
prevalence of AD.122123 Majority of Chol-AD correlation studies comes from in vitro and cell
studies which mostly agree that the Chol concentration increase facilitates AR accumulation and
the Chol decrease has the opposite effect.}?4126 However, some studies reported a decreased
Chol level in AD individuals.’?® Apparently, most studies agree that lipid raft components are
associated with AD, even though their exact role is under debate and requires further
investigation.

1.2.3. Model cell membranes

An incredibly convenient way of studying individual cell membrane components and their
interaction with proteins, peptides, drugs, and other biologically active molecules, involves using
model cell membranes. Moreover, they can be used to study the effect of environmental changes
(changes in temperature, pH, ionic strength, electric field, etc.) on the cell membrane's structure
and morphology. Model cell membranes are systems designed to mimic the cell membrane, thus
also named biomimetic systems. The most commonly used model cell membranes include lipid
monolayers (Figure 1.9) and lipid bilayers (Figure 1.10).8*

A lipid monolayer, a single layer of lipid molecules, is useful to study a single side (leaflet) of the
cell membrane. Amphipathic properties of lipids allow studying this type of biomimetic systems
at the air-water interface (Figure 1.9a). Moreover, the lipid monolayer can be deposited onto
either hydrophilic or hydrophobic substrates. Lipid monolayer adopts the configuration shown in
Figure 1.9b if a hydrophilic substrate is used. In this case, lipid heads contact the substrate, while
lipid tails are exposed to the environment.'?” This configuration mimics the inner (facing cytosol)
leaflet of the cell membrane. Substrates made of hydrophilic materials like mica, freshly oxidized
surfaces of glass, quartz, and silicon wafers can be used for this purpose.'?® Importantly, this lipid
monolayer arrangement is only stable in the air because hydrophobic tails are exposed to the
environment. The lipid monolayer can be constructed, as shown in Figure 1.9c, using a
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hydrophobic substrate. In this case, lipid tails contact the substrate, while hydrophilic heads are
exposed towards the environment. This system is only stable in the polar environment, and it
mimics the outer (facing extracellular space) leaflets of the cell membrane. Silicon dioxide and
graphene can be used to achieve this lipid monolayer architecture.?®

Figure 1.9. The lipid monolayer formed (a) at the air-water interface as well as the lipid monolayer
deposited on the (b) hydrophilic and (c) hydrophobic substrate.

In 1962, Muller et al.13% reported the first type of lipid bilayer known as the black lipid membrane
(Figure 1.10a). In this membrane, the lipid bilayer is formed by creating a small (diameter of tens
to hundreds of micrometers) opening in a hydrophobic material. A syringe, brush, or glass
applicator is used to apply a solution of lipids dissolved in an organic solvent to the opening,
forming a thin lipid bilayer. The destructive interference between the light irradiating from both
sides of the chamber makes the bilayer dark, hence the name "black" lipid membrane.3?

Lipid bilayers, also known as bilayer lipid membranes (BLM), deposited on a solid substrate are
called supported lipid bilayers (Figure 1.10b). This type of lipid bilayers is more robust and stable
than black lipid membranes. Moreover, they can be studied using surface techniques, unlike
black lipid membranes.'3? In a supported lipid bilayer, the lipid heads are oriented towards the
hydrophilic substrate, though they do not directly contact it, i.e., they are separated by a ~1 nm
thick water layer.'33134 Electrostatic, hydration, and van der Waals forces are acting between the
lipid bilayer and the substrate.'3> Various substrates can be used for creating supported lipid
bilayers, e.g., fused silica,'3¢ borosilicate glass,'*” mica,'38 and gold.'* It is also possible to deposit
multiple lipid bilayers.'#® Another type of supported lipid bilayer is a hybrid BLM (hBLM), formed
by deposition of a lipid monolayer on a substrate coated with a hydrophobic monolayer of
alkylthiols#! and polymers with hydrophobic side chains (Figure 1.10c).1#>143 Disadvantage of
these supported lipid bilayers is that the underlying substrate imposes stress on the lipid bilayer,
affecting lipids' mobility. Moreover, space between the substrate and the bilayer is insufficient
for the incorporation of transmembrane proteins.

A way to overcome those disadvantages is to coat the substrate surface with a self-assembled
monolayer (SAM) of polymers and chemically-modified lipids before the lipid bilayer
deposition.?** The SAM, located in between the substrate and the lipid bilayer, acts as a cushion
that decreases the substrate-induced stress imposed on the lipid bilayer and increases the lipid
bilayer's hydration, thus increasing lipids' mobility. Moreover, SAM provides space between the
lipid bilayer and the substrate surface sufficient to allow transmembrane protein incorporation
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without denaturing the protein.'3? There are two types of such a membrane architecture, i.e.,
tethered BLM (tBLM) and floating BLM (fBLM).

In tBLM, lipids are covalently bonded to the substrate by a hydrophilic spacer layer.13414> Neutron
reflectivity and IR spectroscopy showed that some spacers' water content is low, and in such an
environment, the BLM fluidity is low.1#67148 This difficulty could be solved using a different spacer
layer, like B-mercaptoethanol, where only some lipids from the bottom leaflet are attached to
the spacer.#® This type of tBLM is known as sparsely tBLM (Figure 1.10d). However, the sparsely
tBLM production is difficult because this requires functionalized lipids produced by a complex
synthesis.#?

A floating bilayer lipid membrane (fBLM) is an improved biomimetic system (Figure 1.10e)
because lipid mobility in fBLM is higher than in tBLM. In fBLM, the lipid bilayer can be deposited
on top of a supported bilayer®® or an S-layer protein.'>! Alternatively, the lipid bilayer can be
deposited on the Au(111) electrode surface functionalized with a hydrophilic monolayer of 1-
thio-B-D-glucose (Tg). This fBLM can be studied under electrochemical conditions'>?7°* by
applying a static electric field comparable to that experienced by natural cell membranes.1>>1%6
Moreover, Tg SAM stabilizes the lipid bilayer via hydrophilic interactions. Furthermore, it
prevents metal-induced protein denaturation because the gold substrate does not contact the
protein, thus allowing for the protein-lipid interaction studies.!>’-160

Figure 1.10. lllustration of the (a) black lipid membrane, (b) supported BLM, (c) hybrid BLM, (d)
tethered BLM, and (e) floating BLM.
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1.3. Amyloid B interaction with model cell membranes

An essential feature of ABOs is their ability to permeate cell membranes. This ability is destructive
by itself and allows ABOs to incorporate into the cell and trigger cell death from the cell interior.
The mechanism of cell membrane permeation by ABOs is still debated. The two most popular

mechanisms proposed are pore/ion channel formation!®'163 and lipid extraction (Figure 11).14-
168

Figure 1.11. (a) Pore formation and (b) lipid extraction mechanism of membrane destruction by
ABOs.

1.3.1. lon channels in bilayer lipid membranes

lon channels are donut-shaped pores with outer and inner diameters of ~10 and 1-2 nm,
respectively, that protrude ~0.5 nm above the membrane surface (Figure 1.123).162/163,165-173 A .,
form Ca?*-permeable channels in POPE or POPE/POPS lipid bilayers. From this observation, it
follows that disruption of Ca?* cell homeostasis leads to neuronal death characteristic of AD.61.174
Small ABa4o oligomers (ABoOs), ranging from trimers to hexamers, form ion channels in the 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) membrane.62163 Multiple electrical conductance
states are observed, indicating the presence of different ion channels formed by oligomers of
distinct molecular weights (Figure 1.12b).162163174-177 |n contrast, AP4oOs were incapable of
forming ion channels in the membrane excised from HEK293 cells.?’® This behavior was also
observed for ABso monomers (ABaoMs) and fibrils (ABaoFs), as well as ABa2 monomers (AB42Ms)
and A4 fibrils (ABazFs), while only ABa, oligomers (AB420s), 5-20 nm in diameter, were capable
of forming ion channels. Interestingly, ABsoMs do not permeate but rather fibrillate on the
surface of the dodecylphosphocholine (DPC), octyl glucoside (OG), and 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC) membranes.'’! In contrast, both ABs2Ms and AB420Os porate
lipid bilayers and induce different types of ionic currents. ABs;Ms induce fast, transient, and
heterogeneous, so-called "spiky" ionic currents, indicating the formation of a heterogeneous
population of pores. However, monomers cannot be heterogeneous, which rules out the
possibility that ABs2Ms themselves form ion channels with heterogeneous ionic currents in the
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lipid membrane. Most likely, ABs2Ms aggregate into AP420s of different sizes and molecular
weights that produce variable-size ion channels with diverse electrical activity.

The pre-formed AB4;0s, rich in the B-sheet secondary structure, form barrel-shaped ion channels
in lipid bilayers with three distinct ionic currents.'’! These currents are different from those of
ion channels formed in the presence of freshly-prepared ABs:Ms. These different ionic currents
indicate that structurally distinctive ion channels are formed by pre-formed AB4.0s and AB4,0s
formed by APs2Ms aggregation on the membrane's surface. These channels are most likely
formed by two distinct types of AB420s, produced in different aggregation pathways. Freshly-
prepared AB4;Ms, added to the lipid bilayer, aggregated on the bilayer surface, while the pre-
formed AP420s aggregated in the bulk solution before their addition to the lipid bilayer. Lipid
bilayers catalyze AP aggregation’®~81 (this effect is discussed below). Therefore, another
possibility is that the aggregation pathways of ABs:Ms and AB12,0Os were the same, but ion
channel-forming AB4;0s in the two cases were produced at different aggregation stages.
However, these two hypotheses are yet to be verified.

Figure 1.12. (a) AFM images of the ion channels formed in the DOPC membrane by AB4oOs
[adapted from 62]. (b) Multiple electrical conductance states of ion channels formed by AB4oOs
in the lipid membrane. Each conductance state is labeled with its conductance value expressed
in pS [adapted from 74].

The above discussion demonstrates that AB4;0s form ion channels in the membrane, while such
behavior for APoOs is still ambiguous. The effect of membrane composition on the AB-
membrane interaction outcome can be ruled out because, in these cases,'’>1’8 the same type of
biomimetic system was used for studying membrane interaction with ABs; and APao. This
conclusion raises a question - what makes AB420s more effective in forming ion channels in
comparison with ABo? AB420s are more toxic,?%?3 and the AB4; aggregation pathway is different
from that of AB40.242% AB4; contains two additional hydrophobic amino acids at C-terminus in
comparison to ABso. As mentioned above, increased hydrophobicity of AB42Os correlates with
their toxicity. However, the mechanism of this phenomenon is still unknown. There are two
possibilities to consider. The increased hydrophobicity of ABs;Ms might be the reason for the
formation of structurally unique AB420s in solution bulk, more capable of forming ion channels
compared to AB4oOs. Structural comparison of AB4oOs and AP4,0s produced under identical
conditions could confirm or negate this hypothesis. The other possibility is that the increased
hydrophobicity of ABs2Ms stimulates their interaction with the membrane hydrophobic core,
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thus enhancing AB4:Ms rearrangement into ion channel-forming AB420s. However, this aspect
also requires further research to be elucidated.

1.3.2. Lipid extraction from bilayer lipid membranes

In the lipid extraction mechanism, a toxic peptide binds to the membrane surface and then
extracts the membrane lipids (Figure 1.11b). High-speed AFM imaging showed that a mutant
form of AB4,0s dissolve the membrane composed of POPC/Chol/SM/GM1.8 The diameter and
height of these oligomers were ~17.8 and ~9.6 nm, respectively. Moreover, AB4,0s extract lipids
from the egg PC/Chol/GM1 lipid bilayer (Figure 1.13), while AB42Ms and ABaxFs are inert towards
the membrane.®* Molecular weight and diameter of these toxic AB420s was 30-400 kDa and 10-
12 nm, respectively. The pores formed are significantly larger (~50 nm in diameter) than ion
channels (1-2 nm'%2), The same lipid extraction mechanism was reported but named as
detergent-like solubilization, membrane dissolution, membrane fragmentation, or lipid uptake
by AB.164167,168,182,183 Mixing of ABaoMs with POPC/POPG/Chol lipids before lipid vesicle formation
(pre-incorporation) leads to the formation of AB-lipid complexes because of APao-induced
vesicles disruption.'® The TEM imaging showed that only 4-h incubation was required for
membrane disruption and formation of short ABao protofibrils. Noteworthy, the resolution of the
TEM image was insufficient to resolve smaller aggregates. On the other hand, mixing ABaoMs with
pre-formed lipid vesicles (external addition) and their incubation for 46 h resulted in AP
fibrillation on the membrane surface without the membrane disruption. Continuation of this
study showed that the pre-incorporated (membrane-disrupting) AR forms were rich in B-sheets,
while externally added (fibrillating) AB forms were unstructured (rich in random coils).167/168
Moreover, the CH; group of lipids interacts with the Ca nuclei of Asp23 and Ser26, suggesting
that the AB-lipid binding in a complex is residue-specific. Additional investigations attempted to
explain the difference in lipid vesicle interaction with the pre-incorporated and externally added
ABso by studying the influence of peptide-to-lipid (P-to-L) ratio on these interactions (see
discussion in the "Influence of bilayer lipid membrane properties on AB-membrane interaction"
section, below).16”

Figure 1.13. The AFM image of the (egg PC)/cholesterol/GM1 membrane after lipid extraction by
AB420s [adapted from 164].

35

http://rcin.org.pl



1.3.3. Non-specific bilayer lipid membrane permeation

Some studies on lipid bilayer permeation by AB do not support any specific permeation
mechanism like the pore formation or the lipid extraction mechanism. In these studies, the
membrane permeation mechanism is not specified. Therefore, the present section devoted to
this kind of research is named a non-specific BLM permeation.

Unlike ABa2Ms or ABaxFs, only AB42O permeate lipid bilayers composed of a POPC/biotinylated
POPC mixture.®! Unfortunately, no details on the secondary structure or size of these A4, forms
were provided. Further research showed that a mixture containing monomers and small globular
oligomers of a height of 0.5-2.0 nm permeated the POPC/biotinylated POPC lipid bilayer. In
comparison, the mixture containing globular oligomers and elongated protofilaments, with a
height of 0.4-1.0 nm and a length of several hundreds of nm, caused inflammation of microglia
cells.’® These results suggest that the mechanism of the ABO toxicity depends on the aggregates'
size. The activity of small oligomers (lipid bilayer permeation) was inhibited by the antibody that
targets the C-terminal regions. On the other hand, the activity of protofilaments (cell
inflammation) was hindered by the antibody that targets the N-terminal regions. Evidently, C-
and N-terminal residues in small oligomers and protofilaments, respectively, were solvent
exposed, thus suggesting that significant structural differences between them govern their
respective toxic effects. Interactions of small AP aggregates, extracted from cerebrospinal fluid
(CSF) of healthy (control) individuals, and large AB aggregates, extracted from CFS of the mild
cognitive impairment (MCl) and AD individuals, were studied.*®> MCl is conceptualized as a stage
preceding AD.*® CSF from healthy individuals contained globular aggregates only (Figure 1.14a).
CSF from MCI and AD individuals consisted of globular and elongated aggregates (Figures 1.14b
and 1.14c). Notably, the elongated aggregates originating from individuals with MCl and AD
differed in size. That is, the elongated aggregates from MCI individuals termed protofilaments
were 0.3-1.0 nm high and 50-100 nm long. On the other hand, CSF of AD individuals contained a
small fraction of protofilaments and a high population of the 1-3 nm high elongated aggregates,
termed protofibrils. The length of both protofilaments and protofibrils characteristic of AD
individuals ranged from 50 up to 400 nm. Apparently, the protofilaments present in AD
individuals are much longer than those present in MCl individuals. This study confirmed the size-
dependent difference in the AP toxic actions showing that small aggregates permeate the cell
membrane (Figure 1.14d), while large aggregates induce cell inflammation (Figure 1.14f).
However, the cell membrane permeation was not associated with globular but with elongated
aggregates,'® in contrast to the previous study.'® The cell membrane permeation was inhibited
by the C-terminus targeting antibody (Figure 1.14e). The cell inflammation by protofibrils was
inhibited only by the N-terminus targeting antibody (Figure 1.14g).

It has been demonstrated successfully that small AP aggregates permeate the lipid bilayer, while
large AP aggregates induce cell inflammation. However, it has not been explained why these
actions were associated with globular®* and elongated!® aggregates, respectively. C-terminal
targeting antibodies efficiently inhibit lipid membrane permeabilization by small globular
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oligomers!® and small protofilaments'®>, indicating that both forms have solvent-exposed C-
terminal residues. These results suggest that AP permeation through the membrane is
independent of AP aggregates shape, but only aggregates with C-terminal residues exposed can
exert it. Notably, the N-terminus targeting antibody also inhibits lipid bilayer permeation though
less than the C-terminal targeting antibody.'® However, cell inflammation was only observed in
the presence of protofibrils with the N-terminal residues exposed. In mature fibrils, the N-
terminus is exposed while C-terminus is hidden.*® Therefore, it is inaccessible to the C-terminus
active antibodies. This property might explain why the cell inflammation, caused by large
protofibrils, was inhibited only by N-terminus targeting antibody. Overall, these results indicate
that the toxicity mechanism depends on AB aggregates' structure, i.e., whether their C- or N-
terminal residues are exposed. However, the origin of the exposition of C- and N-terminal
residues is under question. There might be two possibilities.

One possibility is that protofilaments and protofibrils are formed by structurally distinct subunits
("seeds") with C- and N-terminal residues exposed. Conversion from soluble oligomers to fibril
seeds involves B-strands rotation by 90°.43% In this particular ABs20 model, the packing of
adjacent B-sheets is in a "face-to-back" arrangement with more C-terminal residues exposed,
while in AB4F, the C-terminal region is buried inside.** This model suggests that AB420s convert
into fibril seeds with N-terminal residues exposed. These seeds aggregate into elongated
structures with exposed N-terminal residues like protofibrils and fibrils. However, this does not
explain the formation of protofilaments with C-terminal residues exposed. Presumably, the
globular AB420s can also assemble into elongated protofilaments while keeping their C-terminal
residues exposed. This hypothesis would explain why membrane permeation is independent of
the AP aggregate shape, i.e., why it is observed for both globular and elongated AP aggregates
and why it is inhibited by C-terminal targeting antibody.

The other possibility is that the cell-inflaming protofibrils are formed by the intertwining of
protofilaments with C-terminal residues exposed. During this process, protofilaments bind with
each other with their C-terminal residues creating the C-terminal hydrophobic core of the newly
produced protofibril, thus exposing its N-terminal residues. It was proposed that mature fibrils
are produced in this way, i.e., by protofilaments intertwining.*® This possibility could explain the
formation of protofilaments with exposed C-terminal residues. Moreover, it could elucidate why,
in some cases, elongated AP aggregates, like ABOs, also permeate lipid membranes.
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Figure 1.14. (a-c) AFM images of AP aggregates extracted from healthy (control) individuals, as
well as individuals with mild cognitive impairment (MCl) and Alzheimer's disease (AD). (d) The
membrane permeabilization assay for 16:0 — 18:1 PC and 18:1 — 12:0 biotin PC lipid vesicles in
the presence of AP aggregates extracted from CSF of the control, MCI, and AD individuals. (e) The
membrane permeabilization assay for 16:0 — 18:1 PC and 18:1 — 12:0 biotin PC lipid vesicles in
the presence of AB aggregates extracted from CSF of MCl individuals as well as N- and C-terminus-
targeting antibodies. (f) The cell inflammation assay for BV2 cells in the presence of AP aggregates
extracted from healthy (control) individuals, as well as individuals with MCI and AD. (g) The cell
inflammation assay for BV2 cells in the presence of AP aggregates extracted from AD individuals,
as well as N- and C-terminus-targeting antibodies [adapted from 18],

In any case, one may ask why different residue exposure drives different toxic actions? One
possible explanation is the difference in hydrophobicity of the resulting pathogenic species. The
C-terminus of AB is highly hydrophobic,8”18 while the N-terminus is hydrophilic.*¥31%0 These
structural features explain why smaller aggregates are more hydrophobic than larger aggregates.
A polar physiological solution is not preferable for the smaller aggregates. Therefore, they
permeate the lipid bilayer to incorporate themselves into the membrane hydrophobic core. On
the other hand, large AP aggregates have their N-terminal residues exposed, which makes them
hydrophilic. Therefore, they do not incorporate into the membrane, and they can stay on its
surface.

Many other studies suggest the correlation between ABOs hydrophobicity and toxicity.***71%3 The
increase in surface hydrophobicity of (B-sheet)-rich oligomers of E22G (arctic) ABaz, a variant of
AB4z, correlates with the increase in the cell death caused by the cell membrane
permeabilization.'®! Moreover, hydrophobicity-dependent and size-independent AB420s toxicity
was demonstrated.'®? For this purpose, two types of AB420s with similar sizes (~6.1 nm) and
secondary structures (no B-sheet, only random coils) but different hydrophobicity were
produced. These AP120s exhibited different toxicity levels, i.e., only oligomers of higher
hydrophobicity exhibited toxic activity towards PC12 cells and increased conductance of L-a-
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phosphocholine lipid bilayers.'? This study is not the only one reporting toxic ABOs that lack an
ordered structure. ABs20s with both the B-sheet®* %6 and random coil secondary structure
exhibit toxicity towards the phospholipid membrane. 188192197

The combinatorial change of APao aggregates' hydrophobicity and size was correlated with their
ability to permeate the lipid membrane.'®® The increase in the ABo aggregates size and surface
hydrophobicity was associated with both increased cellular toxicity and permeation of the
membrane composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS)/DOPC lipids. The correlation of large aggregates with
increased toxicity is in agreement with some studies'® but contradicts others 6263184185192
Noteworthy, the size of these aggregates was determined by dynamic light scattering (DLS)
measurements. The DLS results can be misleading for heterogeneous samples like AB because
they show the average size of all aggregates in the sample (not size distribution).**®* Moreover,
the particle shape is assumed to be spherical, which is not valid for all A aggregates. Therefore,
DLS is not a technique suitable for examining anisotropic particles like elongated AB forms, and
the DLS results should be verified using a different technique.?%

The two studies providing the hypothesis that large aggregates are more toxic'*>'® showed that
their aggregates differed in shape, i.e., globular oligomers vs. elongated protofibrils supporting
the shape-independent AP toxicity. Both the size and shape of AP aggregates might depend on
the aggregation pathway. AB aggregation can follow many different pathways (Figure 1.3).3442
Some of those involve forming short protofilaments and protofibrils that intertwine with each
other to form APFs. In contrast, in other pathways, globular oligomers directly assemble into
ABFs, bypassing the formation of protofilaments and protofibrils.*>>° Therefore, a similar number
of monomeric subunits can rearrange into aggregates of different sizes and shapes because they
follow different aggregation pathways. This inference could explain why many studies indicated
ABOs of various sizes and shapes to be either toxic or non-toxic. One difficulty in establishing the
size- and shape-toxicity correlation is the lack of consensus on AR aggregates' classification
according to their size, molecular weight, and shape. Each research group classifies AP aggregates
into small and large based on their size measurements. Moreover, it is unclear whether AB
protofilaments and protofibrils should be regarded as ABOs or ABFs or separate classes. Providing
an official classification of AB aggregates would facilitate the comparison of published results and
determination of the size- and shape-toxicity correlation.

As mentioned above, both small, globular ABMs and large, elongated ABFs are not toxic.
However, intermediate aggregates formed along the aggregation pathway are toxic. This
behavior implies that significant structural changes occur at two steps of the aggregation, i.e.,
during aggregation of non-toxic ABMs into toxic ABOs and conversion of toxic ABOs into non-
toxic ABFs. First, unfolded ABMs transform into the (B-sheet)-rich ABOs. Moreover, these ABMs
may form transiently stable a-helical ABMs before converting to ABOs rich in B-sheets. Next, B-
strands of ABOs rotate by 90° to create fibril seeds that elongate into ABFs.*31%>201 These results
indicate that toxic ABOs are transiently stable structures that lose their toxicity upon conversion
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to fibril seeds. However, this inference does not explain the formation of toxic ABOs lacking the
B-sheet structure.l8192197 Different experimental conditions either stimulate various
aggregation pathways or simply render structurally different ABMs that prefer to follow unique
aggregation pathways. In both cases, toxic AR aggregates of different shapes, sizes, and
secondary structures are produced along these different aggregation pathways, making the size-
and shape-toxicity correlation challenging. However, to the best of the author's knowledge, there
is no study demonstrating toxic AP aggregates that are not hydrophobic. This inference suggests
that the critical moment for AP toxicity along any aggregation pathway is when the aggregates
with the highest surface hydrophobicity are formed. These aggregates might have different
shapes, sizes, secondary structures, and be formed at different aggregation stages. This
hypothesis would explain the conflicting results of the studies reporting toxic ABOs of different
shapes, sizes, and secondary structures.

1.3.4. Influence of bilayer lipid membrane properties on AB-membrane interaction

As mentioned above, alterations in the lipid rafts are associated with neuronal loss and
neurodegeneration.''* Therefore, understanding how changes in the composition of the lipid
raft-mimicking membranes affect their interaction with A is essential.

Toxicity of mutant AB42 (MAB) peptide, in which cysteine replaces glycine as the 37t residue, was
studied.’®2202 A high-speed AFM imaging showed that MAB form oligomers (MABOs) with
average diameter and height of ~20 and ~10 nm, respectively.'®? These MABOs are very stable
and do not aggregate into ABFs. The study of the MABOs interaction with lipid bilayers of
different lipid compositions revealed that MABOs were inactive toward the POPC/Chol/SM
bilayer.'82 Replacement of Chol with GM1 in the lipid bilayer resulted in MABOs adsorption on
the bilayer surface, without compromising the membrane integrity. The addition of both Chol
and GM1 into the lipid bilayer resulted in MABOs-induced membrane destruction via the lipid
extraction mechanism. Other studies demonstrated that only Chol presence in the membrane is
necessary for MABOs binding to the lipid bilayer.2%? Interactions of MAB monomers (MABMs) and
MABOs, as well as two other ABs2 variants, with lipid membranes, were compared.?®3
Interestingly, both MABMs and MABOs permeate the 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DOPG) but not DOPC vesicles. Under physiological conditions, ABa; is negatively
charged. Therefore, it might seem surprising that the negatively charged ABa4. prefers binding to
negatively charged lipids than to zwitterionic lipids. However, this higher affinity has already been
demonstrated.81204-206 The reason for this phenomenon is the hydrogen bonding of A4 side
chains with the surface-exposed OH groups in DOPG lipids' heads rather than electrostatic
interaction. The same interaction was proposed in the case of AB binding to gangliosides, also
rich in OH groups.?%#2%7 The AB42 aggregation is significantly accelerated if the Chol content in the
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and DMPC/1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) vesicles is increased (Figure 1.15).2°% Apparently, the AB
interaction with lipid membranes depends on the lipid composition even though membrane
Chol's role is ambiguous, i.e., whether AB binds to Chol-containing membranes or not.82202
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Some studies disagree with the weak binding of ABa> to zwitterionic lipids.2%~%!! For instance, a-
helical ABioMs not only bind but also perturb the POPC bilayer while changing its secondary
structure to B-sheet.?%® Moreover, they induce spiky, fast cation channel formation in the
POPC/POPE membranes. ABa4 incurs perturbation in both the genuine POPC and POPC/SM/Chol
vesicles.?!0 Interestingly, 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) vesicles inhibit ABao
aggregation by stabilizing unstructured aggregates that disrupt both DLPC vesicles and bilayers
via the lipid extraction mechanism.?!! On the other hand, the DOPC and POPC membranes
accelerate ABao aggregation, causing (B-sheet)-rich ABFs to be formed within 24 h.

Figure 1.15. (a) Thioflavin T (ThT) dye fluorescence kinetic profiles for the AB4. aggregation in the
presence of either DMPC or DMPC/Chol vesicles containing cholesterol of increasing
concentrations up to 15%. (b) TEM images of ABa2Fs formed in the (inset) absence and presence
of DMPC/Chol vesicles containing 15% of Chol. The arrow points toward DMPC/Chol vesicle
[adapted from 2%8].

Remarkably, DLPC lipids remodel pre-formed ABaoFs. This remodeling leads to the formation of
thin fibrils incapable of binding to the thioflavin T (ThT) dye. This result implies that DLPC-
remodeled fibrils are structurally unique even though they contain B-sheets, a secondary
structure typical of ABFs.?!! Presumably, in DLPC-remodeled ABaoFs, the ThT binding sites are
occupied by DLPC lipids. However, this hypothesis remains to be confirmed.

AB4oMs either perturb the POPC membrane?®® or aggregate on its surface without permeating
it.21 Most likely, this contradiction arises from different sample preparation procedures used in
these two studies. In both studies, the AB concentration and P-to-L ratio were varied depending
on the type of measurement performed. The AP aggregation rate depends on the AP
concentration. Therefore, it is essential to keep the AB concentration and P-to-L ratio constant
so that all measurements' results could be supplemented.

The catalytic effect of Chol-containing vesicles on the AB42 aggregation was studied.?® The lipid
vesicles used were composed of lipids with PC heads and acyl chains of different lengths and
degrees of unsaturation. Apparently, the higher the ABs; aggregation rate, the higher is the
degree of unsaturation in lipids (DMPC < POPC < DOPC).2%® This effect is attributed to the
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increased bulkiness and exposure of acyl chains in unsaturated lipids. Additionally, the lipid
vesicle size has no impact on the AB4 aggregation rate. The initially disordered globular ABas>
form (B-sheet)-rich fibrils after 12 h of aggregation. The ThT fluorescence analysis confirmed that
variation of the P-to-L ratio to increase lipid concentration resulted in acceleration of the ABa
aggregation.?%8

Some studies highlight the significance of electrostatic interaction between AR and lipids.204-20¢
Variations in pH of the AB/lipid vesicle solution induce variations in electrostatic interaction of
ABMs with 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and egg yolk PG lipids.?%* This
phenomenon is absent for the lipid raft-mimicking membrane composed of Chol, SM, and GM1.
The strength of the electrostatic interaction of ABMs with lipid monolayers can vary significantly,
ranging from strongly attractive (AB-DOTAP in PBS), through moderately attractive (AB-1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG) and (AB-DPPC in water), to strongly
repulsive (AB-DPPG in PBS).2% The change in the peptide charge and charge screening effects,
adjusted by the appropriate change of pH and ionic strength of the solution, respectively, affects
the ABM-lipid interaction strength because of its electrostatic nature. The increase in the bilayer
negative surface charge, caused by the increase in the DMPG content in the DMPC/DMPG
mixture, leads to the increase in the amount of (B-sheet)-rich ABso bound to the membrane
surface.??® Apparently, positively charged AP residues (Arg5, Lysl6, and Lys28) are
electrostatically attracted to negatively charged lipid heads. The electrostatic interaction
occurred when ABaoMs were externally added to the pre-formed lipid vesicles. However, when
ABaoMs were pre-mixed with lipids before forming lipid vesicles, the C-terminal hydrophobic part
of the peptide was inserted into the membrane.?% In this case, the increase in the anionic lipid
content leads to electrostatic anchoring of charged ABa4o residues with lipid heads. Consequently,
the a-helical secondary structure content increases, and the hydrophobic peptide segments
insert further into the membrane.

GML1 is an essential component of lipid rafts present in neuronal membranes. It influences AB-
membrane interaction.?!2213 An increase in the GM1 content in the cell membrane increases the
amount of AP40s adsorbed on the membrane surface, stimulating the cell membrane
permeation and transfer of Ca®* across the membrane.?'> However, a decrease in the GM1
concentration decreases this neurotoxic effect. This toxicity can be inhibited by blocking GM1
interaction with AB420s using Cholera Toxin Subunit-B. This blocking evidences the importance
of GM1 in the AB4;0s toxicity. The supported DMPC bilayers and vesicles perturbations by AB4oOs
are enhanced in the presence of GM1.213 This AB4oOs-lipid interaction results in the formation of
hexagonal micelles. Moreover, the GM1 presence stimulates the ABsMs insertion into the
DPPC/GM1 monolayer.?'* At low GM1 concentration, ABao disrupts the membrane morphology,
causing the fluid phase expansion. In contrast, ABso disrupts both the fluid and condensed (gel
phase) domains at high GM1 concentrations. Variation in pH and ionic strength of water solutions
may lead to either strong attractive or repulsive AB-GM1 interaction, indicating the interaction's
electrostatic nature. Surprisingly, the incubation of ABao with POPC/GM1 vesicles results in AB
fibrillation.?* Why does GM1 stimulate disruption of DPPC monolayers by ABso, while when
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incorporated into POPC vesicles, it enhances AP fibrillation? One possible explanation originates
from the difference in the ABao concentrations employed in the two experiments. In the
experiments involving DPPC monolayers, the ABso concentration was 250 nM, while in
experiments with POPC vesicles, it was 100 uM. However, whether this was the cause of the
discrepancy remains to be elucidated.

Some studies suggest that ABao interaction with lipid vesicles is independent of lipid composition,
but the P-to-L ratio influences it.?!> At a high P-to-L ratio, the ABao converts from the a-helix to
the B-sheet secondary structure within 4 h, without forming protofibrils or fibrils. Only the (B-
sheet)-rich AB4oOs are formed, which induce the membrane content leakage during this time
frame. At a low P-to-L ratio, the peptide's structural conversion from a-helix to the random coil
is accompanied by the formation of off-pathway AB40Os. These ABoOs stimulate the mixing of
lipid molecules between neighboring lipid vesicles, resulting in their fusion. Other studies by the
same group®®%’ associated a low P-to-L ratio with the same lipid mixing-vesicle fusion
mechanism. However, in these cases, this mechanism was associated with ABsoMs, and not with
off-pathway AB4oOs, like in the previous study.?! Interestingly, both the off-pathway AB4cOs from
the former study?!> and the ABsoMs from the latter,6®167 that induced lipid mixing-vesicle fusion,
were unstructured, i.e., they had a high content of the random coil secondary structure. On the
other hand, (B-sheet)-rich AB40Os from the previous study?!® induced leakage of the membrane
content. Therefore, these studies suggest that different AB-lipid interactions result from
variations in the AB secondary structures and the P-to-L ratio. However, these results are
contradicted by previous studies, which show that unstructured ABOs could also permeate lipid
membranes.188192197 Therefore, this rules out the secondary structure of ABOs as a factor
influencing the AB-lipid interaction. However, these studies strongly indicate that AB-lipid
interaction is affected by the P-to-L ratio.166:167.208.215 The gverall conclusion is that a low P-to-L
ratio facilitates AP aggregation, and a high P-to-L ratio facilitates membrane permeation by AB
aggregates. It would be interesting to define the P-to-L ratio's threshold value, thus determining
the border between these two processes. Determining the P-to-L ratio value at which the
membrane starts decomposing would unravel the AR concentration on the membrane surface
lethal to the cell.

1.4. The objective of the thesis

ABOs are the most toxic forms of AB.23 However, there are ABOs of various sizes, shapes, and
structures. Therefore, it is not clear which type of ABOs exerts a particular toxic activity. Some
studies imply that small®%63184185> gand highly hydrophobic!®'-193216 ABOs are most toxic. On the
contrary, other studies suggest that large ABOs are more harmful than the small oligomers.19318
Some studies indicate a lack of toxicity difference between small and large ABOs, but their
respective toxic activities are different. That is, small ABOs permeate lipid membranes, while
large ABOs induce cell inflammation.®*18> |nterestingly, a size-independent difference in ABOs
toxicity levels, somewhat influenced by distinct ABO conformations, was also shown. Both (B-

43

http://rcin.org.pl



sheet)-rich ABOs'91% and unstructured ABOs (abundant in a random coil secondary
structure)18192197 gre toxic.

Evidently, there is a lot of discrepancy among AB-membrane studies, suggesting that further
research is required. Identification of the AB-induced lipid membrane permeation mechanism is
necessary to understand the AD pathophysiology and develop an effective therapeutic strategy
against AD.

Therefore, the research goals of the present thesis are to unravel (i) the mechanism of AB-
induced permeation of physiologically-relevant model cell membranes, (ii) the type of AB
aggregate responsible for the membrane permeation, (iii) the morphological and structural
properties of the toxic A form, (iv) changes in the morphological, nanomechanical, and electrical
properties of the membrane because of its damaging by AB, (v) changes in the conformation and
orientation of membrane lipids resulting from their interaction with AB, and (vi) testing potential
inhibitors of AB-induced membrane permeation.

A combination of single-molecule and bulk techniques were used to achieve these goals.
Chapter 3 discusses the AFM study of AB-membrane interaction and unravels the mechanism of
membrane permeation by ABOs, the consequent changes in the membrane morphological and
nanomechanical properties, and the type of toxic and non-toxic ABOs. Chapter 4 describes the
electrochemical and IR spectroscopy study of AB-membrane interaction that identifies the
changes in the membrane electric properties, conformation and orientation of membrane lipids,
and the APB secondary structure changes. Chapter 5 focuses on the electrochemical, AFM, and
molecular dynamics (MD) study that identified a novel mechanism of inhibition of AB-induced
membrane permeation, revealing a potential therapy for AD.
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Chapter 2. Experimental section

2.1. Chemicals and materials

e 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) for GC derivatization, purity 299.8%, from
Sigma Aldrich

e 1-Thio-B-D-glucose, purity > 98%, from Sigma Aldrich

e Au(111) electrodes from MaTecK

e BL-AC40TS cantilevers from Olympus

e Chloroform, HPLC grade, purity > 99%, from Sigma Aldrich

e Desiccator with an attachment for a vacuum pump

e Deuterated TFA, purity 2 99.0%, from Eurisotop

e Deuterium oxide, purity > 99%, from Sigma Aldrich

e Dimethyl sulfoxide (DMSQO) Hybri-Max™, sterile-filtered, BioReagent, purity 2 99.7%, from
Sigma Aldrich

e Disposable, Luer-lock, sterilized syringes of 5 ml volume from BD

e DIVAC 1.4 HV3C vacuum pump from Leybold

e Ethanol, purity 2 99%, from Linegal Chemicals

e Finnpipette F1 pipettes of 100-1000 ul and 2-20 pl in volume equipped with Finntip Flex
200 and 1000 tips from ThermoFisher Scientific

e Human amyloid B (1-42) peptide from Bachem and rPeptide

e Isopropanol, ACS reagent, purity > 99.5%, from Sigma Aldrich

e Magnetic discs (15 mm in diameter) from Ted Pella

e Methanol, HPLC grade, purity 2 99%, from Sigma Aldrich

e Milli-Q® water, 18.2 MQ cm, from EMD Millipore

e Phosphate buffer saline (PBS) tablets from Sigma Aldrich

e Phospholipids, purity > 99%, from Sigma Aldrich — brain total lipid extract (BTLE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine  (DSPE), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), Chol, SM, GM1

e Protein LoBind polypropylene tubes of 2 ml in volume from Eppendorf

e (Qp-BioAC cantilevers from Nanosensors

e RTESPA-300 cantilevers from Bruker

e Trifluoroacetic acid (TFA), HPLC grade, purity = 99.0%, from Sigma Aldrich

e V1 grade mica discs (12 mm in diameter) from Ted Pella

e Whatman Puradisc PTFE, non-sterile syringe filters of 25 mm in diameter and 0.1 pum
porosity from GE Healthcare
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2.2. Experimental techniques and methods
2.2.1. Supported lipid bilayer preparation

Most of the techniques used in the present study require sample deposition on a solid substrate.
Supported lipid bilayers can be deposited using a combination of Langmuir-Blodgett/Langmuir-
Schaeffer or the vesicle fusion technique (Figure 2.1).}%2'7 |n the present thesis, the vesicle
fusion technique was utilized. The technique involves adhesion, fusion, and then rupture of
unilamellar vesicles to produce a lipid bilayer at the substrate surface.?!®2%° This process is
significantly influenced by the lipid vesicles' radius. If the radius is smaller than the critical
adsorption radius, the vesicles do not adsorb on the substrate surface. Moreover, if the radius is
larger than the rupture radius, the vesicles rupture and spread to form a bilayer. Suppose the
vesicle radius is larger than the adsorption but smaller than the rupture radius. In that case,
vesicles adsorb at the substrate surface and fuse to produce larger vesicles that rupture and
spread to form a bilayer. The vesicle fusion method is convenient for the protein/peptide
incorporation into the lipid bilayer. Moreover, it allows for studying the lipid bilayer interaction
with proteins/peptides.

Figure 2.1. Supported lipid bilayer preparation via the vesicle fusion technique [adapted from 44].

2.2.2. Atomic force microscopy

Atomic force microscopy (AFM) uses a cantilever with a sharp tip to probe the sample surface
and acquire information about the sample morphology (Figure 2.2). The AFM tip scans the
sample surface in the raster fashion, i.e., it scans across one horizontal scan line (X direction in
Figure 2.2) at a time, slowly moving along the vertical scan line (Y direction in Figure 2.2). Every
line is divided into pixels, and for each pixel, the tip-sample interaction forces are monitored.
These forces cause cantilever deflection (bending). The cantilever deflection is monitored using
a laser beam directed on the cantilever's back and reflected from it into a four-quadrant
photodiode detector. The AFM user controls the extent of the cantilever deflection by defining
the setpoint value. Deviations of the cantilever deflection from the setpoint (due to the tip-
sample interactions) change the laser position on the detector. This change triggers feedback
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electronics to drive piezoelectric elements in a vertical direction to compensate for any excessive
cantilever deflections caused by the tip-sample interaction forces. The movement of piezoelectric
elements along the vertical direction (Z direction in Figure 2.2) is used to obtain information
about the sample height. This process is repeated for every pixel of the scanning area, providing
the 3D map of the sample morphology.

Figure 2.2. Schematic representation of an atomic force microscope [adapted from 229].

AFM cantilevers have different shapes (rectangular, triangular, etc.), and their length, width, and
thickness typically range between 60-200, 10-40, and 0.3-2 um, respectively. The AFM tip radius
can range from a few to ~30 nm. The AFM cantilever can be considered a spring, and Hook's law
defines the cantilever deflection as F = kx, where F is force, k is the elastic constant, and x is
displacement. The piezoelectric elements can precisely regulate the cantilever deflection,
causing displacements as small as 1 A up to 100 pm.22! This means that AFM can record forces in
the sub-pN range.??? This sensitivity allows very gentle imaging force, a feature essential for
studying delicate samples like biological molecules. Different forces might act during the tip-
sample interactions (Figure 2.3a).2?3 These forces can be classified into attractive and repulsive
forces. They depend on the tip-sample distance (Figure 2.3b). Attractive forces dominate at a
large tip-sample distance, while repulsive forces dominate when the tip is close to the sample.??!
In the absence of an external electromagnetic field, van der Waals, short-range repulsive,
capillary, the adhesive forces dominate.

AFM can operate in the contact, non-contact, and tapping mode (Figure 2.3c). In the contact
mode, the tip is in contact with the sample while scanning the sample surface. In this mode, the
AFM operates under a regime where strong repulsive forces (~1-10 nN) dominate. In the non-
contact mode, the oscillating AFM tip is brought close to the sample surface, typically a few to
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tens of nanometers. At this tip-sample distance, the main tip-sample interaction forces
monitored are weak attractive forces such as van der Waals forces. In the tapping mode (also
known as the intermittent mode), the tip periodically contacts the sample surface and withdraws
from it. Similarly, as in the non-contact mode, the change in either amplitude, frequency, or
phase of the cantilever oscillation can be used as a feedback signal to record the sample
topography and control the tip movement. The tapping mode is useful for studying loosely-bound
molecules, like DNA and proteins.??*

Figure 2.3. (a) Schematic representation of the AFM tip-sample interaction forces [adapted
from?23]. (b) Tip-sample interaction forces as a function of the tip-sample distance. (c) Scheme of
the AFM imaging modes.

Moreover, AFM can operate in the force spectroscopy mode, known as the force-distance curve
(FD curve) based AFM. In this mode, the AFM probe is ramped up and down on the sample
surface by extending and retracting the scanner (Figure 2.4a). The cantilever deflection is
recorded as a function of the scanner position in the vertical direction (Z direction in Figure 2.2).
This relation can also be expressed as the tip-sample interaction force vs. tip-sample distance,
forming the FD curve (Figure 2.4b). Two FD curves that correspond to the tip-sample interaction
forces during the tip approach (red curve in Figure 2.4b) and the tip retraction (black curve in
Figure 2.4b) are recorded for each image pixel. At position 1 in the approach curve, the probe is
not in contact with the sample surface. The scanner moves in the Z direction, decreasing the tip-
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sample distance, and at point 2, the tip contacts the sample. If the attractive tip-sample forces
are higher than the cantilever spring constant, then the tip will "snap-in" contact with the sample,
which manifests itself as negative force values at point 2 of the approach curve (not shown in
Figure 2.4b). Further scanner movement in Z direction pushes the sample against the probe,
causing the cantilever to bend up and increase the tip-sample interaction force until the setpoint
value is reached (Fi force in Figure 2.4b). Next, the scanner moves in the opposite direction, thus
causing the probe retraction. During the tip retraction from the sample surface, adhesive forces
might bend down the cantilever, manifested as negative force values in the FD curve. At point 4
of the retraction curve (Figure 2.4b), the tip-sample adhesive force is equal to the force exerted
by the probe. The negative force value at point 4 in the retraction curve is used to measure the
tip-sample adhesion force. It can be exploited to do molecular recognition studies, measure
chemical bonds' strength, capillary forces, etc.??* Further scanner movement allows the probe to
overcome the tip-sample adhesion forces and "snap-off" the sample surface (point 5 in the
retraction curve).

Figure 2.4. (a) Schematic representation of the force-distance curve-based atomic force
microscopy operation and (b) force-distance curves [adapted from 22°].

Analysis of the FD curves provides information about the sample nanomechanical properties
(Figure 2.5). Young's modulus (YM) is a measure of the tensile stiffness of a material. The YM
measurement is gaining importance in biology. For example, the YM values of healthy and cancer
cells are different.??6227 To extract YM values from the FD curves, appropriate contact mechanics
models must be used. Some of the most commonly used models include the Hertz,??2 DMT,??°
JKR,23% and Sneddon?3' models. The most widely used model for studying nanomechanical
properties of biological samples is the Hertz model.?3? This model describes YM of a spherical
sample in contact with spherical indenter as:

| =

YM = M(i + 1)2 h_% (2.2)

4 R, 'R
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where Pis the load applied, n is Poisson's ratio, Riis the indenter's radius, R is the sample's radius,
and h is the indentation depth. Poisson's ratio is a measure of a material compression or
expansion in the directions perpendicular to the applied force's direction. This ratio value can
range from 0 to 0.5. Biological samples are treated as isotropic incompressible materials (n =

0.5).233,234

Figure 2.5. Force-distance (FD) curve regions relevant for determining the sample's
nanomechanical properties [adapted from 23°].

The Peak Force tapping mode is one of the newest tapping modes of AFM. The maximum force
(Fiin Figure 2.4b), also called Peak Force, is used as the feedback signal. Therefore, in this mode,
the cantilever force is directly controlled, minimizing the chance for the tip or sample damage.
The cantilever resonance frequency in the regular tapping mode depends on the environment's
nature (air or fluid), temperature, and the cantilever itself. Therefore, the cantilever must be
tuned under the same conditions. In contrast, the Peak-Force tapping mode does not rely on the
cantilever dynamics. Therefore, there is no need to determine the cantilever resonance
frequency, an advantage particularly beneficial for the measurement in a fluid.??* The probe
oscillates at a frequency significantly lower than its resonance frequency (typically 1-2 kHz). Such
a slow tapping rate allows recording FD curve for each tap. This mode, known as Peak Force
Quantitative Nanomechanical Mapping (PF-QNM) mode, allows simultaneous recording of
topographic and nanomechanical maps.

AFM has two distinctive resolutions, i.e., lateral and vertical resolution. The lateral and vertical
resolutions are ~1 and ~0.1 nm, respectively.?3® Interestingly, high-speed AFM also provides a
high temporal resolution of ~100 ms.

The vertical resolution depends on the detector's noise and thermal noise (thermal fluctuations)
of the cantilever.??” The detector noise defines the minimum displacement of the laser on the
detector. Using cantilevers with low spring constant solves this problem because these
cantilevers deflect more under the same load, causing more evident laser position movement on
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the detector, thus easing the force detection measurement. However, these soft cantilevers
suffer more from thermal noise. Cantilevers with low spring constant experience more thermal
drift with the temperature variation. The AFM laser heats the cantilever, causing these
temperature variations.?%

Three factors that affect the lateral resolution are instrument resolution, the precision of the
piezo elements in the lateral direction, and the probe radius. The instrument resolution is
expressed as a ratio of the scanning area size and the number of image pixels. Both the scanning
area size and the number of image pixels should be adjusted according to the sample size so that
the sample could be resolved. As mentioned above, the piezo elements have angstrom-level
precision in controlling the cantilever movement, which is sufficient in most cases.??! Therefore,
the most significant parameter limiting the lateral (spatial) resolution of AFM is the probe radius.
The AFM tip size and shape do not influence the scanned object's height, but they affect its lateral
size. If an AFM tip radius of curvature is equal or higher than the scanned object's width, the tip's
side is in contact with the sample sooner than the tip's apex (Figure 2.6a). The detector and
feedback system react accordingly, causing an image artifact where the object's lateral size in the
image is larger than its actual size. This artifact is known as the convolution effect. Therefore, the
sharper the AFM tip, the more realistic is the object's lateral size obtained from the AFM image
(Figure 2.6b).

Figure 2.6. Schematic representation of AFM tip shape convolution with the shape of the object
scanned using (a) blunt and (b) sharp AFM tip [adapted from 238].

2.2.3. Electrochemical methods

In membrane studies, electrochemical methods, as macroscopic interfacial techniques, provide
average information about membrane integrity in the presence of toxins, thus supplementing
the single-molecule information obtained by AFM. Moreover, these techniques provide
information about the electric properties of lipid membranes.
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2.2.3.1. Differential capacitance measurement

A conducting electrode coated with BLM can be treated as a parallel plate capacitor where the
charge is accumulated on both sides of the membrane.® For this system, capacitance (C) is
defined as:

c= 0 (2.2)
= — .
In this equation, € and & are electric permittivity of insulating membrane hydrocarbons (€ = 2)
and free space (g0 = 8.85 x 1012 F m™), respectively, and d is the distance between the charged
surfaces.

The charge of the metal electrode (om) covered with adsorbed molecules is a function of the
Gibbs surface excess (') and applied potential (E). The differential of this charge is defined as:

9 9
doy = (ﬂ) dE + (ﬂ) ar (2.3)
I E

0E
Derivation of Eqg. 2.3 against applied potential yields the expression for the differential
capacitance (DC):

= doy ((’)JM>F <6JM) dl” (2.4)

~de ~ \oE I )g dE

The differential capacitance has two contributions, i.e., true (Giuve) and pseudo (Cpseudo)
capacitance:

doy doy\ dI”

Cirue = (6_E)r Cpseudo = (F)Ed_E (2.5)
The measured capacitance corresponds to true capacitance in the potential range where surface
coverage is constant (dl/dE = 0). This potential-independent capacitance is generally small for
lipid bilayers (~1 uF cm™2).1% Qutside of this potential range, so-called pseudocapacitive peaks
appear due to changes in the electrode charge or Gibbs surface excess (equivalent to the
electrode surface coverage by adsorbed molecules). Therefore, these peaks indicate the
adsorption-desorption of molecules present on the electrode surface.

The DC measurements can be used to assess BLM's quality and stability on the electrode
surface.l%® These measurements provide three essential findings, i.e., (i) the potential range
where BLM is stable on the electrode surface (the range where capacitance does not change), (ii)
the minimum capacitance value in this stable potential range that indicates membrane quality
(capacitance value higher than 1 uF cm™ indicates the presence of the BLM defects), and (iii) the
potential range where BLM detaches from the electrode surface (electrode wetting).108153:23%
During the electrode wetting, the BLM first becomes thicker because water incorporates into the
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BLM, and then BLM detaches from the electrode surface. Interestingly, the neutron reflectivity
study showed that BLM stays in the electrode vicinity after detaching from its surface.?*°

2.2.3.2. Immersion method

When surface coverage of the electrode is constant (dl/dE = 0, Eq. 2.3), the variation of the
electrode potential causes a change in the free charge density as follows:

E

oM = fCZLEM)rdE (2.6)

Epzfc
The potential at which free charge is equal to zero is called the potential of zero free charge (Epxfc).

The immersion method is useful for measuring Ey;:c of the metal or SAM-coated metal
electrodes.?*’ This method consist of recording current transients at different electrode
potentials when the SAM-coated metal electrode contacts the electrolyte. These transients arise
from the flow of charge to the metal-electrode interface to build the electrical double layer.
Therefore, when the electrode contacts the electrolyte, the interface becomes charged, and om
can be obtained by integrating the immersion current (/) against time (t) at a given electrode
potential as follows:

E

oM = fI(E, t)dt (2.7)

0

The information about the Ep:;sc value is needed to determine the potential drop across BLM
supported on the metal electrode.'%®

2.2.3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique that measures the
electrical impedance by applying harmonic perturbation as alternating current or voltage. The
impedance (2) is defined as:

AU

7 = —
Ai

(2.8)

where AU and Ai are complex amplitudes of voltage and current, respectively. Impedance is a
function of frequency. This dependence allows EIS to distinguish a single process of interest from
other processes in the system. For example, the Helmholtz layer's contribution to the BLM
impedance can be decreased by applying sufficiently high modulation frequency. Removal of this
contribution allows studying the BLM impedance change because of BLM damage by membrane-
permeating proteins.'* This is an advantage of EIS over DC-based electrochemical techniques.
EIS is a modeling technique, i.e., the appropriate equivalent electric circuit'*> model must be
fitted to the measured EIS signal to interpret the EIS results. The equivalent electric circuit is a
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virtual electric circuit model consisting of various electric elements like capacitors, resistors, etc.
This model is designed to simulate the response of the real electrochemical system.

In membrane studies, a simple RC electric circuit represents simple systems like black lipid
membrane systems.'* That is because the black lipid membrane system consists of two ideally
nonpolarizable (zero impedance) Ag/AgCl electrodes submerged into a high conductivity
electrolyte solution separated by a lipid bilayer. This system is different from tBLM or fBLM,
where the lipid bilayer is supported on a polarizable electrode (Figure 2.7a). The absence of a
polarizable electrode underneath the membrane results in the electric current distribution in
fBLM quite different from that in black lipid membranes. For tBLM or fBLM, the capacitance is
defined as follows:

C=Cuu=(Cat+CqgH)™? (2.9)

where Cn and Cy are capacitance of the membrane and the Helmholtz layer, respectively. Joint
contribution from these capacitances is denoted as Cmn. Notably, tBLMs and fBLMs deviate from
the idealized RC model behavior in the low-frequency region of EIS spectra. The capacitance
dispersion on the electrode surface arises from the atomic-scale surface heterogeneities.?*? To
take it into account, Cmw is substituted by the constant phase element (CPEmn), and its impedance
(Zcpe) is defined as follows:

1

Zcpg = T 0Gw)" (2.10)

where Q is the constant phase element coefficient (Q = | CPEmn|), j is the complex unit, j = (-1)°°,
and w is the cyclic frequency. If a is close to 1, the impedance is dominated by capacitance, and
Q can be considered a capacitance. However, if a is close to 0, the impedance is dominated by
resistance. Therefore, defect-less tBLM or fBLM are represented by a model involving an
equivalent electric circuit shown in Figure 2.7a. This circuit combines electric elements that
represent solution resistance (Rsl), membrane constant phase element (CPEm), and membrane
resistance (Rm). The model implies that electric potential is the same at all points of the metal-
electrolyte interface, i.e., the space separating the lipid bilayer and the Helmholtz layer is
equipotential.

In the presence of membrane defects, the ionic current flowing through membrane defects
bends because of the significant impedance of the underlying electrode surface (Figure 2.7b).
The electric field propagating along the Helmholtz layer's outer plane is attenuated due to the
displacement current flowing through the Helmholtz layer. Consequently, the equipotentiality is
not satisfied, and the electric field distribution changes. An electrolyte layer of a size comparable
to that of the membrane separates the membrane from the electrode surface. This
submembrane (spacer) region is only partially hydrated, which means that its polarity is lower
than that of the bulk solution. Consequently, mobility and specific electrolyte conductance in
such confined, water-depleted areas are significantly lower than that in the bulk solution.?*3
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The equivalent electric circuit shown in Figure 2.7b is used to consider the alternative
conductance pathway present in the defected membrane. This model consists of Rsol, CPEm, Rm,
and the constant phase element corresponding to the spacer region (CPEsp).

Figure 2.7. lonic current pathways and corresponding equivalent electric circuits for (a) defect-
less and (b) defect-containing tBLM/fBLM [adapted from 4],

The total impedance (Ziot) of defected fBLM is defined as:2%
1

Ziot = Rso1 + 1
Naef (ZH) 1+ (Zdef + Zsp)

(2.11)

where Nger is the defect density, Z'm is the impedance associated with the membrane capacitance,
Zyet is the impedance of the defect, and Zs; is the impedance of the spacer region. Assuming a
hexagonal arrangement of defects, Ngef is defined as:

0.907

(2.12)

where 6 is the defect occupancy radius, i.e., the radius of a circular area that hosts a circular
defect with radius ro. Z'm is defined as follows:

1
7 = —— 2.1
" jwCny (2.13)
where C'my is defined as:
rn = (CRr+ Ca) (6% —rd) + Cymré (2.14)

C'mh (Eq. 2.14) differs from Cwn (Eq. 2.9) because it considers the capacitance of the individual
defect site, while Cmy is capacitance for the defect-less membrane. Helmholtz capacitance (Ch)
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for SAM that anchor the membrane typically varies between 5-10 uF cm2.244 C, from Eq. 2.14 is
defined, similarly as capacitance from Eq. 2.2, as follows:

€méo

Cm = n (2.15)
m

In this equation, en and &p are electric permittivity of the membrane hydrophobic core and free
space, respectively, while hm is the thickness of the membrane hydrophobic core.

Zget is the impedance related to the resistance of a single defect. It can be determined from a
single-channel conductance measurement for small pores (ro < 1 nm), while for larger pores, it
can be calculated using the numerical finite element analysis.?*> Impedance of the spacer region
is defined as:

d
Z5t = 2n£(1 — DAH) (2.16)

where dsp and psp are thickness and specific resistance of the spacer region, respectively. Complex
function, H(A), is defined as:

HPWAHH®P () = HP WAHHP (1)
H® (LAYH (1) — HO (L)HP (4)

HQ) = (2.17)

where HoY and H1Y are the first-kind Hankel functions of the zeroth and first-order, respectively,
Ho? and H1? are the second-kind Hankel functions of the zeroth and first-order, respectively, L
= 6/ro, A = (1-)A, and A is dimension-less frequency defined as:

w
)= — 2.18
To ok ( )
where k is defined as:
dsp
= (2.19)
pspCH

The electric permittivity of peptides is higher than that of the lipid membrane. Therefore, the
thickness of the membrane dielectric sheet can change because of the peptide-membrane
interaction. Consequently, the electric membrane properties, e.g., membrane capacitance,
changes (see Eq. 2.15). The electric membrane properties can be analyzed using Bode plots.
These plots display frequency-dependent changes in the impedance magnitude and phase angle.
Bode plots for non-permeated (in the peptide absence) and permeated (in the peptide presence)
membranes have distinct EIS spectral features (Figure 2.8). The linear impedance vs. frequency
curve characterizes non-permeated membranes. The phase angle vs. frequency curve displays a
plateau region where the phase angle value exceeds 80°, typical for a highly capacitive system.
In contrast, for permeated membranes, the slope of the impedance vs. frequency curve changes
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in the low-frequency region, forming the so-called "step-like" feature.?*® Moreover, the phase
angle vs. frequency curve displays a downward-pointing peak, the so-called curve "minimum®.

Figure 2.8. Bode plots showing frequency-dependent (curves 1 and 2) impedance and (curves 1'
and 2') phase angle for (black curves 1 and 1') DPhPC fBLM and (red curves 2 and 2') DPhPC fBLM
permeated by valinomycin [adapted from 247].

As evident from Eqg. 2.11, the impedance magnitude depends on the density of membrane
defects. Moreover, the impedance phase angle is affected by the defect density because Nget
affects & (see Eq. 2.12) that influences L on which Hankel functions depend (see Eq. 2.17).
Moreover, EIS spectral features change as a function of the defect distribution (Figure 2.9).14> If
defects are homogeneously distributed across the membrane surface, an increase of defect
density causes a shift of the step-like feature in the impedance vs. frequency plot towards higher
frequencies and lower impedance values, as indicated by the arrow in Figure 2.9a. The same Nget
change causes a shift of the minimum in the corresponding phase angle vs. frequency curve
(Figure 2.9¢) towards higher frequencies, while the phase angle value remains constant (within
1°). If defects are heterogeneously distributed, a Nger increase causes a modest shift of the
impedance vs. frequency step compared to that of homogeneously distributed pores
(Figure 2.9b). Moreover, an increase in the density of heterogeneously distributed defects causes
a shift of the phase angle vs. frequency minimum towards both higher frequencies and phase
angles (Figure 2.9d). Therefore, different defect distributions can be detected by analyzing the
direction of EIS spectral feature shifts.
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Figure 2.9. Calculated Bode plots for (a, c) homogeneous and (b, d) heterogeneous distribution
of membrane defects. Modeling was carried out using Eq. 2.11. Nger equals (curve 1) 3, (curve 2)
7, (curve 3) 19, (curve 4) 61, (curve 5) 169, (curve 6) 331, and (curve 7) 1519 um=2. Other modeling
parameters: Cy= 10> Fcm™, psp = 10° Qcm, dsp = 1.5 nm, £=2.9, hm =3.0 nm, Rs = 0.1 Q. [adapted
from 14°].

2.2.4. IR spectroscopy

Infrared (IR) spectroscopy is an excellent technique used to study the sample structure. In IR
spectroscopy, a sample is irradiated by IR light. If the frequency of IR radiation matches the
frequency of molecular bond vibration, IR light is absorbed. IR spectroscopy measures the
wavelength and intensity of IR radiation absorbed by the sample. The IR absorption probability
and frequency of the molecule's vibrational mode depend on molecular bonds' strength and
polarity. These properties are influenced by molecules' inter- and intra-molecular interactions.
Therefore, IR spectroscopy provides structural information about the sample. However, this
technique can detect only IR active molecules, i.e., molecules whose bond vibration is
accompanied by a change in the electric dipole moment.

Transmission IR spectroscopy is an averaging technique. It is useful for studying the properties of
biomolecules in solution bulk. In this technique, IR light is passed through the transmission cell
that contains the sample. The intensities of the incident (/) and transmitted (/o) light are recorded
(Figure 2.10a). The I/l ratio is transmittance (T), while absorbance (A) is expressed as A = -log T.
According to Beer-Lambert's law, absorbance is directly proportional to the sample
concentration (c) and optical path length (1):
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A=¢lc (2.20)

where € is the molar extinction coefficient. Two critical issues should be considered in the
transmission IR spectroscopy. On the one hand, molar extinction coefficients are generally very
low for biomolecules (e.g., it is only a few hundreds of M cm™ for the amide | band of
proteins).?*® On the other hand, water absorption bands overlap with some bands of proteins
and lipids. Therefore, transmission IR spectroscopy requires a high sample concentration
(typically = 1 mg ml'l). Moreover, short path lengths are needed because IR absorption by water
causes huge intensity loss if the path length exceeds 10 pum.24920

Transmission IR spectroscopy is not a surface-sensitive technique, and it cannot be used to study
biomolecules at solid-liquid interfaces. For that, IR reflection-absorption spectroscopy (IRRAS)
was utilized in the present study. In this spectroscopy, an IR beam is externally reflected from the
substrate surface (Figure 2.10b). A planar atomically flat reflective substrate (usually metal)
covered with adsorbed molecules is pressed against the optical window in the so-called "thin
layer cell" configuration.?! In this configuration, a thin layer of aqueous solution (several
micrometers thick) separates the optical window from the sample-covered substrate. The IR
beam passes through the optical window and the aqueous solution and is then reflected from
the metal surface. In this case, a single-crystal metal surface can be used, which also allows
studying the effect of the metal surface crystallography on the adsorbed molecule structure. The
sample and background spectra are superimposed. Therefore, to get the sample spectrum, it is
necessary to determine the background spectrum and subtract it from the recorded signal. Under
the same thin-layer cell configuration, i.e., at the same cavity thickness, it is difficult (if not
impossible) to obtain the background spectrum. Fortunately, the background signal can be
removed from the sample spectrum by polarization modulation, exploited in polarization-
modulation IR reflection-absorption spectroscopy (PM-IRRAS).?>1

Figure 2.10. The IR spectroscopy (a) transmission, and (b) reflection-absorption sampling mode.

In PM-IRRAS, incident IR light is modulated in two orthogonal directions, i.e., parallel (p-
polarization) and perpendicular (s-polarization) to the plane of incidence of IR light
(Figure 2.11).1%8 Surface selection rules®*? dictate that illumination of a smooth metal surface
with the p-polarized light at the grazing angle of incidence leads to constructive interference
between incident and reflected IR beams. The constructive beam interference causes an
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enhancement of the electric field component perpendicular to the substrate surface. In contrast,
illumination under the same conditions using the s-polarized light causes a destructive
interference between beams, resulting in almost complete disappearance of the electric field
component parallel to the substrate surface. Therefore, the s-polarized light reflectivity (Rs) is
insensitive to molecules adsorbed at the metal surface. Consequently, it is used to obtain the
background spectrum. In contrast, the p-polarized light (Rs) reflectivity is sensitive to the
adsorbed molecules with transition dipole moments perpendicular to the substrate surface. The
reflection-absorption spectrum (AR/<R>) is calculated as follows:?°?

AR |Ry— Ry
(R) R, + R, (2.21)
2

In this spectrum, the signal due to the IR absorption by atmospheric water and CO; is also
removed. Therefore, only IR absorption by the surface molecules is detected. Biological samples
are often studied in aqueous solutions that absorb IR light. The thin-layer cell configuration is
employed to minimize this effect. Proper alignment of the optical elements causes the
cancelation of the p- and s-polarized light absorption by solvent molecules, thus increasing the
analyte signal. However, it is challenging to cancel this absorption entirely. Therefore, PM-IRRAS
is not suitable for studying soluble organic molecules present both on the metal surface and in
the bulk solution. However, it is an excellent technique for examining films adsorbed irreversibly,
like biomembranes.

Figure 2.11. Reflection of (a) p- and (b) s-polarized IR light from a smooth metal surface. Incident
and reflected IR beam interfere constructively, enhancing the electric field vector of p-polarized
light. For s-polarized IR light, the incident and reflected beam interfere destructively; thus, the
electric field vector component of s-polarized light nearly vanishes [adapted from 18],

The spectroelectrochemical setup for PM-IRRAS measurements used in the present study is
shown in Figure 2.12. It consists of a spectroelectrochemical cell and IR spectroscopic elements.
The glass electrochemical cell is connected to the CaF; optical window by a Teflon flange. A gold
wire in a Teflon sealer, inserted into a glass tube, is attached to a disk-shaped Au(111) single-
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crystal, used as the working electrode. The glass tube is connected to a micrometer-precise screw
used to position the working electrode. A Pt foil, sealed into the electrochemical cell, is the
counter electrode. An Ag/AgCl electrode mounted to the electrochemical cell via a glass capillary
serves as the reference electrode. The IR beam coming from the spectrometer is reflected from
the flat mirror into the parabolic mirror and then refocused into the static polarizer. After passing
the polarizer, it enters the photoelastic modulator (PEM). The modulated beam illuminates the
working electrode and gets reflected from its surface into a ZnSe lens, which refocuses the beam
into the MCT-A detector. Signals from the detector and PEM (reference signal) are fed into the
synchronous sampling demodulator (SSD). SSD and PEM are phased using the oscilloscope. SSD
demodulates the signal, giving the difference and average of the p- and s-polarized light needed
to acquire the sample spectrum (see Eq. 2.21).

Figure 2.12. The spectroelectrochemical setup for PM-IRRAS measurement. FM - flat mirror, PM
- parabolic mirror, SP - static polarizer, PEM - photoelastic modulator, OW - optical window, L —
lens, F - optical filter, D — detector, WE - working electrode, TF - Teflon flange, C — cell, RE -
reference electrode, TH - Teflon holder, GT - glass tube, PH - piston handle, W - gold wire, CE -
counter electrode, and TP - Teflon piston [adapted from °8].
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For biomolecules, the essential IR spectral regions are the fingerprint region (600-1,450 cm™),
the amide (amide I/11) region (1,500-1,700 cm™2), and the higher-wavenumber region (2,550-
3,500 cm™) associated with the S-H, C-H, N-H, and O-H stretching vibrations (Figure 2.13).

Figure 2.13. IR spectrum typical for a biological sample. Vibrational modes are indicated as vs -
symmetric stretching vibrations, vas - asymmetric stretching vibrations, and &8s — symmetric
bending vibrations [adapted from 2°3].

The IR bands of lipids can roughly be divided into two groups, i.e., bands containing information
about lipid heads and lipid acyl chains (Table 2.1).

Lipid acyl chains are composed of hydrocarbons. Therefore, their IR active vibrations (Table 2.1)
include CH3 symmetric (2865-2885 cm™) and asymmetric stretching (2950-2975 cm™), CH,
symmetric (2840-2870 cm™) and asymmetric stretching (2915-2940 cm™), CH; scissoring (1460-
1480 cm™), CHszasymmetric (1460 cm™) and symmetric (1378 cm™) bending, CH2 wagging (1340-
1370 cm™) and rocking (720-740 cm™) vibrations.1%%248 The most intense lipid bands are in the
C-H stretching region (2800-3100 cm™2). This region is used to detect lipids and study the lipid
structural changes occurring during the phase transition. As mentioned in Chapter 1.2.1,,
membrane transition from the gel to fluid phase is accompanied by lipid acyl chain disordering
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(melting), i.e., conversion from the all-trans to gauche conformation. This conversion can be
monitored by analyzing the width and position of methylene symmetric, vs(CH), and asymmetric,
Vas(CH2), stretching bands. The vs(CH2) and vas(CH2) wavenumbers below 2850 and 2920 cm?,
respectively, are characteristic for the membrane in the gel phase, where lipid acyl chains are
fully stretched (all-trans conformation).1082>% A shift of these bands to higher wavenumbers
indicates the presence of gauche conformers typical for the lipid membrane in the fluid phase,
where acyl chains are melted. Moreover, the gel-fluid phase transition of membrane lipids is
characterized by increased lipid acyl chain mobility. This change manifests itself in the IR
spectrum as the broadening of the vs(CH2) and vas(CH2) bands.?>>2°6 The C-H scissoring vibration
band, 6(CH,), is interesting for studying the lateral packing of lipid acyl chains in the membrane
because it is sensitive to the interchain interactions.?>’~2¢% Orthorhombic lipid arrangement is
characterized by two bands, at ~1474 and ~1463 cm™, while the hexagonal and triclinic
arrangements are characterized by single bands at ~1468 and ~1473 cm™}, respectively.?>>

Lipid heads reveal many IR active vibrations (Table 2.1), i.e., ester carbonyl stretches (1724-1742
cmt), PO, asymmetric (1220-1260 cm™) and symmetric (1085-1110 cm™) stretches, C—O single
bond stretches of the phosphate ester (1040-1090 cm™). Some additional vibrations of the head
group are unique for each type of lipids, like the choline group (present only in PC lipids). The
ester carbonyl C=0 stretching vibration of the glycerol moiety is studied the most. This band
usually consists of two subbands at 1738-1742 and 1724-1729 cm. Initially, the two subbands
were assigned to the sn-1 and sn-2 ester groups, but this was disputed later by showing that they
correspond to non-hydrogen-bonded and hydrogen-bonded C=0 bonds that indicate the
hydration level of lipid heads.?6%,262

Protein and peptide biomolecules are composed of chains of amino acids. In these chains
(backbones), amino acids are connected by a peptide (amide) bond, a covalent bond formed
between an amine and carboxyl groups. Amide bonds have nine IR active vibrational modes, i.e.,
the amide A (~3300 cm™), amide B (~3100 cm™), amide | (1600-1700 cm™), amide 1l (1480-
1600 cm™?), amide 11 (1200-1300 cm™?), amide IV (625-770 cm™), amide V (640-800 cm™), amide
VI (530-610 cm™), and amide VII (200 cm™) mode.?63264 Amide | and amide Il bands are mostly
studied because they are the most prominent bands. They correspond to the protein/peptide
backbone vibrations. The amide | band almost entirely arises from C=0 stretches (~80 %), while
the remaining two contributions represent the C-N stretching (~10 %) and the in-plane N-H
bending (~10 %) vibrations. Amide | frequency depends on the nature of carbonyl group
hydrogen bonding and the coupling of transition dipoles, unique for each secondary structure.
Therefore, bands corresponding to different secondary structures arise at different frequencies
(Table 2.1), i.e., B sheet (1620-1642 cm™?), random coil (~1645 cm™), a-helix (~1656 cm™), B-turn
(1662-1686 cm™), and anti-parallel B sheet (1675-1695 cm™).24%264 The amide | band is most
sensitive to the peptide backbone vibrations. Therefore, it is used as the main band for studying
protein/peptide secondary structure. The amide Il band arises from two contributions, i.e., the
in-plane N-H bending (~40-60%) and the C-N stretching (~18-40%) vibrations. This band is much
less sensitive to the protein secondary structure than the amide | band. Other amide vibrations
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are very complex. They depend on different factors like hydrogen bonding, amino acid side
chains, etc. Therefore, they are less useful for secondary structure determination.

Table 2.1. Proteins/peptides and lipids IR band and subband frequencies.108248249,264

Sample Band Frequency /cm™
Lipids CH3 asymmetric stretching 2975-2950

CH; asymmetric stretching 2940-2915

CH3 symmetric stretching 2885-2865

CH2 symmetric stretching 2870-2840

C=0 stretching (non-hydrogen-bonded) 1742-1738

C=0 stretching (hydrogen-bonded) 1729-1724

CH; scissoring (orthorhombic) 1474, 1463

CH; scissoring (triclinic) 1473

CH; scissoring (hexagonal) 1468

CH3 asymmetric bending 1460

CH3 symmetric bending 1378

CH> wagging 1370-1340

PO, asymmetric stretching 1260-1220

PO, symmetric stretching 1110-1085

C-O0 stretching 1090-1040

CH; rocking 740-720
Proteins/Peptides  anti-parallel B sheet 1695-1675

B turn 1686-1662

a-helix 1656

random coil 1645

B sheet 1642-1620

Some of the protein and lipid bands overlap, forming a single complex band. In this case, the
sample quantitative analysis becomes more challenging. The number and frequencies of the
overlapping subbands can be obtained by the second derivative (SD), Fourier self-deconvolution
(FSD), or two-dimensional correlation spectroscopy (2D-COS) analysis.249,26>266
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Even order derivatives (usually second-, rarely fourth-order) are used as a spectroscopy tool to
resolve subbands.?672%8 Shape of a single IR absorption line is approximated by Lorentzian
function:

Y

__m (2.22)
y2 + VZ

where A is absorbance, y is half-width at the band half maximum, and v is frequency. The SD of
that is:

Al = — (i) 2a(1 - 3av®) (2.23)

ny) (14 av?)3

where a = 1/y2. The frequencies of the second derivative and the original peak are identical. The
relation of the half widths of the second derivative and the original peak is y/y" = 2.7. Intensities
of the second derivative and original peak are related as /' = -21/y?. The second derivative is
usually smoothened using a 7- or 9-point Savitsky-Golay filter.24>2%° One of the main advantages
of the SD analysis is that it can be performed objectively because subjective choosing of
deconvolution parameters is not needed.

FSD is another useful tool for improving the visibility of overlapping subbands present in a
complex band. FSD considers that the IR band profile has a Lorentzian line shape.?*° Therefore,
an IR band with Lorentzian shape can be defined as:

Agy?

AW) = (2.24)

where Ap is the maximum band absorbance, and vp is the frequency (wavenumber) at Ao. The
Fourier transform of A(v) gives:

I(x) = F{A(v)} = 0.54,y cos(2mvyx) e ~2™r* (2.25)

where x is spatial frequency. From Eq. 2.25, it follows that the exponential term is determined by
Y. Therefore, the wider the absorbance band, the faster the /(x) decays. Consequently, the
bandwidth would decrease if the decay rate could be decreased. This decrease can be achieved
by multiplying /(x) with the exponential function, exp(2my'x), to obtain a new function, /'(x), with
the decreased decay rate:

I'(x) = 0.54,y cos(2mvyx) e27(r'~7v)x (2.26)

This band processing step enhances the noise as well. Therefore, /'(x) is smoothened by
multiplying it by the apodization function. Finally, the reverse Fourier transform is applied to /'(x)
to obtain a new band, A'(v), with the half-width of y'. The y/y' ratio is known as the resolution
enhancement factor (K). The choice of the enhancement factor and bandwidth values is
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subjective, and variations of these values influence FSD results. Therefore, the FSD analysis
should be applied carefully, and it is recommended to verify the obtained results using another
spectroscopic method for improving the subband resolution.

Two-dimensional correlation spectroscopy (2D-COS) is the data analysis technique that improves
spectral resolution by spreading the unresolved bands across the second dimension.2® In typical,
one-dimensional spectroscopy, electromagnetic radiation probes the sample, thus providing the
sample spectrum that contains information about the sample components. In 2D-COS, additional
external perturbation, i.e., time, temperature, pressure, concentration, voltage, is applied. This
perturbation causes the intensity variations of the spectral features, resulting in the so-called
"dynamic spectrum." A set of dynamic spectra is collected sequentially, and this set is
mathematically processed to obtain the 2D correlation spectrum. The dynamic spectra are cross-
correlated, a quantitative comparison of spectral intensity variations at two chosen spectral
variables (v1, v2) over some finite perturbation interval. The 2D correlation intensity, X(vi1, v2), can
be treated as a complex number defined as:

X(Vl,VZ) = d)(Vl,Vz) + iW(Vl,Vz) (227)

where @(v1, v2) and ¥(v1, v2) correspond to the synchronous and asynchronous component of
the 2D correlation intensity, respectively, and i is the imaginary unit. 2D COS spectra are usually
represented as contour maps of correlation intensities as a function of the selected
wavenumbers (Figure 2.14), where negative intensity regions are shaded.?”°

The synchronous correlation intensity, @(vi1, v2), corresponds to the simultaneous changes of
spectral intensity variations at wavenumbers vi and v, generated by the external perturbation
(Figure 2.14a). Peaks at the main diagonal line, where v1 = v, mathematically correspond to the
autocorrelation function, thus are named auto-peaks. Auto-peaks are always positive, and their
magnitudes represent the extent of the spectral variation at the given wavenumber. That is, the
larger the intensity change caused by the perturbation, the higher the auto-peak magnitude.
Peaks located outside the diagonal, known as cross-peaks, represent simultaneous signal
intensity changes at two different wavenumbers. Unlike auto-peaks, cross-peaks can be either
positive or negative. Suppose the intensities of two spectral signals, located at wavenumbers v,
v2, change in the same direction, i.e., either increasing or decreasing as a function of
perturbation. In that case, the cross-peak will be positive. In contrast, if the intensities are
changing in opposite directions, the cross-peak will be negative. Cross-peaks, located at opposite
sides of the diagonal, drawn through corresponding auto-peaks, can be joint with correlation
square to detect coherent variations of the signal intensities at wavenumbers of interest.

The asynchronous correlation intensity, ¥(v1, v2), indicates sequential changes of the spectral
intensities with perturbation (Figure 2.14b). An asynchronous cross-peak appears only if the two
signals' intensities do not change simultaneously, i.e., one change occurs before or after the
other. The cross-peaks' signs indicate the order of sequential intensity changes. If &(vi, v2) and
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Y(v1, v2) signs are the same, the spectral intensity change at vi occurs before that at v,. If signs
are different, the order is the opposite. If ¥(vi, v2) = 0, changes at v1 and v, are synchronized,
while if @(v1, v2) =0, the sequential order of changes cannot be determined.

Figure 2.14. Simulated (a) synchronous and (b) asynchronous 2D correlation spectra [adapted
from 279].

SD, FSD, and 2D COS provide information about the subbands' numbers and frequencies. The
subbands are assigned to specific vibrations based on the literature data. This information is an
input for the peak fitting procedure used to extract quantitative information about the subbands.
PeakFit software can be used to perform the peak fitting. The goal is to achieve fitting with
appropriate band shapes that will yield R?> > 99% by choosing appropriate band shapes. Either
Gaussian, Lorentzian, or a mixture of these two band shapes can be selected. The Lorentzian
band shape should be selected for vibrational modes of homogeneous samples, i.e., where all
molecules experience the same state, like C-H stretching bands that show changes in lipid acyl
chains.!®® The Gaussian band shape is useful for vibrational modes of inhomogeneous samples,
where molecules experience different states. For example, lipid heads might be either non-
hydrated or hydrated, which is manifested in the C=0 stretching region as subbands that
correspond to non-hydrogen-bonded and hydrogen-bonded C=0 bonds, respectively. Similarly,
proteins can contain many different secondary structures. In that case, the amide | band consists
of multiple subbands corresponding to each structure. Therefore, the Gaussian band shape is
used.2*? In some cases, a mixture of Gaussian and Lorentzian bands, with a different Gaussian-
to-Lorentzian ratio, is used.?’!

By resolving the subbands, conformational changes of molecules can be determined. Moreover,
the subbands' information obtained from the PM-IRRAS spectrum can be used to calculate the
molecules' orientation. When sample molecules absorb the linearly polarized light, the
integrated intensity of the absorption band (A) is defined as follows:
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fA dv o |ii-E|" = [ul*(E?) cos? 6 (2.28)

where [i is the transition dipole moment vector, E is the electric field vector of incident IR light,
6 is the angle between the two vectors, |u|? is the square of the absolute value of the transition
dipole moment, and (E?2) is the mean square electric field of the photon. The symbol « denotes
proportionality. The direction of the photon's electric field vector is perpendicular to the metal
surface plane. Therefore, the absorption band's integrated intensity is proportional to cos?6,
where 6 is the angle between the surface normal and the direction of the transition dipole
moment. This angle can be determined using the previously developed protocol.?’? A simulated
PM-IRRAS spectrum of a film with randomly oriented molecules is calculated using the same
conditions as those applied in the PM-IRRAS experiment. If randomly oriented molecules absorb
the linearly polarized light, cos?0 = 1/3. The 0 angle is proportional to the ratio of the integrated
intensity of the absorption band obtained from the PM-IRRAS experimental spectrum (Aexp) to
the integrated intensity of the absorption band obtained from the PM-IRRAS simulation (Asim), as
follows:

cos?0 = ——-— (2.29)

This method is employed to determine the orientation of lipid acyl chains and lipid heads in a
lipid bilayer deposited on the gold surface. Refractive index (n) and attenuation coefficient (k) of
each component of the PM-IRRAS experiment (metal, optical window, electrolyte, and lipid
bilayer) must be known to simulate the PM-IRRAS spectrum of the lipid membrane. The optical
constants for the metal, optical window, and electrolyte are obtained from the literature.?’3274
The optical constant for the lipid bilayer is determined by recording a transmission IR spectrum
of lipid vesicles.?>! Finally, to calculate the O angle, it is necessary to know the surface
concentration of lipids or the lipid bilayer thickness. With known 6, it is possible to determine the
orientation of molecules adsorbed on the metal surface by considering the direction of the
transition dipole of the vibration with respect to the molecule's spatial coordinates. Directions of
transition dipole moments can be obtained from the literature or ab initio calculations.

This method can be used to determine the lipid head and acyl chain orientations in the supported
lipid bilayers (Figure 2.15). The lipid acyl chains' orientation is estimated from the calculation of
the acyl chains' tilt angle (Bchains), i.e., the angle between the surface normal and the plane of
fully-stretched (all-trans) acyl chains. Directions of transition dipole moments of methylene
symmetric, vs(CH2), and asymmetric, vas(CH2), stretches, and the plane of fully-stretched (all-
trans) acyl chains are perpendicular to each other. Therefore, the acyl chains' tilt angle (Ochains)
can be calculated using the following expression:

cos? B + cos? B, + €052 Opains = 1 (2.30)
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where 65 and 05 are angles between the surface normal and average directions of transition
dipole moments of methylene symmetric, vs(CH;), and asymmetric, vas(CH2), stretches,
respectively. These angles can be determined using Eq. 2.29. Moreover, this equation can be
used to determine the angle between the surface normal and the direction of the transition
dipole moment for C=0 bond stretches (6c-0). This angle provides information about the lipid
heads' orientation. In most supported lipid bilayers, Ochains and Oc-o are ~30° and 70°,
respectively.?’>27® Orientation of the biomembrane-adsorbed peptides can also be determined
using Eq. 2.29, provided that the crystallographic structure of the peptide is known.?’7:278

Figure 2.15. The DSPE molecule structure with marked directions of the transition dipole
moments of the symmetric, vs(CHz), and asymmetric, vas(CHz), methylene stretches of a lipid acyl
chain as well as the C=0 bond stretch, vc-o, in lipid heads. Moreover, the acyl chain tilt angle
(Bchains), i.e., the angle between the surface normal (black arrow) and acyl chains plane (green
rectangle), and the C=0 bond angle (6c-0), i.e., the angle between the surface normal (black
arrow) and direction of the C=0 stretch transition dipole moment, are shown. The orange
rectangle marks the C-H bond plane.
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Chapter 3. Size-dependent interaction of amyloid B oligomers with
brain total lipid extract bilayer — fibrillation versus membrane
destruction

This chapter discusses the research work published in Langmuir 2019, 35 (36), 11940-11949.

Dusan Mrdenovic,”® Marta Majewska,” lzabela S. Pieta,” Piotr Bernatowicz," Robert
Nowakowski," Wlodzimierz Kutner,™* Jacek Lipkowski,® and Piotr Pieta,™

*Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw,
Poland

*Faculty of Mathematics and Natural Sciences, School of Sciences, Cardinal Stefan Wyszynski
University in Warsaw, Wéycickiego 1/3, 01-815 Warsaw, Poland

SDepartment of Chemistry, University of Guelph, 50 Stone Road East, Guelph, Ontario N1G 2W1,
Canada

Abstract

Amyloid B, AB(1-42), is a component of senile plagues present in the brain of Alzheimer's disease
patients and one of the main suspects responsible for pathological consequences of the disease.
Herein, we directly visualize the AP activity toward a brain-like model membrane and
demonstrate that this activity strongly depends on the AP oligomer size. PeakForce Quantitative
Nanomechanical Mapping mode of atomic force microscopy (PF-QNM AFM) imaging revealed
that interaction of large-size (LS) AB oligomers, corresponding to high-molecular-weight (HMW)
AB oligomers, with brain total lipid extract (BTLE) membrane results in accelerated
ApB fibrillogenesis on the membrane surface. Significantly, the AB fibrillogenesis does not
compromise membrane integrity. In contrast, small-size (SS) AB oligomers, corresponding to low-
molecular-weight (LMW) AB oligomers, create pores and disintegrate the BTLE membrane. Both
forms of the AP oligomers change the nanomechanical properties of the BTLE membrane. Our
results demonstrate that both forms of AR oligomers induce the brain cells' neurotoxicity, but
their action toward the membrane differs significantly.
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3.1. Introduction

The objective of the study described in the present chapter is to elucidate the ABO toxicity
mechanisms. For that, ABOs of controlled size and concentration were introduced to the
suspension of small unilamellar vesicles (SUVs) with lipid composition similar to that of the brain
cell membranes. An aliquot of SUV solution was dropcast on a mica substrate, and SUVs ruptured
after contacting the substrate surface, forming a model cell membrane. The effectiveness of the
AB action toward SUVs was examined by unraveling changes in the topography and
nanomechanical properties of the model membrane interacting with AB using atomic force
microscopy (AFM). This examination allowed identifying the mechanisms of action of ABOs of
different sizes. AFM studies of the AB interaction with model cell membranes have already been
performed.162177.279 However, the present results provide unique information allowing one to
distinguish between the mechanisms of small-size (SS) and large-size (LS) ABO interactions with
the model membrane. SS and LS oligomers correspond to LMW and HMW oligomers,
respectively. The high-resolution AFM images show that LS ABOs fibrillate through both primary
and secondary nucleation mechanism on the brain total lipid extract (BTLE) vesicle surface
without affecting the membrane integrity. Moreover, SS ABOs destroy the BTLE membrane by a
combination of the pore formation and lipid extraction mechanisms.

3.2. Experimental section

AB peptide preparation. Lyophilized AP (1-42), named AP, was purchased from Bachem
(Bubendorf, Switzerland). Its purity was determined to be 92% using *H NMR spectroscopy
(Figure 3.1). The AB sample was pretreated by following the earlier developed procedure?8°
illustrated in Figure 3.2.

Figure 3.1. The 'H NMR spectrum of the AB in deuterated trifluoroacetic acid.

A 1-mg AB sample was dissolved in 1 ml of trifluoroacetic acid (TFA), then sonicated for 15 min
in a cold water bath followed by solvent evaporation under an Ar stream to break pre-existing
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aggregates. Next, the sample was dissolved in 1 ml of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
from Sigma-Aldrich by 10-min bath sonication; HFIP was then removed under an Ar stream. HFIP
addition, sonication, and solvent removal were repeated once more, and then 1 ml of HFIP was
added for the third time. The sample was stored for 24 h at 4 °C. Next, the sample was vortexed
for 5 min and then aliquoted. Afterward, HFIP was evaporated under Ar stream, which resulted
in transparent AB films left on centrifuge tubes' bottoms. Residual HFIP was removed from the
films under decreased pressure in a desiccator for 1 h. The films were stored at -80 °Cin a freezer.
For each experiment, an aliquot taken from the freezer was allowed to equilibrate to room
temperature for 15 min. Next, the A film was dissolved in anhydrous dimethyl sulfoxide (DMSO)
from Sigma-Aldrich to reach the 5 mM concentration. It was then diluted to the 10-uM
concentration using 0.01 M PBS (pH = 7.4) from Sigma-Aldrich. This solution was filtered through
the Whatman syringe filter (GE Healthcare Life Sciences) of 0.02 um porosity before use.

The size of the ABOs was controlled by varying their aggregation time in the mixed solvent
solution of 0.01 M PBS (pH=7.4) and anhydrous DMSO. The ABOs size distribution was
characterized by depositing 5 uL of 5 uM AP solution on mica. After subsequent washing with
Milli-Q® water (18.2 MQ c¢m) and drying, the sample was AFM imaged in air.281-283

Brain total lipid extract (BTLE) supported lipid bilayer preparation. A chloroform solution of the
porcine BTLE, purchased from Avanti Polar Lipids, was used without further purification.
Supported lipid bilayers were prepared using the vesicle fusion method.?!” The BTLE vesicle
solution was prepared by transferring 4 pL of the BTLE stock solution in chloroform (25 mg mL™?)
to a glass vial followed by solvent evaporation with an Ar stream under vortexing until a dry film
appeared on the bottom of the vial (Figure 3.2). After solvent evaporation, the lipid film was dried
in a desiccator overnight. It was then re-suspended in a filtered PBS (pH = 7.4) solution to reach
the 1-mg mL* concentration and subsequently sonicated for 20 min at 40 °C. The BTLE vesicle
solution was used either immediately or stored at 4 °C until further use.

The BTLE bilayer in the AP absence was studied by depositing a 40-pL sample of the BTLE vesicles
solution on the mica surface and then left for 45 min to allow for the bilayer formation. Next, the
sample was washed with filtered Milli-Q® water, subsequently immersed in the PBS (pH = 7.4)
solution, and immediately imaged with AFM.

AB-BTLE mixture preparation. The SS or LS ABOs were mixed with BTLE vesicles at the 1:20 or
1:50 peptide-to-lipid mass ratio (Figure 3.2). Then, the mixture was sonicated for 10 min at RT.
The time-dependent mechanism of the AB-BTLE vesicles interaction was studied by sampling
40-uL aliquots of the AB-BTLE mixture at different time intervals and depositing them on the mica
surface. After 45 min, the sample was rinsed with Milli-Q® water, immersed in the PBS (pH = 7.4)
solution, and immediately imaged.

The DMSO solvent can cause membrane thinning, pore formation, and membrane
disintegration.?8428 |n the present studies, the DMSO concentration in the lipid bilayer presence
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was 0.1% (v/v). DMSO has no adverse effect at this low concentration on the lipid bilayer's
stability and topography (Figure 3.3a).

For control measurements, a sample of the supported BTLE bilayer was prepared and then
imaged in the AFM fluid cell. After acquiring images of an intact BTLE membrane, a 40-uL sample
of ~5-uM SS ABOs was added to the BTLE membrane. This concentration of SS ABOs corresponds
to the concentration of AB in the AB-BTLE vesicles mixtures. Next, the AFM cell was filled with
the PBS (pH = 7.4) solution and immediately imaged with AFM.

AR preparation BTLE vesicles preparation

Dissolution of A lyophilized powder in TFA
and then, TFA removal under Ar stream

‘ Transfer of stock BTLE solution

in chloroform to glass vial
Dissolution of AR film in HFIP

and then, HFIP removal under Ar stream (2x) ‘
‘ Chloroform removal under
Ar stream with vortexing

Dissolution of AB film in HFIP

and then, overnight incubation ‘v
', | Overnight desiccation |

HFIP removal under Ar stream, "

and then under vacuum

| Resuspension of dry film in PBS |

{

' Sonication to obtain BTLE vesicles|

. oy (Ohasgegatn] = }
Dilution OfABIF)MSO solution. with mp [24 h aggregation| wap (LMW oligomers | map Mixing AB and BTLE at
PBS to working concentration | mg, 48 h aggregation| mep» - | 1:20 or 1:50 P-to-L mass ratio

'

[Dissolution of AB film in DMSQ]

Figure 3.2. The flowchart describing the experimental steps for preparing solutions of AB, BTLE
vesicles, and AB-BTLE mixture.

Atomic force microscopy (AFM) experiments. AFM with Multimode 8 system (Bruker) equipped
with E scanner (scan size 10 x 10 um?) and the PF-QNM mode (PBS, pH = 7.4) was used for
imaging samples in liquid, at 21 °C. The Scanasyst mode was used for sample imaging in the air.
Before the imaging, the fluid cell and AFM accessories were cleaned in a detergent bath, followed
by consecutive rinsing with ethanol and then Milli-Q® water. The V1 grade mica disks (Ted Pella,
Inc.) were mounted on metallic disks using an adhesive tape. Immediately before sample
deposition, mica was cleaned in ethanol and then in Milli-Q® water. After drying with an Ar
stream, its top layer was pilled off using an adhesive tape, resulting in a clean and atomically flat
surface. The Qp-BioAC (Nanosensors™) and RTESPA300 (Bruker) cantilevers of 0.1 and 40 N m,
respectively, spring constant and corresponding resonance frequency of 50 and 300 kHz,
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respectively, were used for imaging in the liquid and air, respectively. The AFM cantilevers were
cleaned by consecutive immersing in a detergent bath, 2-propanol, and Milli-Q® water for 10
min. Next, the cantilevers were ozonized in the UVC-1014 UV ozone cleaner (Nanobioanalytics,
Berlin, Germany) for 10 min. The cantilevers were calibrated using the thermal tune method. The
tip radius was determined by imaging the Ti roughness sample (Bruker), routinely used for tip
radius determination.?8®2%7 The PF-QNM images were obtained using a 1-2 Hz scan rate. Images
were processed and analyzed using Nanoscope Analysis of Bruker and Gwyddion software.?2®

Nanomechanical properties analysis. Data were analyzed using Atomic) software.?® The contact
point was found on the extended curve. All Young's modulus fitting was performed on the
retraction curve using the Hertz model.

NMR spectroscopy study. The purity of the AR sample was assessed with 'H NMR spectroscopy.
First, 1 mg of AP was dissolved in 1 ml of deuterated trifluoroacetic acid (TFA-d), then sonicated
for 15 min at RT, and then subjected to the *H NMR spectroscopy analysis. The latter was
performed at 298 K using BRUKER AVANCE Il 300 MHz spectrometer. At first, longitudinal
relaxation time (T1) values of H nuclei were determined to be 20 to 180 ms using the inversion-
recovery technique?®°. Then, a quantitative 'H NMR spectrum of a high resolution was acquired
with 2048 scans. The recycle delay between scans was 2 s to avoid signal oversaturation. The
pulse duration was 11.7 ps, spectral width was 7.5 kHz, and the acquisition time was 2.2 s. Before
integration, the spectrum was carefully phased and subjected to baseline correction to avoid
integral distortion.

3.3. Results and discussion

AFM characterization of BTLE bilayer without AB. The AFM PF-QNM mode served to study
topography and nanomechanical properties of the BTLE bilayer deposited on the mica surface.
The topography image of the BTLE bilayer supported on the mica surface is shown in Figure 3.3a.
This bilayer has a smooth surface without defects or discontinuities. The average thickness of this
bilayer, determined by the height profile measured along the line shown in Figure 3.33, is
6.1 (£0.3) nm (Figure 3.3c). This thickness is in agreement with the typical height of the supported
lipid bilayers.291-2%4

Figure 3.3b shows the YM map, determined from the FD curves collected simultaneously with
the topography imaging. Bright areas visible on Young's modulus map correspond to the mica
surface. YM was determined by fitting the Hertz model to the retracted part of the FD curves.?8°
Figure 3.3d shows the YM distribution of the bilayer presented in Figure 3.3a. The distribution is
narrow, confirming that the membrane is homogeneous, with the average modulus value of
11.8 (+3.2) MPa.
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Figure 3.3. (a) The AFM topography image and (b) corresponding Young's modulus map of the
BTLE supported lipid bilayer on mica in 0.01 M PBS (pH = 7.4) acquired at 21 °C. (c) The cross-
sectional profile of the membrane measured along the line shown in Panel (a). (d) Young's
modulus distribution determined from 12,000 FD curves acquired for different points of the
bilayer shown in Panel (b).

AFM characterization of AB oligomers. Different forms of ABOs induce different levels of cell
toxicity.6%63295-300 Hence, the mechanism of AB interaction with a cell membrane should depend
on the molecular weight of AB. Therefore, Ap samples with different size distribution were
prepared. The molecular weight of the studied ABOs was not measured, and the LMW and HMW
ABOs are distinguished only based on their size (SS or LS oligomers, respectively). Initially, freshly
prepared samples of 10 uM AP in a PBS-DMSO mixture were analyzed to confirm that pre-existing
aggregates were eliminated, i.e., ABMs dominated in the sample. An aliquot of this solution was
deposited on the mica substrate. After 5-min deposition, the sample was washed, then dried
under an Ar stream, and then immediately imaged by AFM in the air. Figure 3.4a shows many
globular aggregates on the mica surface. Statistical analysis of the sample revealed that globular
aggregates with a height of ~0.3 nm and an average diameter of ~2 nm populated the most
abundant fraction (Figures 3.4d and 3.14a). This height corresponds to the height of the ABMs. 84
Therefore, in a freshly prepared AP solution (0 h aggregation time, Figure 3.2), ABMs dominated,
and only a minor amount of LMW ABOs was distinguished. At this stage, ABMs and LMW ABOs
are in equilibrium.3017303 After establishing that a freshly prepared sample is mostly populated
with ABMs, the AB fibrillogenesis was monitored as a function of the aggregation time. First, AR
was allowed to aggregate for 24 h at 4 °C. At this point, a significant amount of ABMs aggregate
into SS ABOs with the height of ~1-3 nm and average diameter of ~6 nm (Figures 3.4b, 3.4e, and
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3.14b). After 48 h, AP aggregation progressed further, and both SS and LS ABOs were formed
(Figure 3.4c). Statistical analysis of the height of the AB aggregates generated after 48-h
aggregation shows a bimodal height distribution of aggregates with heights of ~0.5-2 and ~3-5
nm corresponding to the SS and LS ABOs, respectively (Figure 3.4f). The average diameter of the
formed LS AB oligomers is ~10 nm (Figure 3.14c). These sizes of AB oligomers are in agreement
with those determined by AFM,%3188,283,297,303-306 qynamic light scattering (DLS),%? fluorescence
correlation spectroscopy (FCS),%3 and transmission electron microscopy (TEM).88303 Their
corresponding molecular weights were determined by electrophoresis!8283:297,304,305 gnd mass
spectrometry.3%3 Using the literature data mentioned above, one could roughly estimate that
ABOs with a height of ~1-3 nm correspond to trimers and tetramers with the molecular weight
of ~30 kDa.?%> Most likely, the molecular weight of the ABOs with the height of ~3-5 nm exceeds
~60 kDa, which is that of dodecamer.3%> Noteworthy, amyloid plaques from AD patient brains
contain AP aggregates of similar shapes and sizes.3%”
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Figure 3.4. The AFM topography images of (a) ABMs as well as (b) SS and (c) LS ABOs deposited
on the mica surface. Insets exhibit magnified parts of the corresponding topography images
showing the shape of the aggregates in greater detail. The height distribution of the (d) ABMs, as
well as (e) SS and (f) LS ABOs. The aggregates were formed in the PBS-DMSO solution in the BTLE
vesicles' absence.

Interestingly, only the globular aggregates were formed if the AP aggregation time was shorter
than 48 h. However, protofibrils and fibrils of AB were produced if the aggregation time exceeded
48 h (Figure 3.5).
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Figure 3.5. The AFM topography image of AB (a) protofibrils and (b) fibrils deposited on the mica
surface.

Interaction of LS AP oligomers with BTLE vesicles. The PF-QNM AFM technique was employed
to study the AB-BTLE vesicles interaction. The LS ABOs (Figure 3.4c) solution was mixed with the
BTLE vesicle solution at the AB-to-lipid mass ratio of 1:20. Forty-uL aliquots of the mixture were
taken at different interaction times and dropcast onto the mica surface to monitor the time-
dependent interaction of LS ABOs with BTLE vesicles. The vesicles were allowed to fuse for
45 min. The sample was then carefully washed with filtered Milli-Q® water, and then imaged with
AFM in the PBS (pH = 7.4) solution. The AB-BTLE bilayer, deposited after mixing solutions of the
LS ABOs and BTLE vesicles (0 h interaction time), is shown in Figure 3.6a. Many globular AB
aggregates are present on the BTLE bilayer surface. These aggregates' height mostly exceeds
3 nm (Figure 3.6c), indicating that these are mostly LS ABOs. Comparing the height distribution
of the AP aggregates formed in solution in the absence (Figures 3.4e and 3.4f) and presence
(Figure 3.6¢) of BTLE vesicles, it is evident that the BTLE vesicles promote the large ABOs growth
on the membrane surface. Moreover, the aggregation rate is significantly increased in the BTLE
presence. Both the phospholipid composition and the presence of cholesterol decrease the half
time of AB aggregation.'’92%8 Apparently, the BTLE bilayer very efficiently catalyzes LS ABO
aggregation. This inference is consistent with that of previous studies showing the catalytic role
of lipid bilayers in amyloid fibrillation by ThT fluorescence,’® Férster resonance energy transfer
(FRET) assay,*”® circular dichroism (CD),'8° NMR spectroscopy,*®® X-ray scattering,'®! neutron
reflectivity,'8? TEM,8! and DLS.8! Moreover, AFM imaging showed A fibrils growth along with
the unfused large unilamellar vesicles (LUVs).17®

The cross-sectional profile of the BTLE bilayer (Figure 3.6d) shows that the thickness of the BTLE
bilayer exposed to LS ABOs is 5.9 (+0.2) nm, which is similar to the BTLE bilayer thickness in the
AB absence (Figure 3.3c). Nanomechanical properties of the BTLE bilayer with adsorbed LS ABOs
are significantly different from those of the AB-free membrane. Figure 3.6b shows the YM map
corresponding to the topography image shown in Figure 3.6a. The YM distribution (Figure 3.6e)
shows the average value of 6.5 (+2.5) MPa, half of that determined for the intact bilayer
(Figure 3.3d).
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Figure 3.6. (a) The AFM topography image and (b) the corresponding Young's modulus map of
the BTLE bilayer with adsorbed LS AP oligomers deposited on mica immediately after mixing
solutions of LS AB oligomers and BTLE vesicles. Inset in Panel (a) exhibits a magnified section of
the same topography image showing the LS AB oligomers' shape on the membrane surface. The
images are acquired for the bilayer in the PBS (pH = 7.4) solution at 21 °C. (c) The LS AB oligomers'
height distribution determined from the AFM image shown in Panel (a). (d) The cross-sectional
profile, measured along the line shown in Panel (a), exhibiting the BTLE bilayer thickness. (e)
Young's modulus distribution determined from 6000 FD curves acquired for different points of
the BTLE bilayer shown in Panel (b).

Interestingly, many ABFs are formed on the BTLE membrane surface after 3 h of the AB-BTLE
vesicles interaction (Figure 3.7a). Additionally, both individual globular aggregates and long
fibrillar structures are visible on the fibril surface. It suggests that the secondary nucleation
mechanism of AB aggregation is observed. Aggregation through secondary nucleation is the only
step that occurs on the surface of already formed A fibrils, thus being easily distinguished from
other steps in the aggregation pathway.?°®3% This process is a surface reaction involving the
coalesce of AP aggregates rather than their deposition from the solution bulk. The secondary
nucleation aggregates are clearly seen in Figures 3.7c and 3.7d. Here, the aggregation through
secondary nucleation resulted in the formation of ABFs (Figure 3.7c) and globular AB aggregates
(Figure 3.7d) on the surface of ABFs pre-formed through primary nucleation. Cross-sectional
profiles measured along and across the aggregates are analyzed to compare heights of the ABFs
formed via primary and secondary nucleation mechanisms (Figures 3.7e-3.7g). Figures 3.7h-3.7j
show the corresponding height histograms of these aggregates. A narrow Gaussian distribution
of the primary nucleation fibrils' height indicates that the average height is 5.4 (+0.6) nm (Figure
3.7h).
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In contrast, the height distribution for the secondary nucleation fibrils is wide, with an average
height of 7.09 (£1.62) nm (Figure 3.7i). The height distribution of globular aggregates formed
through secondary nucleation is quite broad, covering the range of 1 — 12 nm (Figure 3.8j). The
height of the larger population of secondary globular aggregates is 1 —2 nm, which corresponds
to that of the SS ABOs. This result is not surprising because these oligomers aggregate to form
fibrils. Notably, LS ABOs seen at the initial interaction time (Figure 3.6a) are also visible after 3 h
of interaction (Figure 3.7a). The presence of these aggregates indicates accelerated AP
aggregation on the BTLE surface. Therefore, the aggregates observed directly on the membrane
surface are formed during aggregation catalyzed by the membrane surface, which occurred via
the primary nucleation mechanism. The aggregates observed on the fibril surface are formed
during aggregation catalyzed by the fibril surface, which is the secondary nucleation

mechanism.***’
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Figure 3.7. (a) The AFM topography image of the AR aggregates formed on the BTLE supported
bilayer in 0.01 M PBS (pH = 7.4). (b-d) High-resolution topography images, acquired for the areas
depicted as squares in Panel (a), showing the (b) primary nucleation fibril, (c) secondary
nucleation fibril, and (d) secondary nucleation globular aggregates. (e-g) The cross-sectional
profiles measured along (e) primary and secondary nucleation fibrils (lines 1 and 2) and
(f) primary nucleation fibril and secondary nucleation globular aggregate (lines 1 and 3) as well
as (g) across the primary and secondary nucleation aggregates (lines 1, 2', and 3'). (h-j) The height
distribution of (h) primary nucleation fibrils, (i) secondary nucleation fibrils, and (j) secondary
nucleation globular aggregates of AB.
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Interaction of SS AB oligomers with BTLE vesicles. Exposure of SS ABOs to BTLE vesicles (the AB-
to-lipid mass ratio of 1:20) results in the AB—BTLE bilayer's deposition, significantly different from
that shown in Figure 3.6. Figure 3.8a shows the AB-BTLE film deposited on the mica substrate
immediately after mixing solutions of SS ABOs and BTLE vesicles. There are numerous pores of
different sizes and shapes on the BTLE bilayer surface. Long ABFs and large globular AR
aggregates, seen previously in Figures 3.6a and 3.7a, are absent. Clearly, SS AB oligomers'
interaction with BTLE vesicles results in the lipid vesicles spreading different from that described
above for LS ABOs. The cross-sectional profile of the membrane shown in Figure 3.8a indicates
that the BTLE film thickness is 6.3 (£0.6) nm (Figure 3.8c), a value comparable to that of the intact
BTLE bilayer (Figure 3.3c).

Figure 3.8b shows a YM map corresponding to the topography image shown in Figure 3.8a. The
average YM value of this bilayer is 6.7 (+2.2) MPa (Figure 3.8d), a value comparable to that of the
membrane with adsorbed LS AB oligomers. Therefore, both LS and SS ABOs effectively change
the nanomechanical properties of the BTLE membrane by causing a decrease in its YM by ~45%.
Force spectroscopy measurements revealed that the POPC/POPS supported lipid bilayer rupture
in the absence and presence of the AB42 at 3.5 and 1.2 nN, respectively, indicating a decrease
in the bilayer stiffness by 65.71%.27° This significant membrane nanomechanical properties
change incurred by the AR activity implies both conformational and organizational changes of the
phospholipid molecules in the membrane.
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Figure 3.8. (a) The AFM topography image and (b) the corresponding Young's modulus map of
the AB—BTLE supported bilayer in 0.01 M PBS (pH =7.4), at the initial interaction time. (c) A
representative cross-sectional profile showing the depth of the pores formed in the BTLE lipid
bilayer depicted in Panel (a). (d) Young's modulus distribution determined from 6000 FD curves
acquired for different points of the bilayer shown in Panel (b).
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A porous bilayer was repeatedly formed from BTLE vesicles mixed with SS ABOs (Figure 3.8a).
Occasionally, a partial BTLE bilayer was also formed (Figure 3.9a). There are numerous pores in
both the outer and inner leaflets of the BTLE bilayer shown in Figure 3.9a. The cross-sectional
profile, measured along the line shown in Figure 3.9a, demonstrates that the outer and inner
leaflet's heights are equal, being ~3.1 nm (Figure 3.9b). The average depth of the pores formed
in the inner leaflet is 2.8 (£0.4) nm (Figure 3.9c). These results evidence that the bottom part of
the film has the thickness of a monolayer. Only the upper part of this film is covered with a second
monolayer, forming a complete bilayer (Figure 3.9a).
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Figure 3.9. (a) The AFM topography image of the AB-BTLE supported bilayer in 0.01 M PBS
(pH =7.4) showing lipid extraction from the outer leaflet of the BTLE bilayer. (b) The
corresponding height profile, measured along the line in Panel (a), showing the height difference
between the outer and inner leaflets of the BTLE lipid bilayer. (c) The depth distribution of the
pores formed in the inner leaflet of the BTLE bilayer.

Only pores of a diameter larger than that of the AFM tip are considered in the present analysis.
The diameter and quality of the AFM tips were estimated by using a well-established procedure.
This procedure consists of imaging the Ti roughness sample (Bruker) and analyzing the obtained
image (Figure 3.10a) using the Tip Qualification option in NanoScope Analysis software. This
analysis results in obtaining the software model of the tip (Figure 3.10b) and effective tip
diameters (ETDs) at different distances from the tip apex (Figure 3.10c and 3.10d). The tip
characterization analysis showed that ETDs are 8.5 and 26.3 nm at 3 and 20 nm distance,
respectively, from the tip apex (Figure 3.10e). In Figure 3.10f, it is illustrated how ETD is calculated
based on the tip cross-section.

The ETD limits the tip's ability to measure the true pore depth. The tip cannot reach the pore's
bottom if the tip's diameter is larger than the pore diameter. Consequently, the pore depth
cannot be determined. Therefore, it is essential to determine whether the tip is sufficiently sharp
to measure the depth of the BTLE bilayer's pores. Pores formed in the inner leaflet of the BTLE
bilayer (Figure 3.9a) are analyzed by measuring diameters and depths of the big, medium, and
small size pores. Green, cyan, and blue arrows in the magnified region of the BTLE bilayer's inner
leaflet show big, medium, and small size pores, respectively (Figure 3.11a).
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e Results Cross Section 1

ETD 1 Height 1 from Apex
ETD 1, Aspect Ratio 0.850 Min ETD1 Size 5.000 nm
Number of Peaks in ETD 1 1 Good/Worn ETD1 Threshold  15.00 nm
Estimated End Radius 1 4.549 nm Worn/Bad ETD1 Threshold 30,00 nm
ETD 2 Min y/x Aspect Ratio 1 0.500
ETD 2, Aspect Ratio 0.770 = Max y/x Aspect Ratio 1 2.000
Number of Peaks in ETD 2 1 Cross Section 2
Estimated End Radius 2 13.15 nm Height 2 from Apex
L Tip Status GOOD t Min ETD2 Size 20.00 nm

Figure 3.10. (a) The AFM topography image of a Ti roughness sample used for the tip radius and
quality determination. (b) The top-view image of the software model of the tip. Cross-section
diagrams showing the tip's size and shape at the distance of (c) 3 and (d) 20 nm from the tip apex.
(e) Results of the tip radius and quality determination. (f) Scheme of the effective tip diameter
calculation from the tip cross-section.

The cross-section profile of the BTLE bilayer shows that the bilayer thickness is 6.1 (+0.3) nm
(Figure 3.3c). This result suggests that the thickness of a single leaflet is ~3 nm. The tip
characterization analysis indicates that the tip diameter is 8.5 nm at a distance of 3 nm from its
apex. If the pore diameter exceeds 8.5 nm, the tip can reach the bottom of the 3-nm deep pore.
Therefore, the tip can measure the depth of the pores formed in a single leaflet. These pores'
depth cannot exceed 3 nm because a single leaflet's thickness is 3 nm. Figure 3.11b shows the
relation between the measured depth and diameter of pores. Apparently, the measured pore
depths did not exceed 2 nm if the pore diameter was less than 10 nm. On the other hand, the
pore depth ranged from 2.5 to 3.5 nm if the pore diameter exceeded 10 nm. This result suggests
that the diameter of small pores is smaller than the tip diameter, and the tip could not measure
depths deeper than 2 nm. Presumably, this is why the depth distribution for small pores is small
(Figure 3.11b). On the other hand, the tip can measure the true depth of medium and big pores
and, therefore, their depth distribution is broad.

82

http://rcin.org.pl



w ~
I,}.

Depth / nm
N
‘

>

A
A

10 20 30 40
Diameter / nm

Figure 3.11. (a) The AFM topography image of pores in the inner leaflet of the BTLE lipid bilayer.
(b) Correlation between depth and diameter of (m) big, (¢) medium, and (A ) small pores.

Our AFM studies demonstrate that SS ABOs are harmful to the spreading of BTLE vesicles and
bilayer formation. The partial absence of the outer membrane leaflet, shown in Figure 3.93,
suggests that SS ABOs extract lipids from this leaflet. ABOs uptake lipid molecules, inducing lipid
extraction/release from, e.g., a neuronal membrane, also known as membrane fragmentation or
detergent-like solubilization,36:16>167,207,213305 Qply SS ABOs (dimers, trimers, and tetramers)
extract phospholipid molecules from neuronal cells, forming AB-lipid complexes, also named
lipoprotein particles.'®> Moreover, AB interaction with lipid vesicles results in the formation of
lipoprotein complexes.167,207,213309 |mportantly, these complexes diffuse away from neuronal
cells. Lipid extraction is intensified by the increase in AP concentration, AB-cell interaction time,
and it depends upon cell membrane composition.167:2133% These studies suggest that the adverse
effect of SS ABOs on the BTLE vesicles spreading results from the lipoprotein complex formation.

Figures 3.12a and 3.12b are images previously shown in Figures 3.8a and 3.9a with the globules
marked with green circles. Equivalent disk radii distributions of these objects are presented in
Figures 3.12c and 3.12d, respectively. The most dominant populations of globules are
characterized by a radius between 10 and 20 nm. A similar size of the globules suggests the
formation of similar nanoclusters.

Equivalent disk radii of all globular AB forms, as well as unruptured BTLE vesicles, were measured
and compared (Figure 3.13) to verify that the observed nanoclusters are not AB aggregates or
unfused BTLE vesicles. The range of equivalent disk radii of the ABMs, SS ABOs, LS ABOs, and
unfused BTLE vesicles are ~1, 2-4, 4-6, and 40-80 nm, respectively. The nanoclusters' radii
(Figures 3.13c and 3.13d) are significantly different from those of AP aggregates and BTLE
vesicles, thus confirming that the nanoclusters are unique entities. These nanoclusters are
formed only in the LMW ABOs presence, thus suggesting that these are AB-lipid complexes.
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Figure 3.12. The AFM topography images showing nanoclusters (green circled) formed by the
BTLE lipids interacting with SS ABOs in the cases of (a) Figure 3.9 and (b) Figure 3.10. Insets exhibit
high-resolution AFM topography images showing the size and shape of the AB-lipid nanoclusters.
(c) and (d) Equivalent disk radii distributions of the AB-lipid nanoclusters, green circled in Panel (a)
and Panel (b), respectively. Scan sizes of images presented in Panels (a) and (b) are different to

show a sufficient number of nanoclusters.
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Figure 3.13. The equivalent disk radii distribution of (a) ABMs, (b) SS ABOs, (c) LS ABOs, and
(d) BTLE vesicles. (e) The AFM topography image of unfused BTLE vesicles and the BTLE lipid

bilayer deposited on the mica support.
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Temporal changes of the bilayer formed by a mixture of BTLE vesicles and SS AP oligomers. To
observe temporal changes in the bilayer formed by the fusion of a mixture of BTLE vesicles and
SS ABOs, the mixture of the AB-to-lipid mass ratio of 1:50 was used. This solution condition allows
direct imaging of individual pores formed by SS AB oligomers. Similar measurements for LS AB
were not performed because the decrease of the LS oligomers concentration should only affect
the aggregation rate.3* This rate directly correlates with the AB concentration, i.e., the higher the
concentration, the higher is the aggregation rate. Figure 3.14 shows the time-lapse AFM images
of a single pore formed in the AB-BTLE bilayer deposited on the mica surface from the mixed SS
ABOs and BTLE vesicle solution. The AP aggregates surrounding the pore protrude ~1 nm above
the BTLE membrane surface (Figures 3.14a). This protrusion is much lower than that observed
for LS ABOs (Figure 3.6c). Moreover, equivalent disk radii of the AB aggregates shown in Figure
3.14a range between 2.4 and 4.2 nm, similar to that of SS ABOs, thus suggesting that the pores
are formed by SS ABOs indeed.

Figure 3.14. Time-resolved AFM topography images of a single pore in the outer BTLE leaflet
formed in 0.01 M PBS (pH = 7.4) by the LMW ABOs after (a) 0, (b) 20, (c) 37, and (d) 91 min of
interaction.

A different number of ABOs could surround the BTLE bilayer pores. For instance, Figure 3.15a
shows an AFM image of the membrane pore surrounded by eight ABOs that protrude ~1 nm
above the BTLE membrane surface (Figure 3.15b). Within the first ~37 min, the pore expands
(Figures 3.14a-c), and then ABOs insert into the pore, clogging it (Figure 3.14d and movie M1).
The pore filled with SS ABOs does not change during the next 90 min. Similar behavior is observed
for multiple pores. Movie M2 shows that all pores initially expand and, eventually, become filled
with SS ABOs. Penetration of the membrane by SS AB oligomers and their subsequent insertion
into the cell can trigger cell death via leakage of lysosomal enzymes,’®310 inhibition of
mitochondrial activity,’*3!! increasing production of reactive oxygen species,’”> or cytosolic
proteasome impairment,312-314
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Figure 3.15. (a) The AFM topography image of the BTLE bilayer in 0.01 M PBS (pH = 7.4) with the
pore surrounded by eight AB oligomers. (b) Histogram showing protrusion distribution of the
LMW AB oligomers above the BTLE bilayer.

Evidently, BTLE membrane exposure to SS ABOs results in the pore formation and subsequent SS
ABOs insertion in the BTLE bilayer, leading to membrane destruction. In detail, first, SS ABOs form
pores in the BTLE membrane. Then, the pores expand with time, and SS ABOs insert themselves
into the pores. Once inside the membrane, these oligomers have access to hydrophobic acyl
chains of the BTLE membrane. The ABOs hydrophobic residues interact with the hydrophobic
BTLE acyl chains. Hiding hydrophobic parts and exposing hydrophilic parts of both nanocluster
components to the solvent increases the AB-lipid complexes' stability in the polar environment.

Movie M1. Movie of a single pore expansion and ABOs incorporation into the BTLE lipid bilayer.

Movie M2. Movie of a multiple pore expansion and ABOs incorporation into the BTLE lipid bilayer.

Interaction of SS A oligomers with supported BTLE bilayer. Additional measurements were
performed to understand how SS ABOs influence the behavior of BTLE vesicles. Control
measurements were performed to determine whether the BTLE membrane topography changed
(Figures 3.8a and 3.9a) because of SS ABOs activity or ineffective disruption and fusion of vesicles.
The control measurements for the LS ABOs were not performed because the AFM images, shown
in Figures 3.6a and 3.73, clearly indicate the LS AB oligomers' presence on the membrane surface
and their mechanism of interaction with the BTLE bilayer. The BTLE bilayer was first deposited on
mica and then exposed to SS AB oligomers. For this purpose, 40 uL of ~5 uM SS AP solution was
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added to the AFM cell. This concentration of SS oligomers corresponds to the AR concentration
in the AB-BTLE vesicles mixtures. Figure 3.16 shows a sequence of AFM images acquired for the
SS AB oligomers interacting for (a) 0, (b) 24, and (c) 72 h with the mica-supported BTLE bilayer.
Initially, only single ABOs, protruding 2-3 nm above the bilayer plane, were visible (Figure 3.16a).
These oligomers surround small (0.5 nm deep) pores (inset in Figure 3.16a). The interaction of
AB with the membrane for 24 h resulted in the formation of ~5 nm-deep pores with a radius of
~22 nm (Figure 3.16b). Inset to Figure 3.16b shows that SS ABOs are present at the edges of these
pores. Therefore, the pore depth increases from 0.5 to 5 nm after exposing the BTLE membrane
to SS ABOs for 24 h. After 72 h, the bilayer is almost entirely disintegrated (Figure 3.16c).
Numerous globular objects with radii of 10-20 nm (Figure 3.16d) and remnants of the 5.7-nm
thick bilayer (Figure 3.16e) are observed.

Height / nm

500 1000 1500
Equivalent disk radius / nm Section size / nm

Figure 3.16. AFM topography images of the mica-supported BTLE bilayer, in 0.01 M PBS (pH =
7.4), exposed to the SS ABOs for (a) 0, (b) 24, and (c) 72 h. (d) Radius distribution of the
nanoclusters observed in the AFM image in Panel (c). (e) Corresponding height profile showing
thickness of the supported BTLE bilayer exposed to SS ABOs for 72 h shown in Panel (c).

For comparison, the intact supported BTLE bilayer, imaged after 0 and 72 h, is shown in
Figure 3.17. Apparently, the bilayer is stable for 3 days, and its disintegration, shown in
Figure 3.16, results from interaction with the SS ABOs. The size of globular objects seen in
Figure 3.16c is comparable to that of globules shown in Figures 3.12a and 3.12b. This result
indicates that both the formation of porous bilayer by spreading a mixture of BTLE vesicles and
SS ABOs (Figure 3.12) and the pre-formed BTLE bilayer disintegration after exposure to SS ABOs
(Figure 3.16) involves AB-lipid complex formation, a result of AB-induced lipid extraction.
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Figure 3.17. AFM topography images of the mica-supported BTLE bilayer in the absence of the SS
ABOs after (a) 0 and (b) 72 hiin 0.01 M PBS (pH = 7.4) solution.

This study clearly shows that AB oligomers of different sizes interact differently with the BTLE
membrane. During AB aggregation, both the secondary structure and the number of solvent-
exposed hydrophobic residues of AR aggregates changes.?°%31> LMW AP oligomers are more
hydrophobic than HMW AR oligomers.?! Moreover, the hydrophobicity correlates with the
toxicity of AR oligomers of different sizes.’®! That is, the higher the availability of hydrophobic
sites on the aggregate surface, the higher is their toxicity. The high hydrophobicity of SS oligomers
is the reason for their instability in polar solvent solutions. In these solutions, individual AB
molecules spontaneously aggregate and minimize the number of exposed hydrophobic residues.
However, in the presence of a biological membrane, LMW A oligomers adsorb on the membrane
surface and interact with hydrophobic phospholipid chains to form stable lipid-AB complexes. In
contrast, the pre-formed HMW AP oligomers' hydrophobicity is lower because of their B-sheet
secondary structure. This secondary structure is a matrix for extending and forming fibrils by
intermolecular hydrogen bonding and also by side-chain interactions with other HMW
oligomers.201315

3.4. Conclusions

Utilizing high-resolution AFM imaging, the unique direct BTLE lipid bilayer visualization allowed
distinguishing between two different mechanisms of interaction of various size AB oligomers with
a model brain-like phospholipid membrane. Large size (LS) AB oligomers aggregate on the BTLE
bilayer surface via both primary and secondary nucleation mechanisms, but the bilayer's integrity
remains intact. Unlike the LS AB oligomers, small size (SS) AB oligomers destroy the BTLE bilayer.
The destruction mechanism consists of two consecutive events, i.e., pore formation followed by
lipid extraction. After pore formation, the pores expand with time. Then SS AB oligomer
molecules insert into these pores. The next step involves the extraction of phospholipid
molecules from the membrane, leading to AB-lipid complexes' formation. Lipid extraction from
the membrane, most likely, proceeds either via simultaneous involvement of phospholipids from
both bilayer leaflets or, first, phospholipids from the outer and then, from the inner leaflet are
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extracted. Figure 3.18 illustrates the proposed mechanisms of AB fibrillation and BTLE membrane
destruction.

Both SS and LS AB oligomers cause a ~50% decrease in the bilayers Young's moduli. This decrease
indicates that both forms of AB oligomers affect membrane stability, but each in a different way.
These differences in membrane destabilization may imply differences in the toxicity, which
should be investigated in future cytotoxicity studies.

Our results explain the toxicity mechanisms of AP oligomers formed at different aggregation
stages and reconcile contradictory reports encountered in the literature. Moreover, our findings
correlate well with the two distinct features found in AD patients, i.e., amyloid plaques and
pathological consequences of neuronal death. The differences in the mechanism of SS and LS AB
oligomers' interaction with a model cell membrane suggest that each of the oligomer forms may
require unique treatment to inhibit their toxicity.

Figure 3.19. lllustration of the proposed mechanisms of the LS and SS ABOs interaction with the
BTLE bilayer. The illustration is produced in UCSF Chimera software®2 using the 20MPF,316 170Q,>3
5V63,317 and 5KK33!8 PDB files for lipid bilayer, ABMs, SS and LS ABOs, and AB fibrils, respectively.
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Chapter 4. Alzheimer's disease-related amyloid B peptide causes
structural disordering of lipids and changes the electric properties of a
floating bilayer lipid membrane

This chapter discusses the research work published in Nanoscale Adv. 2020, 2 (8), 3467—-3480.
Dusan Mrdenovic,” Zhangfei Su,® Wlodzimierz Kutner,™* Jacek Lipkowski,®* Piotr Pieta®*

"Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw,
Poland

SDepartment of Chemistry, University of Guelph, 50 Stone Road East, Guelph, Ontario N1G 2W1,
Canada

*Faculty of Mathematics and Natural Sciences, School of Sciences, Cardinal Stefan Wyszynski
University in Warsaw, Wdycickiego 1/3, 01-815 Warsaw, Poland

Abstract

Neurodegeneration in Alzheimer's disease is associated with disruption of the neuronal cell
membrane by the AB peptide. However, the disruption mechanism and the resulting changes in
membrane properties remain to be elucidated. To address this issue, herein the interaction of
amyloid B monomers (ABMs) and amyloid B oligomers (ABOs) with a floating bilayer lipid
membrane (fBLM) was studied using electrochemical and IR spectroscopy techniques. IR
spectroscopy measurements showed that both AB forms interact similarly with the hydrophobic
membrane core (lipid acyl chains). They cause conformational and orientational changes of the
lipid acyl chains, decrease acyl chain mobility, and alter the lipid packing unit cell. In the presence
of ABOs, these changes are more pronounced than in the ABMs presence. However, the
respective interactions of ABMs and ABOs with the membrane hydrophilic exterior (lipid heads)
are quite different. ABMs dehydrate lipid heads without affecting their orientation, while ABOs
change lipid heads' orientation, keeping their hydration level intact. Electrochemical
measurements showed that only ABOs permeate the fBLM, significantly changing its electrical
properties. The present results provide new molecular-level insight into the mechanism of
membrane destruction by ABOs and changes in the membrane properties.
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4.1. Introduction

The results of our previous AFM study lacked information about the changes inside the
membrane. Therefore, the present chapter's research goal is to study the ABO-induced changes
in the floating bilayer lipid membrane (fBLM) using polarization-modulation infrared reflection-
absorption spectroscopy (PM-IRRAS) and different electrochemical techniques. These techniques
have already been successfully applied to study the effect of antimicrobial peptides on the fBLM
properties.1>3278319.320 The interaction of ABOs with fBLM is compared with the interaction of
fBLM with non-toxic ABMs.

Only ABOs form defects in the membrane. This defect formation results in a significant change in
the membrane electric properties. These defects differ from the ion channels formed by other
pore-forming peptides/proteins. Moreover, both ABMs and ABOs cause conformational and
orientational changes of lipid molecules in the fBLM. All changes in fBLM are more pronounced
in the presence of ABOs, thus indicating that the interaction of ABOs with the membrane is
stronger than that of ABMs. Our results provide new insight into the ABO-lipid interaction
expanding knowledge about our previously proposed ABO-induced membrane destruction
mechanism.

4.2. Experimental section

AB peptide preparation. Recombinant amyloid B (1-42) peptide was purchased from rPeptide
(Watkinsville, USA). Its purity was high, as evidenced by MS analysis showing molecular mass
identical to that expected for a monomer (Figure 4.1). The peptide was prepared following the
previously developed protocol,?® with slight modifications that were introduced in our previous
study (Chapter 3). First, a 1-mg sample of AR was dissolved in TFA from Sigma-Aldrich to reach
the final concentration of 0.5 mg mlL. This dissolution is necessary to dissociate pre-existing AB
aggregates that may act as seeds accelerating AB aggregation, causing irreproducibility in the
experiments. The TFA addition to the peptide was followed by 5-min vortexing, and then the
solvent was removed under an Ar stream. The resulting peptide film was left on the vial glass
wall. Next, HFIP from Sigma-Aldrich was added to reach the 0.5 mg ml! AB concentration. HFIP
is another solvent used for AB disaggregation, and it also helps to remove traces of TFA. The AB-
HFIP solution was vortexed for 5 min, and then HFIP was evaporated under an Ar stream. The
addition and then removal of HFIP were repeated once more. Next, the peptide film was
dissolved in HFIP to achieve the 0.25 mg ml* AB concentration, and subsequently, the solution
was vortexed for 5 min. This AP solution was divided into 20 aliquots, each containing 50 ug of
the peptide per centrifuge tube. The tubes were covered with Kimtech wipes to protect them
from dust and then left under the fume hood overnight to allow for HFIP evaporation. Next,
residual HFIP was removed under decreased pressure in a desiccator for 1 h. This HFIP removal
resulted in the peptide film deposition on the bottom of the tubes. Those were then stored in
the freezer at -20 °C. A single aliquot was used for each experiment. First, the aliquot was allowed

91

http://rcin.org.pl



to equilibrate to room temperature for several minutes. Then, the peptide film was resuspended
in 20 pl of DMSO. Finally, it was diluted with 0.01 M PBS (pH = 7.4) to reach the 50-ug ml* AB
concentration. The PBS solution was prepared by dissolving PBS tablets from Sigma-Aldrich in
200 mL of Milli-Q® water, 18.2 MQ cm (EMD Millipore, Billerica, MA, US), thus obtaining the 0.01
M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl (pH =7.4) solution. The AB solution
prepared that way contained ABMs. Our previous AFM study showed that ABMs molecules are
globular and are ~0.3 nm high. This ABMs solution was immediately used to study ABM-lipid
bilayer interaction. To analyze the ABO-lipid bilayer interaction, the ABMs solution was stored in
the fridge at 4 °C for 24 h, thus allowing aggregation of ABMs into ABOs. Our previous AFM study
showed that toxic, globular ABOs, with the height of ~1-3 nm and average diameter of ~6 nm
(Figures 3.4b, 3.4e, and 3.14b), are formed under these conditions.

Figure 4.1. The AB mass spectrum showing AR molecular weight.

Lipid vesicle preparation. DSPE, DPPC, Chol, porcine brain SM, and ovine brain GM1 were
purchased from Sigma-Aldrich and used without further purification. Structural formulas of lipids
used are shown in Figure 4.2. DSPE was dissolved in the chloroform:methanol (9:1, v:v) mixed
solvent solution at 50 °C. Other lipids were dissolved in chloroform at room temperature. Lipid
stock solutions were stored in the freezer at -20 °C. An aliquot of the lipid stock solution was
transferred to a glass vial, and the final solution contained 1 mg of lipids. The lipid mixture
contained 50% DSPE, 15% DPPC, 25% Chol, 8% SM, and 2% GM1 by weight. This lipid composition
was used to mimic aged lipid rafts formed in the membrane of the human frontal cortex cells
found in AD patients' brains.32! Next, the solvent was evaporated under an Ar stream
accompanied by vortexing. The solvent removal resulted in the formation of a lipid film on the
bottom of the glass vial. This film was then resuspended in PBS (pH = 7.4) to reach the 1 mg ml?
lipid concentration. Subsequently, the solution was sonicated using an ultrasonic cleaner (VWR
Model 50D, 120V) for 20 min at 45 °C, which resulted in the formation of lipid vesicles.
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Figure 4.2. Structural formulas of lipids used to construct a model membrane of the human brain
cell and their corresponding concentrations expressed in molar percentages.

Floating bilayer lipid membrane (fBLM) preparation. The vesicle fusion method was used to
prepare an fBLM.2Y” Small and big single-crystal Au(111) electrodes (surface area of 0.172 and
1.33 cm?, respectively) were used as the working electrodes for electrochemical and PM-IRRAS
measurements, respectively. Before use, the Au electrodes were pretreated according to the
previously developed procedure.3?? Briefly, the electrodes were rinsed with Milli-Q® water, and
then flame annealed using a Bunsen burner. After cooling down to room temperature, the
electrodes were immersed in a 0.4 mg ml! 1-thio-B-D-glucose (Tg) solution from Sigma-Aldrich
for 5 h, which resulted in the formation of a self-assembled monolayer of Tg (SAM-Tg) on the
gold surface. The SAM-Tg provides a hydrophilic cushion layer that enhances vesicle fusion and
relieves stress imposed by the gold substrate on the fBLM.322 Moreover, it provides a water-rich
layer underneath the lipid bilayer, thus mimicking the natural cell membrane environment. After
SAM-Tg formation, the electrodes were rinsed with Milli-Q® water and then immersed in the lipid
vesicle solution (either containing or not containing AB) overnight. Finally, the electrodes were
taken out of the solution, and then the excess of the solution was gently removed with a Kimtech
wipe.

Preparation of the AB-lipid bilayer mixture. In all experiments, the AB and lipid vesicle solutions
were mixed to reach the peptide-to-lipid mass ratio of 1:20. The mixture was then sonicated for
10 min at room temperature, followed by overnight immersion of the Au(111) electrode in this
mixture.
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Electrochemical measurements. An all-glass three-electrode cell was used for all electrochemical
measurements. An Au(111), Pt wire, and saturated Ag/AgCl electrode were used as the working,
counter, and reference electrode, respectively. Before each measurement, the solution was
deoxygenated with a 30-min Ar stream purge. During the experiments, a cushion of Ar was
flowing over the solution. A small Au(111) electrode coated with the fBLM was assembled in the
electrochemical cell in the hanging meniscus configuration. Namely, the electrode was slowly
lowered vertically towards the electrolyte solution until it touched the solution surface. Then, it
was raised to form a meniscus between the electrode surface and the electrolyte.

The immersion method?41324 was employed to determine the potential of zero free charge (Epztc)
at the electrode surface. For that, the electrode freshly coated with the fBLM in the AP absence
was used for each immersion measurement. The transient of the current flowing to the
electrode, brought into contact with the electrolyte at a controlled potential (E), was measured.
Insets (a) and (b) to Figure 4.3 show characteristic current transients recorded at potentials
negative and positive to Ep.r, respectively. The transients were integrated, and the corresponding
charge was plotted as a function of the applied potential. From the intercept corresponding to
zero charge density, the Eyrc value was determined to be 0.11 (+0.02) V vs. Ag/AgCl.
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Figure 4.3. Charge density as a function of potential for fBLM in the PBS (0.01 M phosphate buffer,
0.0027 M KCl and 0.137 M NaCl, pH = 7.4) solution. Insets show current transients recorded for
fBLM at (a) 0.05 V and (b) 0.25 V vs. Ag/AgCl in the same PBS solution.

Differential  capacitance  (DC) measurements were performed using PG590
potentiostat/galvanostat (HEKA, Pfalz, DE) and a lock-in amplifier (EG&G Instruments 7265 DSP,
Wellesley, MA, US). The DC vs. potential curves were measured in the potential range of 0.3 to
-0.9 V vs. Ag/AgCl at a scan rate of 20 mV s, The resulting data were acquired using custom-
designed software. The capacity was calculated from the in-phase and out-of-phase components
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of the AC signal treating the electrochemical interface as a simple series RC equivalent electric
circuit.

Electrochemical impedance spectroscopy (EIS) measurements were conducted using the
Solartron SI 187 electrochemical interface and Solartron SI 1260 impedance/gain-phase analyzer
(Ametek Scientific Instruments, Depew, NY). The EIS spectra were acquired in the potential range
of 0.3 to -0.4V vs. Ag/AgCl. During EIS measurements, an excitation sinusoidal signal of the
amplitude of 10 mV was applied, and the spectra were recorded in the frequency range of 103 to
0.06 Hz. The data were analyzed, and the interface modeled using ZView software (Scribner
Associates Inc.).

PM-IRRAS measurements. PM-IRRAS experiments were performed using Thermo Nicolet Nexus
8700 spectrometer (Madison, WI). The spectrometer was equipped with an external tabletop
optical mount (TOM) box. A CaF; equilateral prism (BoXin, Changchun, CN) was used. The prism
was first washed with methanol and then with Milli-Q® water, followed by 15-min treatment in
the UV-Ozone cleaner (Jelight, Irvine, USA). The PM-IRRAS spectra for each spectral region of
interest were recorded in a separate experiment. For significant enhancement of the mean-
square electric-field strength, the half-wave retardation of the photoelastic modulator (PEM) was
adjusted at 1600 and 2900 cm™, and the incidence angle was adjusted to 60° and 57° for spectra
recording in the C=0 stretching/CH; scissoring and C-H stretching vibration regions, respectively.
The spectroelectrochemical cell was filled with PBS (pH = 7.4) prepared with D,0 to avoid the
H,0 bands’ spectral interference. The spectral resolution was 4 cm™. For spectra recording, 4000
scans were acquired and then averaged in the potential range of 0.40 to -0.40 V vs. Ag/AgCl. The
PEM response functions were corrected, as previously described.?*! Fourier self-deconvolution
(FSD)?> analysis was performed using the bandwidth of 25-32 cm™ and the enhancement factor
of 2.5 depending on the spectral region of examination.

Tilt angle calculations. The angles between the surface normal and the direction of transition
dipoles for symmetric (vs) and asymmetric (vas) methylene stretches, as well as C=0O bond
stretches, were calculated using Eq. 2.29, as described above (Chapter 2.2.4.). Simulated IR
spectra were generated using custom-written software that solved the Fresnel equations by
employing the transfer matrix method, as described previously.?>! The optical constants of gold,
D0, and CaF;, were taken from literature.?’3 The optical constants of the fBLMs with and without
AB were determined from the transmission IR spectra of lipid vesicle solutions with and without
AB, respectively (Figure 4.4). The bands of symmetric (vs) and asymmetric (vas) methylene
stretches were used to calculate the average tilt angle of the lipid molecules’ acyl chains using
Eqg. 2.30, as described above (Chapter 2.2.4.).
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Figure 4.4. The refractive index and attenuation coefficient dependence on frequency for fBLM
vesicles in the (a) absence and (b) presence of ABOs in the PBS/D,0 (0.01 M phosphate buffer,
0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution.

4.3. Results and discussion

Electrochemical measurements. Differential capacitance (DC) measurements were performed
to assess the quality and stability of the floating bilayer lipid membrane in the AB absence (fBLM)
as well as in the presence of ABMs (fBLM-ABMs) and ABOs (fBLM-ABOs). Figure 4.5 shows DC vs.
potential curves for the membrane-free Au electrode (curve 1 in Figure 4.5) as well as the Au
electrode coated with fBLM (curve 2 in Figure 4.5), with fBLM-ABMs (curve 3 in Figure 4.5), and
with fBLM-ABOs (curve 4 in Figure 4.5) in the potential range of 0.30 to -0.90 V vs. Ag/AgCl. The
upper abscissa label is the transmembrane potential equal to E-Ep;e. For all fBLMs, the
capacitance was the lowest at 0.10 V vs. Ag/AgCl, indicating the highest stability at Epzc. The
lowest capacitance for the fBLM was 7.3 uF cm™, a value typical for fBLMs.2°3325 |n the presence
of either ABMs or ABOs, the minimum value of capacitance increased to 14.6 or 16.8 puF cm™,
respectively, indicating a decrease in the membrane quality. When the applied potential became
more negative, the capacitance of the electrodes, coated with the three membranes, gradually
increased. The bilayer started detaching at -0.60 V vs. Ag/AgCl, as manifested by a characteristic
desorption/detachment peak at -0.70 V vs. Ag/AgCl. The DC vs. potential curves indicate that all
three membranes are unstable at potentials more negative than -0.60 V vs. Ag/AgCl. Therefore,
all further measurements were performed at £>-0.40 V vs. Ag/AgCl, i.e., where electrode
wetting does not occur.
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Figure 4.5. Differential capacitance vs. potential curves for (curve 1) the membrane-free Au
electrode, (curve 2) the Au electrode coated with fBLM, (curve 3) fBLM-ABM, and (curve 4) fBLM-
ABO in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution.
The upper abscissa label is the transmembrane potential that accounts for the potential of zero
free charge (Epzic = 0.11 V vs. Ag/AgCl). Inset shows an equivalent electric circuit used to determine
the capacitance values.

The capacitance values (Figure 4.5) were determined using a simplified RC in series equivalent
electric circuit (Inset in Figure 4.5). They provide useful information about the potential range
where the bilayers are stable. More precise information about the membrane electrical
properties can be obtained from electrochemical impedance spectroscopy (EIS) measurements
and fitting an appropriate equivalent electric circuit to the EIS data acquired. Moreover, these
data can provide information about the pore/defect forming abilities of AB. Figure 4.6 shows
plots of Bode impedance vs. frequency in the range of 1000 to 0.06 Hz for fBLM (Figure 4.6a and
4.6b), fBLM-ABMs (Figure 4.6¢ and 4.6d), and fBLM-ABOs (Figure 4.6e and 4.6f) at constant
potentials in the range of 0.30 to -0.40 V vs. Ag/AgCl.
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Figure 4.6. (3, ¢, e) Impedance and (b, d, f) phase angle as a function of frequency for (a, b) fBLM,
(c, d) fBLM-ABMs, and (e, f) fBLM-ABOs in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and
0.137 M NaCl, pH = 7.4) solution at different potentials. Symbols and lines of the same colors
represent experimental data and results of fitting of parameters of the equivalent electrical
circuits to the EIS data, respectively, for the same measurement at a single potential. Rs and Rm —
solution and membrane resistance, respectively; CPEn and CPEs, — constant-phase element for
the membrane and submembrane (spacer) region, respectively.
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Figures 4.6a, 4.6¢, and 4.6e show the dependence of absolute impedance on frequency for fBLM,
fBLM-ABMs, and fBLM-ABOs, respectively. The impedance vs. frequency curves are almost linear
for fBLM and fBLM-ABMs, typical for capacitive systems.?*® Their respective phase angle vs.
frequency plots (Figures 4.6b and 4.6d) display a plateau with the phase angle values exceeding
80°, thus indicating that the membrane capacitance primarily controls the impedance. The phase
angle decreases with the frequency decrease below 1 Hz for the two most negative potentials,
i.e., -0.30 and -0.40 V vs. Ag/AgCl. This behavior is characteristic of pores/defects formation in
the membrane because of electroporation.?4%244326 For the fBLM-ABOs membrane, the
impedance vs. frequency curve (Figure 4.6e) displays a “step-like” feature below 1 Hz. The
corresponding phase angle vs. frequency curve (Figure 4.6f) reveals a characteristic minimum at
~0.8 Hz. This minimum indicates that ABOs permeate the membrane.14>2% This experiment was
repeated four times. The average values of frequency (fmin) and phase angle (¢min) at the
minimum of the phase angle curve are plotted as a function of potential in Figures 4.7a and 4.7b,
respectively. Apparently, the fmin and ¢min are potential independent for transmembrane
potentials more positive than -0.20 V. Besides, the minimum in the phase angle vs. frequency
plot (Figure 4.6f) is symmetric. Both fmin and ¢min decrease with the transmembrane potential
decrease at potentials more negative than -0.20 V. Concomitantly, the minimum in the phase
angle vs. frequency plot (Figure 4.6f) becomes asymmetric.
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Figure 4.7. The change of (a) frequency and (b) phase angle at the phase angle vs. frequency
minimum as a function of potential for fBLM-ABO in the PBS (0.01 M phosphate buffer, 0.0027 M
KCl, and 0.137 M NaCl, pH = 7.4) solution. The upper abscissa label is the transmembrane
potential that accounts for the potential of zero free charge (Epztc = 0.11 V vs. Ag/AgCl).

The shape and position of the phase angle vs. frequency minimum depend on the density and
distribution of membrane defects.'*> For homogeneous defect distribution, the ¢min is
independent of the defect density, and the fmin shifts towards higher frequencies with the
increase of the defect density. Typically, defect distribution is homogeneous in the lipid bilayers
in the presence of peptides, such as a-hemolysin and alamethicin.?*>31%327 For heterogeneous
defect distribution (defect clusters), the defect density increase causes the ¢min increase and the
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fmin shift towards higher frequencies. This shift is much less pronounced than that for
homogeneous defect distribution. In the presence of vaginolysin, membrane pores cluster in the
lipid bilayers, having a heterogeneous defect distribution.?*® Therefore, the phase angle vs.
frequency minimum shifts towards lower phase angles and a minor shift with frequency at
transmembrane potentials below -0.20 V (Figures 4.6f and 4.7) would suggest a decrease in the
defect density. However, the membrane is electroporated in this potential range. That is, there
are small pores formed in addition to the pores generated by ABOs. Therefore, the defect density
should be higher and not lower, as earlier suggested.'*> However, all simulations concerning
homogeneous and heterogeneous defect distributions were performed for membranes
containing pores of the same radius.'* Our AFM data showed that AB generated pores of
different sizes in the lipid bilayers (Figures 3.8 and 3.9). It is unclear if the pore radius change
affects the position of the phase angle vs. frequency minimum.

To determine that, the EIS spectra for the membrane with pores of different radii were simulated
(Figures 4.8a and 4.8b). This simulation was performed using the previously adopted approach.4
Figure 4.8b shows that the pore radius increase causes a shift of the phase angle vs. frequency
minimum towards both higher phase angles and frequencies. Therefore, changes in both pores'
density and the pore size significantly influence the phase angle position vs. frequency minimum.
If this behavior (Figures 4.6f and 4.7) is considered, then it is evident that only big pores generated
by ABOs are present in the membrane at transmembrane potentials exceeding -0.20 V vs.
Ag/AgCl. However, at potentials below -0.20 V vs. Ag/AgCl, additional small pores are generated
because of electroporation. Hence, a shift of the phase angle vs. frequency minimum towards
lower phase angles and frequencies indicates a decrease of the average pore radius. These results
demonstrate that the pore size change significantly affects EIS spectral features and should be
considered when interpreting the EIS results. Moreover, this change reveals the fundamental
difference between the properties of ion channels formed by other peptides, like a-hemolysin or
alamethicin,#>319327 and defects/pores formed by ABOs.

Figure 4.8c compares absolute impedance values determined at 0.8 Hz, i.e., the frequency of the
phase angle vs. frequency minimum (Figure 4.6f), for all three fBLMs as a function of the
electrode potential. For all three membranes, the impedance displays a maximum at ~0 V vs.
Ag/AgCl, i.e., the potential slightly more negative than Ey;. Apparently, either positive or
negative charging of the electrode decreases membrane impedance. Significantly, this
impedance is the highest for fBLM and the lowest for fBLM-ABOs.
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Figure 4.8. The EIS simulated curves of the (a) impedance and (b) phase angle dependence on
frequency for the membrane with pores of different radii. Modeling was performed using the
pore radii from 1 to 30 nm. Other parameters are: defect density, Nger = 190 um?; Helmholtz layer
capacitance, Cy = 0.06 F cm2; membrane capacitance, Cm = 0.045 F cm?; solution resistance, Rsol
=90 Q; pore conductance, Y4et = 0.7 pS; thickness of the submembrane spacer layer, dsuo = 1.7
nm; specific resistance of the conducting media in the submembrane spacer layer, psu = 10° Q
cm. (c) Experimental impedance as a function of potential at the phase angle vs. frequency
minimum for (curve 1) the fBLM, (curve 2) fBLM-ABM, and (curve 3) fBLM-ABO in the PBS (0.01
M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl, pH = 7.4) solution. The upper abscissa label
is the transmembrane potential that accounts for the potential of zero free charge (Epzic = 0.11 V
vs. Ag/AgCl).

Further information concerning the electrical properties of the three fBLMs is obtained by fitting
an equivalent electric circuit to the EIS data. For fBLM and fBLM-ABMs, a simple equivalent circuit
(Inset in Figure 4.6c) is used, where Rs and Rm are solution and membrane resistance,
respectively, and CPEn is the membrane constant-phase element. The EIS measurements indicate
that the presence of ABMs does not lead to the formation of pores in the membrane (there is no
minimum in the phase angle vs. frequency plot). For the fBLM-ABOs, the equivalent circuit
proposed by Valincius?** (Inset in Figure 4.6e) is used. This circuit introduces a constant-phase
element of the submembrane (spacer) region (CPEsp), separating the membrane from the gold
surface. This element accounts for the electric properties of the hydrated Tg monolayer. In the
pores’ presence, ions may migrate between the submembrane region and the solution bulk,
affecting this region’s properties. The impedance of the constant-phase element is defined by
Eq. 2.10. If o is close to 1, the impedance is dominated by capacitance, and Q can be considered
capacitance. If a is close to 0, the impedance is dominated by resistance.

Symbols in Figure 4.6 show experimental data, and solid curves represent the fitting of the
equivalent circuits to the experimental data. The numerical values of elements of the equivalent
circuits are reported in Table 4.1. The Qm values can be considered as representing membrane
capacitance because am parameters are close to 1.
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Table 4.1. Numerical results of the equivalent electric circuits fittings to the EIS data for fBLM in
the AB absence (fBLM), fBLM in the presence of AR monomers (ABMs), and fBLM in the presence

7.4),0.0027 M KCl, and 0.137

of AB oligomers (ABOs) at different potentials in 0.01 M PBS (pH
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Figure 4.9a compares membrane capacitance (Qm) vs. potential curves for the three fBLMs.
Qualitatively, they agree well with the corresponding DC vs. potential curves (Figure 4.5). All
three curves display a broad minimum at (E-Epzic) ~ -0.1 V. The addition of ABMs or ABOs to the
fBLM results in the Qm increase at all potentials. For fBLM, the Qm in the presence of ABOs is
higher than that in the ABMs presence. Figure 4.9b compares membrane resistance changes with
potential for the three membranes. Each curve displays a maximum at the transmembrane
potential of ~ -0.10 V, which corresponds well to the minima position in the Qm vs. potential
curves in Figure 4.9a. The Rm rapidly decreases at both positive and negative potentials (Figure
4.9b). The maximum Rm value for the fBLM is ~4 and ~1200 times higher than that for fBLM-
ABMs and fBLM-ABOs, respectively. Very low Rm values for fBLM-ABOs are consistent with the
pore formation by ABOs, observed in our previous study (see Chapter 3, above).
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Figure 4.9. Potential dependence of membrane (a) capacitance (Qm) and (b) resistance (Rm) for
the fBLM (curves 1 and 1’), fBLM-ABMs (curves 2 and 2’), and fBLM-ABOs (curves 3 and 3’) at
different potentials in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH =
7.4) solution. Inset shows the magnified Rm vs. potential curve for fBLM-ABOs. The upper abscissa
plots the transmembrane potential that accounts for the potential of zero free charge (Epzc = 0.11
V vs. Ag/AgCl).

Figure 4.10 presents plots of the spacer layer capacitance (Qsp) and coefficient asp for fBLM-ABOs
as a function of electrode potential. The minimum of Qs, and maximum of as, is displayed at
transmembrane potential ~ -0.10 V, indicating the highest impedance of the submembrane
region and demonstrating capacitive behavior at this potential. The Qspincrease (Zsp decrease) at
both more positive and more negative potentials is associated with the decrease of asp, thus
suggesting that the impedance of CPEs, at this potential is more resistive. This behavior is
consistent with electroporation and ABO-assisted membrane poration.
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Figure 4.10. The constant phase element, Qsp, and asp coefficient, representing the spacer layer’s
impedance, as a function of electrode potential for the fBLM with ABO in 0.01 M PBS (pH = 7.4),
0.0027 M KCl, and 0.137 M Nacl.

IR spectroscopy measurements. PM-IRRAS studies allow determining conformation and
orientation of both phospholipids and AB molecules in the membrane and their dependence on
the external electric field. The C-H vibration modes (located in the spectral range of 3100-2800
cm-1), C=0 vibration modes (1800-1700 cm-1), and CH; vibration modes (1550-1350 cm-1)
provide information about the geometric properties of phospholipid molecules. The amide | band
region (1700-1600 cm-1) is useful for determining AP properties. Present PM-IRRAS
measurements are performed in the potential range of 0.40 to -0.40 V vs. Ag/AgCl.

C-H bond stretching vibration modes of lipids. The C-H stretching vibration region (3100-2800
cm-1) of the PM-IRRAS spectra contains useful information about lipid acyl chains’ conformation
and orientation.'%® Figures 4.11a-4.11c show PM-IRRAS spectra in the C-H stretching region for
fBLM, fBLM-ABMs, and fBLM-ABOs. Spectra deconvolution in the C-H stretching region shows
bands of both CH,; symmetric (v(CH2)s) and asymmetric (v(CH2)as) vibrations, as well as CH3
symmetric (v(CHs)s) and asymmetric (v(CHs)as) vibrations. Moreover, two bands corresponding to
Fermi resonances (Figure 4.11d) are present.
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Figure 4.11. The PM-IRRAS spectra in the C-H stretching band region for (a) fBLM, (b) fBLM-ABMs,
and (c) fBLM-ABOs at different potentials in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and
0.137 M NaCl, pH = 7.4) solution. (d) The deconvoluted PM-IRRAS spectra in the C-H stretching
band region showing the methyl asymmetric (CHsas), methylene asymmetric (CH.as), methyl
symmetric (CHss), methylene symmetric (CHzas), and Fermi resonance (FR) bands. (e) Overlaid
PM-IRRAS spectra for the bare fBLM (black curve), fBLM-ABM (red curve), and fBLM-ABO (blue
curve) showing the change in the width and position of C-H stretching bands. Insets show
magnified spectra regions of CH,as (top inset) and CHaas (right inset) bands for clarity.

Integrated intensities of the symmetric and asymmetric CH; bands are used to calculate the
average tilt angle of trans fragments of acyl chains (Figure 4.12a), as described in Chapter 2.2.4.
The optical constants of membrane lipids needed for these calculations are obtained from the
transmission IR measurements (Figure 4.4). Figure 4.12b plots the calculated average tilt angle
of trans fragments of acyl chains vs. potential. These values could be used as an approximate
measure of the orientation of acyl chains. The lipid acyl chains’ orientation is potential-
independent for all three membranes. For fBLM, the tilt angle is 31(x1)°, typical of acyl chains in
BLMs.2”7:328 The average tilt angle of acyl chains increases in the presence of either ABMs or ABOs
at all potentials. It is equal to 54(x7)° and 64(+1)° for fBLM-ABMs and fBLM-ABOs, respectively.
This significant increase suggests that both ABMs and ABOs interact with the membrane
hydrophobic core, and this interaction is more pronounced for ABOs.
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Figure 4.12. (a) Schematic view of the DSPE molecule adsorbed on Au(111) showing directions of
the transition dipole moments of the symmetric, 5(CHz), and asymmetric, vas(CH2), methylene
stretches for a lipid acyl chain and the tilt angle (knain) of acyl chains [adapted from 1%]. (b) The
tilt angle of lipid acyl chains as a function of potential for the (curve 1) fBLM, (curve 2) fBLM-ABM,
and (curve 3) fBLM-ABO in the PBS/D20 (0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl,
pH = 7.4) solution. The upper abscissa label is the transmembrane potential that accounts for the
potential of zero free charge (Epztc = 0.11 V vs. Ag/AgCl).

Position and width of v(CHz)s and v(CHz)as bands provide information on the phospholipid acyl
chain conformation and mobility in the membrane.?®*2°% The two CH2 stretching bands’
positions are potential independent for both fBLM-ABMs and fBLM-ABOs (Figures 4.13a and
4.13b, respectively). In contrast, these bands for fBLM are shifted to higher wavenumbers at
negative potentials. This shift is more pronounced for the asymmetric band (curve 1 in Figure
4.13b). The v(CH2)s and v(CH2)as wavenumbers below 2850 and 2920 cm™, respectively, are
characteristic of the bilayer’s gel state, in which acyl chains are fully stretched and assume the
all-trans conformation.'®® Wavenumbers' values of the two bands correspond to the gel state of
fBLM in the absence of AB (Figures 4.13a and 4.13b). In the presence of either ABMs or ABOs,
these bands shift towards higher wavenumbers, indicating partial melting of the lipid acyl chains.
This shift is more distinct for the v(CH.)as band than for the v(CHz)s band. These results indicate
that lipids have an increased number of gauche conformers in the presence of both ABMs and
ABOs, suggesting lipid acyl chains’ melting by both AB forms.2>>32° The chain melting is more
pronounced in the ABOs presence than in the ABMs presence. For all three membranes, widths
of the v(CH2) asand v(CH;)s bands are potential independent (Figures 4.13c and 4.13d). However,
the presence of either ABMs or ABOs induces a significant decrease in both bands' width. This
width decrease indicates an AB-induced decrease of lipid acyl chain mobility.?>>2>¢

The spectra in the C-H stretching region indicate that the amyloid presence induces changes in
lipid acyl chains' orientation and conformation and decreases chains' mobility. These changes
differ from typical temperature-induced phospholipid chain melting, where conformational
disordering is accompanied by increased lipid acyl chain mobility.2%2
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Figure 4.13. (a, b) Position and (c, d) width of the (a, ¢) v(CHz)s and (b, d) v(CHz) as bands as a
function of potential for (curves 1, 1',1", and 1'"") fBLM, (curves 2, 2", 2", and 2"") fBLM-ABM, and
(curve 3, 3, 3", and 3"") fBLM-ABO in the PBS/D,0 (0.01 M phosphate buffer, 0.0027 M KCl, and
0.137 M NaCl, pH = 7.4) solution. CHx(s) and CH;(as) stand for the CH; stretching symmetric and
asymmetric vibrations, respectively. The upper abscissa label is the transmembrane potential that
accounts for the potential of zero free charge (Epstc = 0.11 V vs. Ag/AgCl).

C-H scissoring vibration mode of lipids. The C-H scissoring vibration band, 6(CH>), provides useful
information concerning interchain interactions and packing of lipid molecules in the bilayer.
Figure 4.14 shows PM-IRRAS spectra in the 1550-1420 cm™ region containing a wide band for all
three membranes. The FSD analysis allows the deconvolution of the broad spectral region. The
bands seen in the FSD spectra can be assigned to the asymmetric §(N*(CHs)s3)as vibration (band at
~1490cm?), the &(CH2) scissoring vibration (band at ~1470 cm™), the &(CHs)as asymmetric
vibration of terminal CHs groups of acyl chains (band at ~1450 cm?), and &(N*(CHs)s)s symmetric
vibration of terminal CHs; groups of acyl chains (band at ~1437 cm™ overlapping with that for
5(CHs)s). 255,260
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Figure 4.14. (solid black curves) The PM-IRRAS spectra in the CH; scissoring vibration band region
and (red dotted curves) the corresponding Fourier self-deconvolution (FSD) spectra for (a) fBLM,
(b) fBLM-ABMs, and (c) fBLM-ABOs in the PBS/D20 (0.01 M phosphate buffer, 0.0027 M KCl, and
0.137 M NaCl, pH = 7.4) solution.

The 6(CH2) scissoring band is shifted from 1470 cm™ for fBLM to 1468 and 1467 cm* for fBLM-
ABMs and fBLM-ABOs, respectively. These shifts indicate that in both AR forms presence, lipid
molecule packing changes from the triclinic to the hexagonal unit cell.2>7260

C=0 stretching vibration mode of lipids. The 1800-1700 cm™ region of the PM-IRRAS spectrum
contains a band corresponding to the ester carbonyl C=0 stretching vibration of the glycerol
moiety of the phospholipid molecule. The PM-IRRAS spectra and the corresponding FSD analysis
for the three bilayers at different potentials are shown in Figure 4.15.
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Figure 4.15. The PM-IRRAS spectra in the C=0 stretching band region for (a) fBLM, (b) fBLM-ABMs,
and (c) fBLM-ABOs at different potentials in the PBS/D20 (0.01 M phosphate buffer, 0.0027 M KCl,
and 0.137 M NacCl, pH = 7.4) solution.
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The FSD analysis shows a band at ~1743 cm™ corresponding to a non-hydrogen bonded
(dehydrated) carbonyl group and two bands at ~1731 and ~1724 cm™ corresponding to a
hydrogen-bonded (hydrated) carbonyl group (Figures 4.16a-c). The C=0 band’s deconvolution
revealed that sub-bands corresponding to non-hydrogen-bonded and hydrogen-bonded
carbonyl groups occupy areas of similar size in fBLM and fBLM-ABOs (Figures 4.16d and 4.16f).
This feature indicates that the content of non-hydrated and hydrated lipid heads in these two
samples is similar. In fBLM, 52 and 48% of the lipid heads were non-hydrated and hydrated,
respectively. In fBLM-ABO, 55 and 45% of the lipid heads were non-hydrated and hydrated,
respectively. However, in fBLM-ABM, 67 and 33% of the lipid heads were non-hydrated and
hydrated, respectively (Figure 4.16e). These results suggest that ABMs, unlike ABOs, dehydrate
lipid heads.
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Figure 4.16. (solid black curves) The PM-IRRAS spectra and (red dotted curves) the corresponding
Fourier self-deconvolution (FSD) spectra of the C=0 band region for (a) fBLM, (b) fBLM-ABMs, and
(c) fBLM-ABOs in the PBS/D,0 (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH =
7.4) solution at different potentials. The PM-IRRAS spectra deconvoluted in the C=0 band region
for (d) fBLM, (e) fBLM-ABMs, and (f) fBLM-ABOs.

The spectra are independent of the potential applied (Figure 4.15). Therefore, they are averaged
and normalized to improve the S/N ratio (Figure 4.17b). The integrated intensity of the C=0 band
and Eqg. 2.29 are used to calculate the angle between the direction of the transition dipole
moment of the C=0 bond and the surface normal, i.e., the direction of the C=0 bond angle (Figure
4.17a). Figure 4.17c plots the C=0 bond angle as a function of the potential applied for all three
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membranes. The C=0 bond angle is potential independent (within limits of experimental errors)
for all three membranes. The C=0 bond is nearly perpendicular to the fully stretched acyl chain.

Therefore, the sum of the acyl chains and the C=0 bond angles against the surface normal should
be ~90°. Indeed, the determined C=0 angle of ~70° is consistent with the acyl chain tilt angle of
~30° determined for fBLM (Figure 4.12b). However, the C=0 bond angle of ~73° for fBLM-ABMs
is unexpectedly high because the acyl chain tilt angle is ~50°, thus resulting in the sum of these
two angles of ~120°. Notably, the sum of tilt angles for C=0 bonds and acyl chains for the fBLM-
ABOs is again close to 100°. The sum of the C=0 bond and acyl chain angles for fBLM-ABMs higher
than those of fBLM and fBLM-ABOs, as well as dehydration of lipid heads only in the presence of
ABMs, suggest that ABMs interact with the membrane lipids in a fundamentally different way
than ABOs do.
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Figure 4.17. (a) Schematic view of DSPE molecule adsorbed on Au(111) showing the C=0 bond
angle between the (black arrow) surface normal and (blue arrow) direction of the transition
dipole moment of the C=0 bond. (b) Normalized and averaged PM-IRRAS spectra in the C=0
stretching vibration region for the (curve 1) fBLM, (curve 2) fBLM-ABMs, and (curve 3) fBLM-ABOs
in the PBS/D,0 (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution.
Each spectrum is an average of five spectra shown in Figure 4.15. (c) The C=0 bond angle for the
(curve 1') fBLM, (curve 2') fBLM-ABM (curve 2'), and (curve 3') fBLM-ABO as a function of the
potential applied. The upper abscissa label is the transmembrane potential that accounts for the
potential of zero free charge (Epztc = 0.11 V vs. Ag/AgCl).

The amide | band spectra. The amide | band of peptides and proteins is used to determine their
secondary structure. AP aggregation is accompanied by the conversion of a structure rich in a-
helices and random coils present in ABMs to B-sheet secondary structure characteristic of AB
aggregates.330-332 Therefore, the secondary structure's determination can help identify the AB
form that interacts with fBLM. The amide | band is usually very broad and, therefore, requires
spectral deconvolution for interpretation. Figures 4.18a and 4.18b show PM-IRRAS spectra of the
amide | band for fBLM-ABMs and fBLM-ABOs, respectively, at different potentials.
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Figure 4.18. The PM-IRRAS spectra in the amide | band region for (a) fBLM-ABMs and (b) fBLM-
ABOs in the PBS/D20 (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4)
solution at different potentials. (solid black curves) The PM-IRRAS spectra and (red dotted curves)
the corresponding FSD spectra in the amide | band region for (c) fBLM-ABMs and (d) fBLM-ABOs
at 0 V vs. Ag/AgCl. (e) The content of (black curves) B-sheet and (red curves) random coil/a-helix
secondary structure, estimated by deconvolution of the PM-IRRAS spectra of (curve 1) fBLM-ABM
and (curve 2) fBLM-ABO vs. potential. The black arrow indicates an increase in the B-sheet
content, and the red arrow indicates a decrease in the content of the random coil/a-helix
secondary structures in fBLM-ABO compared to the corresponding contents in fBLM-ABM.

The amide | band is weakly potential dependent for both fBLM-ABMs and fBLM-ABOs. The
spectra recorded at different potentials are averaged and plotted in Figure 4.19. The FSD analysis
is used to reveal the sub-bands in a broad envelope of this spectral region (Figures 4.18c and
4.18d). With this information, the spectra in Figure 4.19 are deconvoluted to show sub-bands
corresponding to the random coil, B-sheet, B-turn, and a-helix secondary structures. For both
fBLM-ABMs and fBLM-ABOs, the secondary structures did not change with the potential applied
(Figure 4.18e). The amide | band in fBLM-ABMs (Figure 4.19a) contains strong a-helix and random
coil bands, characteristic of ABMs.333 In contrast, Figure 4.19b shows weaker a-helix and random
coil bands and a stronger B-sheet band for fBLM-ABOs compared to those for fBLM-ABMs. This
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result indicates higher B-sheet as well as lower a-helix and random coil content in fBLM-ABOs
compared to those in fBLM-ABMs (Figure 4.18e). This change in the dominant secondary
structure of AB signifies the presence of AB aggregates.?80333334
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Figure 4.19. Deconvoluted amide | band region of the PM-IRRAS spectra averaged at all potentials
for (a) fBLM-ABMs and (b) fBLM-ABOs in the PBS/D,0 (0.01 M phosphate buffer, 0.0027 M KCl,
and 0.137 M NaCl, pH = 7.4) solution.

Figure 4.20 shows the correlation between the secondary structure content of both AB forms
(ABMs and ABOs) and the C=0 bond angle against the surface normal. The aperture had to be
adjusted accordingly, and every spectral region of interest had to be studied in a separate
experiment to obtain high enhancement of the signal in the spectral region of interest in the PM-
IRRAS experiment. The lipid C=0 band is located close to the amide | band of AB. Therefore, the
signal from both regions is expected to be enhanced similarly. Hence, it is easy to directly
correlate changes in the C=0 angle of the carbonyl glycerol ester group in the lipids with changes
of the amide | band in the AB secondary structure in a single experiment. Figure 4.20 was
constructed using four independent measurements. A cluster of points at ~78° and ~68°
correspond to two separate measurements for fBLM-ABMs, and the remaining points correspond
to measurements for fBLM-ABOs. Because the spectra were recorded at several potentials for
each measurement, the data point spread within the cluster accounts for small changes induced
by the electrode potential variation. The content of the random coil and a-helix secondary
structures is high, and that of B-sheet is low for fBLM-ABMs, thus indicating a high population of
ABMs and a low population of ABOs, respectively. As expected for fBLM-ABOs, the random coil
and a-helix secondary structures’ content is low, and the content of the B-sheet is high.
Apparently, the population of ABOs dominates over that of ABMs as expected because the ABOs
population increases at the expense of the ABMs population during AP aggregation. Interestingly,
the higher the ABOs population, the lower is the C=0 bond angle. This relation directly shows
that the change in the C=0 bond angle in each membrane is influenced by the presence of ABO
only.
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Figure 4.20. The correlation between the content of dominant AR secondary structure and
changes in the C=0 bond angle against the surface normal for fBLM-ABMs and fBLM-ABOs
samples. The secondary structure percentage corresponds to the fraction of the sub-bands’ area
to the total area under the amide | band.

Generalized two-dimensional correlation spectroscopy (2D-COS)33°> was employed to analyze
spectra used to construct Figure 4.20. The perturbation applied to obtain these spectra was the
change in the angle of the C=0 bond in the membrane lipids. The 2D-COS analysis provides two
significant pieces of information, i.e., (i) it allows identifying bands corresponding to different
elements of the secondary structure, thus verifying the FSD analysis, and (ii) it provides
information about sequential changes of analyzed bands.?%%33> Synchronous (Figure 4.21a) and
asynchronous (Figures 4.21b and 4.21c) 2D-COS spectra were constructed for 1800-1600
cm ™ region. The synchronous spectra show poorly resolved broad auto-correlation bands located
at the diagonal (Figure 4.21a). The low resolution and the absence of sub-bands indicate that the
spectral changes are predominantly asynchronous (out of phase).'% There are two negative
cross-correlation bands between bands corresponding to C=0 vibrations in lipids and amide | sub-
bands of AB. These bands’ negative sign indicates that the bands of lipids and amide | bands
change in opposite directions.
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Figure 4.21. (a) Synchronous and (b) asynchronous 2D-COS spectra used to calculate data plotted
in Figure 4.20. (c) Enlarged asynchronous 2D-COS spectra of the amide | band region for Ap.
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The resolution of asynchronous spectra is high, and all sub-bands identified by FSD are seen
(Figure 4.21b). This performance confirms that the observed changes are out of phase. The
asynchronous spectrum consists of cross-correlation bands only and provides information about
sequential changes of the bands. The positive sign of a band (v1, v2) indicates that the v;1 band
changes precede changes in the v> band.?6%33> The cross-correlation of amide | bands of AB and
C=0 bands of lipids is positive. However, the corresponding cross-correlation band in the
synchronous spectrum is negative, and, hence, it inverts the sequence predicted by the
asynchronous bands. This feature indicates that changes in the C=0 bands precede changes in
the amide | bands, i.e., first, changes in the lipids, and then changes in the peptide occur.

Figure 4.21c shows magnified asynchronous spectra corresponding to amide | bands of AB. The
synchronous spectra for this region are absent. The analysis shows negative cross-correlation
between the B-sheet band at 1626 cm™ and all other amide | sub-bands. This feature indicates
that the B-sheet band changes after other sub-bands change. In general, the analysis indicates
that a higher wavenumber band changes before a lower wavenumber band. That is, the B-turn
(1681 cm™) change is followed by changes in B-turn (1667 cm™?), a-helix (1556 cm*), random coil
(1640 cm™), and finally, in B-sheet (1626 cm™). Changes in a-helix/random coil (ABMs structure)
precede changes in B-sheet (ABOs structure). This sequence of changes suggests that the cause
of changes shown in Figure 4.20 is ABMs aggregation into ABOs, involving the transformation of
the a-helix/random coil structure to that of B-sheet. This inference is consistent with the AB
aggregation mechanism.330

4.4, Conclusions

The interactions of ABMs and ABOs with fBLM were investigated using electrochemical and IR
spectroscopic techniques. Electrochemical measurements demonstrated that ABOs significantly
altered the electric properties of the membrane. These changes resulted from the membrane
poration by ABOs. The electric properties of the fBLM-ABOs were different from those reported
for lipid bilayers containing ion channels, thus evidencing the fundamental difference between
pores formed by ABOs and ion channels formed by other toxins, such as a-hemolysin and
alamethicin.#>319327 Moreover, the change in the average pore size significantly affected the EIS
results and should be considered when analyzing the EIS data for phospholipid bilayers. This
finding demonstrates a novel way of interpreting the EIS results.

PM-IRRAS studies show that both ABMs and ABOs cause significant lipid molecules disordering,
as evidenced by conformational and orientational changes of lipid molecules in the fBLM. Both
AB forms interact with the membrane hydrophobic core. They increase the tilt angle of lipid acyl
chains, increase the number of gauche conformers in the lipid acyl chains, decrease lipid acyl
chains' mobility, and change the lipid molecule packing. All these changes were more significant
in the presence of ABOs than in the ABMs presence. For fBLM-ABMs, the phospholipid carbonyl
groups were dehydrated, and there was no change in the angle of the C=0 bond located in the
lipid heads. In contrast, ABOs changed the angle of the C=0 bond, causing the reorientation of
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lipid heads without affecting their hydration. These results demonstrate that the respective
interactions of ABMs and ABOs with lipid heads are significantly different. The 2D-COS
spectroscopy results showed that structural changes of lipids preceded those of AB. Moreover,
they confirmed that changes in the random coil and a-helix bands preceded changes in the B-
sheet band. These results comply with the AR aggregation mechanism assuming structural
transformation from the random coil/a-helix to the B-sheet secondary structure.

The present results provide novel information on the AB-induced changes in the fBLM properties,
thus enabling a deeper understanding of the mechanism of interaction of AB with bilayer lipid
membranes and, consequently, pathology of Alzheimer’s disease.
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Chapter 5. Inhibition of amyloid B-induced lipid membrane permeation
and amyloid B aggregation by K162

The present chapter discusses the research work submitted for publishing.

Dusan Mrdenovic,"® Piotr Zarzycki,” Marta Majewska," Izabela S. Pieta,” Robert Nowakowski,"
Wlodzimierz Kutner,™* Jacek Lipkowski,$ Piotr Pieta’*

"Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw,
Poland

SDepartment of Chemistry, University of Guelph, 50 Stone Road East, Guelph, Ontario N1G 2W1,
Canada

"Energy Geosciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley, California, United States

*Faculty of Mathematics and Natural Sciences, School of Sciences, Cardinal Stefan Wyszynski
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Abstract

Alzheimer's disease (AD) is characterized by progressive neurodegeneration associated with
amyloid B (AB) peptide aggregation. The aggregation of AB monomers (ABMs) leads to the
formation of AR oligomers (ABOs), the neurotoxic AR form, capable of permeating the cell
membrane. Here, we investigated the effect of a fluorene-based active drug candidate, named
K162, on both AP aggregation and APO toxicity towards the bilayer lipid membrane (BLM).
Electrochemical impedance spectroscopy (EIS), atomic force microscopy (AFM), and molecular
dynamics (MD) were employed to show that K162 inhibits ABOs-induced BLM permeation, thus
preserving BLM integrity. In the presence of K162, only shallow defects on the BLM surface are
formed. Apparently, K162 modifies AP aggregation by bypassing the formation of toxic ABOs, and
only non-toxic ABMs, dimers (ABDs), and fibrils (ABFs) are produced. Unlike other AB toxicity
inhibitors, K162 preserves neurologically beneficial ABMs. This unique K162 inhibition
mechanism provides an alternative AD therapeutic strategy for future exploration.
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5.1. Introduction

Recent studies consider ABOs to be the most toxic AP form, while ABMs and ABFs are considered
non-toxic.62%3 ABOs can permeate the cell membrane.61.162164,167 Once incorporated into the
cell, they may cause learning and cognition deficiency,®®%° deterioration of synapses,’®’! leakage
of lysosomal enzymes,”? inhibition of mitochondrial activity,’* increased production of reactive
oxygen species,’” and neuroinflammation.”®”’

AB inhibitors act either by (i) stimulating ABMs aggregation into non-toxic off-pathway
oligomers,336-338 (jj) binding to fibril surface, thus preventing ABOs formation via secondary
nucleation,33%:340 or (iii) accelerating AB aggregation, thus decreasing the lifetime of toxic ABOs
and stimulating the formation of non-toxic ABFs.341343 |n all these therapeutic strategies, ABMs
are consumed. ABMs stimulate brain development,?” positively contribute to differentiation and
proliferation of neural progenitor cells,3** human neural stem cells,3* enhance survival of
neurons,3*® and protect neurons from excitotoxic cell death.3*” Therefore, the disadvantage of
previously developed therapeutic strategies is that with the elimination of ABMs, many beneficial
physiological abilities of ABMs are lost.

A fluorene-based compound known as K162 decreases ABOs toxicity in vivo.34 Evidently, K162
penetrates the blood-brain barrier, inhibits ABOs binding to synapses, and decreases amyloid
load inside MC65 cells and hippocampus of 5xFAD mice brain. However, the mechanism of these
K162 in vivo effects is not described.

Here, we reveal that K162 prevents ABOs-induced bilayer lipid membrane (BLM) permeation by
altering the AP aggregation pathway. In the K162-modified AR aggregation, ABMs dimerize. Then,
these AB dimers (ABDs) do not oligomerize but fibrillate. This way, the formation of membrane-
permeating ABOs is bypassed. Unlike other amyloid inhibitors, K162 preserves the neurologically
beneficial ABMs.

5.2. Experimental section

AB peptide preparation. Lyophilized amyloid B (1-42) peptide was purchased from rPeptide
(Watkinsville, USA) and Bachem (Bubendorf, Switzerland). The MS analysis showed that the
peptide purity was high (Figure 4.1). The peptide solution was prepared by following the
previously developed procedure?® with slight modifications introduced in our previous studies
(Chapters 3.2 and 4.2, above). Briefly, AB was first dissolved to reach the 0.5-mg ml*
concentration in TFA from Sigma-Aldrich by 5-min vortexing to remove pre-existing AP
aggregates. Then, TFA was removed under an Ar stream, leaving the peptide film on the glass vial
wall. Next, the peptide film was dissolved to reach the 0.5 mg ml* concentration in HFIP from
Sigma-Aldrich by 5-min vortexing. Subsequently, HFIP was evaporated under an Ar stream,
leaving the AB film on the glass vial wall. The dissolution of AB film in HFIP and subsequent
removal of HFIP were repeated once more. Next, the AB film was dissolved at the 0.25 mg ml?
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concentration in HFIP by 5-min vortexing. The AB solution was divided into 20 aliquots, each
containing 50 ug of the peptide per centrifuge tube. The tubes were covered with Kimtech wipes
to protect aliquots from dust contamination and then left under the fume hood overnight to
allow for HFIP evaporation. Next, residual HFIP was removed under decreased pressure in a
desiccator for 1 h, and the resulting transparent peptide films were stored in the freezer at
-20 °C. A single aliquot was used for each experiment. The peptide film was resuspended in a 20-
pul sample of DMSO from Sigma-Aldrich. The AP aggregation was initiated by diluting the
AB/DMSO solution to 50-pug ml* AB concentration with 0.01 M PBS solution. The PBS solution
was prepared by dissolving PBS tablets from Sigma-Aldrich in 200 mL of Milli-Q® water, 18.2 MQ
cm, thus obtaining the 0.01 M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl (pH = 7.4)
solution. Initially, the 50-ug ml* AB solution contained mostly ABMs. The ABMs solution was then
immediately stored in the fridge at 4 °C and allowed to aggregate for 24 h. The AB aggregation
rate is lower at lower temperatures.3* Therefore, storing the ABMs solution at 4 °C for 24 h
allowed us to obtain a solution of small, membrane-permeating ABOs, as shown previously.

Incorporation of K162 into AP solution. A powder of K162 (Figure 5.1) from Sigma-Aldrich was
dissolved at the 5-mM concentration in DMSO to make a K162 stock solution. Then, K162 was
incorporated into AB solutions in two ways. In one way, named the pre-incorporation procedure,
the 20 pl of K162/DMSO stock solution was used to resuspend the 50-pug AB aliquot, thus
obtaining the ABMs/K162/DMSO solution. This solution was then diluted to reach the 50-ug ml*?
AB concentration and subsequently allowed to aggregate in the fridge at 4 °C for 24 h, thus
providing the same aggregation conditions as those in the drug absence. In the other way, named
the external addition procedure, first, a 50-ug ABMs sample, dissolved in the 20 uL of DMSO
solution and 980 ul of PBS, was allowed to aggregate for 24 h at 4 °C. Next, the ABOs solution
was mixed with the 20 ul of K162/DMSO stock solution. The final ABOs/K162 solution was stored
again at 4 °C for 24 h. In this way, conditions of the K162 interaction with both ABMs and ABOs
were identical. The drug-to-peptide ratio in all samples was 10:1 (v:v).

oL

Figure 5.1. The structural formula of K162.

Lipid vesicle preparation. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), cholesterol (Chol), porcine brain
sphingomyelin (SM), and ovine brain monosialoganglioside (GM1), purchased from Sigma-
Aldrich, were used without further purification. Structural formulas of these lipids are shown in
Figure 4.2. DSPE was dissolved in the chloroform:methanol (9:1, v:v) mixed solvent solution at
50 °C. Other lipids were dissolved in chloroform at room temperature. The lipid stock solutions
were stored in the freezer at -20 °C. An aliquot of each lipid stock solution was transferred to a
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glass vial, and the final solution contained 1 mg of lipids. This mixed lipid solution contained 50%
DSPE, 15% DPPC, 25% Chol, 8% SM, and 2% GM1 (w/w). Our previous study (Chapter 4) used this
lipid composition to mimic aged lipid rafts formed in the cells' membrane from the human frontal
cortex found in AD patients' brains.3?! The solvents were evaporated under an Ar stream
accompanied by vortexing to produce a lipid film on the bottom of the glass vial. Then, this film
was resuspended in the PBS solution to reach the 1 mg ml! lipid concentration. Finally, lipid
vesicles were formed after 20-min sonication of the lipid solution at 45 °C using ultrasonic cleaner
Sonorex Digiplus DL 102 H from Bandelin (Berlin, Germany).

The lipid vesicle and ABOs solutions (either without or with K162) were mixed to reach the
peptide-to-lipid mass ratio of 1:20. Then, the mixture was sonicated for 10 min at room
temperature and used immediately afterward.

Electrochemical impedance spectroscopy (EIS) measurements. The vesicle fusion method was
used to prepare a BLM.?Y Single-crystal Au(111) electrode (surface area of 0.7854 cm?) was used
as the working electrode for electrochemical measurements. Before use, this electrode was
pretreated according to the previously developed procedure.3?? Briefly, the electrode was rinsed
with Milli-Q® water and then flame annealed using a Bunsen burner. After cooling down to room
temperature, the electrode was immersed in a 0.4 mg ml* 1-thio-B-D-glucose (Tg) solution from
Sigma-Aldrich for 5 h. That way, a self-assembled monolayer of Tg (SAM-Tg) was formed on the
gold surface. The SAM-Tg provides a hydrophilic cushion layer that enhances vesicle fusion and
relieves the stress gold substrate imposes on the BLM.322 Moreover, it provides a water-rich layer
underneath the lipid bilayer, thus mimicking the natural cell membrane environment. After SAM-
Tg formation, the electrode was rinsed with Milli-Q® water and then immersed in the lipid vesicle
solution (either containing or not containing ABOs and K162) overnight. Finally, the electrodes
were withdrawn from the solution, and then the excess of the solution was gently removed with
a Kimtech wipe.

The all-glass three-electrode cell was used for all electrochemical measurements. An Au(111), Au
wire, and saturated calomel electrode (SCE) were used as the working, counter, and reference
electrode, respectively. Before each measurement, the solution was purged for 30 min with an
Ar stream for deaeration. During the experiments, an Ar cushion was flowing over the solution.
The Au(111) electrode coated with the BLM was assembled in the electrochemical cell in the
hanging meniscus configuration (Figure 4.3). That is, the electrode was slowly lowered vertically
toward the electrolyte solution until it touched it. Then, it was raised to form a meniscus between
the electrode surface and the electrolyte.

Electrochemical impedance spectroscopy (EIS) measurements were conducted using VSP
electrochemical interface (Biologic). The EIS spectra were acquired in the potential range of 0.30
to -0.40 V vs. SCE. During EIS measurements, an excitation sinusoidal voltage signal of the
amplitude of 10 mV was applied, and the spectra were recorded in the frequency range of 103 to
0.05 Hz. The EIS data were fitted using ZView software (Scribner Associates Inc.).
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Atomic force microscopy (AFM) imaging. The BLM samples were imaged with AFM in the
PeakForce quantitative nanomechanical mapping (PF-QNM) mode using a MultiMode 8 system
(Bruker) equipped with an E scanner. The system was turned on and allowed to equilibrate for at
least 30 min before each experiment. The BL-AC40TS (Olympus) and RTESPA300 (Bruker)
cantilevers with spring constant of 0.1 and 40 N m™, and the resonance frequency of 50 and
300 kHz, respectively, were used for sample imaging in the liquid and air, respectively. The AFM
cantilevers were cleaned by consecutive immersing in a detergent bath, 2-propanol, and Milli-Q®
water for 10 min. Next, the cantilevers were ozonized in the UVC-1014 UV ozone cleaner
(Nanobioanalytics, Berlin, Germany) for 10 min. Then, they were calibrated using the thermal
tune method. The tip radius was determined by imaging the Ti roughness sample (Bruker),
routinely used for tip radius determination.?®%28’ The V1 grade mica disks (Ted Pella, Inc.) were
mounted on metallic disks using an adhesive tape. Afterward, mica was cleaned in ethanol and
then in Milli-Q® water. After drying with an Ar stream, its top layer was piled off using adhesive
tape, resulting in a clean and atomically flat surface. The samples were immediately deposited
on the freshly-cleaned mica surface.

The PF-QNM in a fluid mode was used to study the morphology of BLM, BLM-ABOs, and BLM-
ABOs-K162 in the PBS solution (pH = 7.4) at 21 °C. Before the imaging, the fluid cell and AFM
accessories were cleaned in a detergent bath, followed by sequential rinsing with ethanol and
then Milli-Q® water. A 30-pl aliquot of the lipid vesicle solution (either without or with ABOs and
K162) was deposited on a freshly cleaved mica substrate and then left for 45 min to form BLM on
the substrate surface. Finally, the sample was rinsed with Milli-Q® water, filtered through a
Whatman syringe filter (GE Healthcare Life Sciences) of 0.02 um porosity, and then mounted for
AFM imaging.

The PF-QNM in air mode was used for monitoring AP aggregation in the absence and presence
of K162. A freshly prepared ABMs solution (either without or with K162) was deposited on a
freshly cleaved mica substrate. After 5 min of deposition, the sample was rinsed with filtered
Milli-Q® water, dried with a gentle stream of Ar, and subsequently mounted for AFM imaging.
The imaging was performed at 21 °C.

All AFM images were processed and analyzed using Gwyddion software.?88

Molecular dynamics (MD) simulations. To gain a molecular-level insight into the energetics of
AB interaction with K162, we carried out molecular dynamics simulations and post-processed
obtained trajectories using the Molecular Mechanics Poisson-Boltzmann Surface Area
(MMPBSA)3*° method. The ABM and ABD were constructed using the PDB: 6RHY structure.>! The
ABF structure was prepared using the PDB: 2NAO structure.3>? First, we simulated mixtures of
ABMs, ABDs, or ABFs with K162 in the molar ratio of AB:K162 equal to 1:10. We modeled solvent
explicitly using the OPC3 water model,*>® which provided a realistic description of solution
dielectric properties and responses.3>* The MD simulation procedure consisted of a sequence of
the following steps (i) steepest descent optimization of initial configuration, (ii) heating to room
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temperature, (iii) density optimization, and (iv) 50 ns production run within the isothermal-
isobaric ensemble. The simulations were carried out under ambient conditions with the
temperature controlled by stochastic Langevin thermostat (the collision frequency y= 2 ps?) and
pressure controlled by Berendsen barostat (the coupling constant 7= 1 ps). Second, we extracted
the bounded complexes of K162 with ABM, ABD, or ABF from the last configuration in the mixture
production runs. These complexes were immersed in bulk water and simulated for another 50
ns. Finally, the single-complex trajectories were post-processed using the MMPBSA3*? method to
estimate the K162-Ap binding energies. The interaction parameters for AB were assigned based
on the residue-partitioning and connectivity using the Amber ff14SB3°> force field. The
interaction model for K162 was developed using the density function theory (theory level
B3LYP/6-311++G**). This procedure included three steps, i.e., (i) geometry optimization,
(ii) Merz-Singh-Kollman3>® electrostatic potential partitioning into partial charges, and
(i) assignment of short-range interaction parameters and bonding terms from the GAFF3>’ force-
field library. The first-principle calculations were carried using NWChem3°8 and Gaussian®>°
packages; the MD simulations were carried out using both Amber3® and Gromacs3®! packages.

5.3. Results and discussion

K162 inhibits BLM permeation by ABOs - EIS studies. EIS measures the impedance of the BLM-
coated electrode. The BLM is an insulating layer on the electrode surface. When the BLM integrity
is compromised, the electrode impedance changes because of the ion transfer from the
electrolyte solution bulk to the electrode surface. The impedance vs. frequency curve slope is
constant for highly capacitive systems, including a non-permeable phospholipid bilayer. In
contrast, the phase angle vs. frequency curve displays a plateau at a phase angle ~90° for a low-
frequency region.320:362 These EIS features were observed for BLM in the absence of ABOs and
K162 (Figure 5.2).

-80 P b
c} o
= @ 60
3 =
c S
© 40 -
S o 40
2 ‘
£ -20+
£ &
10" 10° 10 10? 10" 10° 10" 10°
Frequency / Hz Frequency / Hz

Figure 5.2. (a) Impedance and (b) phase angle as a function of frequency for BLM in the PBS (0.01
M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl, pH = 7.4) solution at 0 V vs. SCE. Symbols
and lines of the same colors represent experimental data and results of fitting of parameters of
the equivalent electrical circuits to the EIS data, respectively, for the same measurement at a
single potential. The equivalent electric circuit, shown in Panel (a), is fitted to BLM's EIS data.
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For BLM in the presence of ABOs (BLM-ABOs), the impedance vs. frequency curve displays the
small "kink-like" feature below ~1 Hz (black curve in Figure 5.3a). The corresponding phase angle
vs. frequency curve exhibits the minimum with the lowest phase angle of ~74° at ~0.4 Hz (black
curve in Figure 5.3b). These results indicate the BLM permeation by ABOs, in agreement with our
previous study (Chapter 4, above). The pre-incorporation method was used to test whether K162
inhibits this permeation. That is, K162 was mixed with ABMs and then allowed to interact with
them for 24 h at 4 °C. Next, lipid vesicles were mixed with the AB-K162 solution at room
temperature by 10-min sonication. Finally, the Tg-modified Au(111) electrode was immersed in
the K162-AB-lipid mixture to allow for the overnight membrane deposition (for details, see the
Experimental section).
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Figure 5.3. (a) Impedance and (b) phase angle as a function of frequency for (black curve) fBLM-
ABOs, and (red curve) fBLM-ABOs-K162 in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and
0.137 M NaCl, pH = 7.4) solution at 0 V vs. SCE. Symbols and curves of the same colors represent
experimental data and results of fitting of parameters of the equivalent electric circuits, shown
as insets, to the EIS data, respectively, for the same measurement at a single potential. Rs and R
— solution and membrane resistance, respectively; CPExn and CPEs, — constant-phase element for
the membrane and submembrane (spacer) region, respectively.

For that sample, the impedance vs. frequency curve does not display the "kink-like" feature (red
curve in Figure 5.3a). Moreover, there is no minimum in the phase angle vs. frequency curve, and
the curve displays a plateau with a phase angle of ~85° (red curve in Figure 5.3b). These EIS
features indicate that BLM-ABOs-K162 is not permeated, and ABOs are inactive towards BLM in
the presence of K162. Presumably, K162 either interacts with ABMs and prevents them from
forming toxic ABOs, or K162 interacts with toxic ABOs and converts them into a non-toxic form.

The external addition procedure was utilized to test the second possibility. That is, K162 was
added to a solution of pre-formed ABOs and then allowed to interact with ABOs for 24 h at 4 °C.
Next, lipid vesicles were mixed with the ABOs-K162 solution at room temperature by 10-min
sonication. Finally, the Tg-modified Au(111) electrode was immersed in the K162-AB-lipid mixture
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to allow for the overnight sample deposition (see details in the Experimental section). In this case,
both the "kink-like" feature in the impedance vs. frequency curve (Figure 5.4a) and the minimum
in the phase angle vs. frequency curve (Figure 5.4b) were absent. These EIS results confirm that
K162 effectively inhibits the toxicity of preformed ABOs.
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Figure 5.4. (a) Impedance and (b) phase angle as a function of frequency for BLM-ABOs-K162
(externally added) in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH =
7.4) solution at 0 V vs. SCE. Symbols and lines of the same colors represent experimental data and
results of fitting of parameters of the equivalent electric circuits to the EIS data, respectively, for
the same measurement at a single potential. The equivalent electric circuit, shown in Panel (a),
was fitted to the EIS data for BLM-ABOs-K162EA.

Equivalent electric circuits, shown as insets in Figures 5.3a, were fitted to the EIS data to
determine membrane capacitance, Qm, resistance, Rm, and their changes in the presence of
toxins.*> Results of the EIS fitting are shown in Table 5.1. As expected, Qm is the lowest for BLM,
equaling ~3.72 uF cm™. The addition of ABOs to BLM results in an increase in Qm to ~11.57 pF
cm. The pre-incorporation or external addition of K162 does not change Qm, i.e., Qm is ~11.79
uF cm and ~10.19 pF cm™, respectively. A decrease in Rm is an excellent indicator of membrane
permeation. As expected, Rm is the highest for BLM, amounting to ~7.25 MQ cm?. The addition
of ABOs to BLM (BLM-ABOs) results in a ~100-fold decrease in Rm, i.e., to ~0.079 MQ c¢cm?. This
result supports the conclusion that ABOs permeate the BLM. On the other hand, when K162 is
pre-incorporated or externally added, Rm is ~0.954 and 3.29 MQ cm?, respectively, i.e., it is
decreased much less than that for the non-permeated BLM. Overall, the EIS results indicate that
K162 inhibits BLM permeation by ABOs.
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Table 5.1. Numerical results of the equivalent electric circuits fittings to the EIS data for the BLM
in the absence of both ABOs and K162 (BLM), BLM in the presence of ABOs (BLM-ABOs), BLM-
ABOs in the presence of pre-incorporated K162 (BLM-ABOs-K162PI), and BLM-ABOs in the
presence of externally-added K162 (BLM-ABOs-K162EA) at O V vs. SCE in the PBS (0.01 M
phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution. Qn — membrane
capacitance, a - an empirical constant related to the frequency dispersion, Rm — membrane
resistance, and Qsp — capacitance of the spacer region (SAM-Tg).

Sample Qm / uF cm?? a Rm/MQcm? Qs / uF cm™ Qlsp
BLM 3.72+0.01 0.9610.01 7.25+0.41 / /
BLM-ABOs 11.57+0.05 0.97+0.01 0.079+0.005 2.47+0.05 0.796+0.007
BLM-ABOs-K162

(K162 pre- 11.79+0.01 0.96+0.001 0.954+0.011 / /
incorporated)

BLM-AROs-K162
(K162 externally 10.1940.01 0.97+0.01 3.2940.1 / /
added)

K162 inhibits BLM permeation by ABOs - AFM studies. EIS is a technique that provides averaged
macroscopic information about the electrode-solution interface. Herein, high-resolution AFM
imaging was used to complement the EIS results by providing molecular-level information about
the AB interaction with BLM in the K162 absence and presence. In the absence of both ABOs and
K162, the BLM morphology is typical for lipid bilayers, i.e., it is a ~6-nm thick film with a smooth
surface (Figures 5.5a and 5.5d).

Interestingly, a high-resolution image (inset in Figure 5.5a) shows that although BLM is only in a
gel phase, it is not homogeneous. Instead, it consists of small domains. Such domains, also known
as lipid clusters, have already been observed in cholesterol-containing ternary3®® and
quaternary3®* lipid bilayer mixtures.36>3%¢ Morphology of the BLM deposited and imaged
immediately after the high-temperature preparation of lipid vesicle solution is shown in
Figure 5.6a. This BLM consists of two domains with a thickness difference of ~1 nm (Figure 5.6b).
The BLM mostly consists of DSPE and DPPC molecules (50% and 15%, respectively) with the
melting temperature of 74 °C and 41 °C, respectively.367:368 The vesicle solution prepared at 50 °C
contains DPPC molecules exhibiting a phase transition from the gel to the liquid crystalline phase.
In the latter phase, lipid chains are melted. These lipids form the thinner (~5 nm thick) BLM
domain. Under these conditions, DSPE remained in the gel phase with fully extended acyl chains.
These lipid molecules form the thicker (~6 nm) BLM domain.
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Figure 5.5. The AFM topography images of (a) BLM, (b) BLM in the presence of ABOs, and (c) BLM
in the presence of ABOs and K162, in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137
M NacCl, pH = 7.4) solution at room temperature. Insets in Panels (a) and (b) are high-resolution
AFM images of the BLM in the absence of ABO as well as the pores and ABO clusters formed in
the BLM-ABOs, respectively. (d) The cross-sectional profile measured along the line shown in
Panel (a) presenting the BLM thickness. (e) Cross-sectional profile measured along the line shown
in Inset of Panel (b) revealing the depth of a pore and the height of the ABOs cluster protruding
from the BLM surface. (f) The cross-sectional profile measured along line 1 in Panel (c), displaying
the depth of defects and the height of globular structures. The inset in Panel (f) shows the cross-
sectional profile measured along line 2 in Panel (c), displaying the ABO cluster's height present on
the BLM-ABOs-K162.

Domains of lipids in different phases (Figure 5.6a) are significantly larger than the small domains
formed in the gel phased BLM (Inset in Figure 5.5a). Moreover, the thickness difference between
small domains is ~0.3 nm (Inset in Figure 5.5a), which is significantly smaller than that of lipid
domains in the gel and liquid crystalline phases (Figure 5.6). Phase diagrams for lipid bilayers
composed of distearoylphosphatidylcholine (DSPC), dioleoylphosphatidylcholine (DOPC), and
Chol were reported.363:364366 At Chol mole fraction of ~0.4-0.7, a single-phase BLM is formed in
which lipid molecules are clustered into nanodomains. Although different lipids were used in this
study, the Chol concentration was the same. Therefore, small domains formed in the gel-phase
BLM are lipid clusters (Figure 5.5a).

Figure 5.5b depicts the BLM morphology in the presence of ABOs (BLM-ABQOs). This morphology
is significantly different from that of BLM in the ABO absence. In the ABOs presence, a network
of domains consisting of pores surrounded by ABO clusters is formed. This network occupies
~40% of the total surface area of the membrane. The pore depth is in the range of 3 to 4.5 nm,
with the most populated pore depth of ~3.9 nm (Figures 5.5e and 5.7a). Our previous study
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showed that ABOs induce conformational changes of lipid acyl chains by increasing the number
of gauche conformers characteristic for melted lipid acyl chains (Chapter 4, above). The thickness
of the BLM with melted acyl chains, i.e., in the liquid crystalline phase, is ~5 nm (Figure 5.6).
Therefore, the pore depth distribution (Figure 5.7a) shows that ABOs entirely compromised the
~5-nm thick BLM’s integrity (Figure 5.5b). The ABO clusters with an equivalent disk radius of
~5 nm (Figure 5.7b) protrude ~2-3 nm from the membrane surface (Figure 5.5e).
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Figure 5.6. (a) The AFM image and (b) the corresponding cross-sectional profile of the BLM,
deposited on a mica substrate immediately after lipid vesicle solution preparation and imaged in
the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution. The BLM
domains in gel and the liquid crystalline phase are indicated by red and blue arrows, respectively.
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Figure 5.7. (a) The depth of pores and (b) equivalent disk radius of the ABO clusters surrounding
the pores in BLM-ABOs, deposited on a mica substrate and then imaged in the PBS (0.01 M
phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl, pH = 7.4) solution. (c) The depth and (d)
equivalent disk radius of the defects in BLM-ABOs-K162 deposited on a mica substrate and then
imaged in the PBS (0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH = 7.4) solution.
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Figure 5.5c shows the BLM morphology in the presence of both ABOs and K162 (BLM-ABOs-
K162). Evidently, K162 prevents ABOs from forming the network of domains with pores passing
through the entire BLM. Instead, three distinct features are visible on the BLM surface, i.e.,
defects of irregular shapes (indicated with green arrow 1'), globular particles (purple arrow 2'),
and ABO clusters similar to those shown in Figure 2a (red arrow 3'). The defects are ~0.7-1.2 nm
deep (Figures 5.5f and 5.7c), and they occupy ~7% of the BLM surface area. These defects are
very shallow compared to the pores in BLM-ABO (Figure 5.5e and 5.7a). The globular structures
with a height of ~4-6 nm (Figure 5.5f) occupy ~3% of the BLM surface area. The (~2-3)-nm thick
ABO clusters (Inset in Figure 5.5f), similar to those in BLM-ABOs in the absence of K162
(Figure 5.5b), also appear in the presence of K162, indicating that K162 does not inhibit ABOs
clustering on the BLM surface. The lack of pores in the K162 presence suggests that the resulting
clusters do not permeate BLM, thus confirming the EIS results. In the presence of K162, there is
no network of ABO clusters (Figure 5.5c) formed in the absence of K162 (Figure 5.5b). Instead,
only a few separate ABO clusters and many large globular structures, mostly located in
irregularly-shaped, shallow defects, are seen (Figure 5.5c). This observation indicates that the
K162 molecules break the ABO cluster network and stimulate individual ABO clusters to shrink
into globular structures. During this shrinking, ABO clusters leave defects on the BLM surface like
imprints showing their location on the membrane surface before the shrinking. The formation of
globular structures only in the K162 presence supports this explanation. Moreover, these
structures are higher than ABO clusters (Figure 5.5c and Inset in Figure 5.5f), as expected, if the
globular structure is formed by a mass accumulation of laterally long ABO clusters. Furthermore,
the shape and radius of the defects (Figure 5.7e) are very similar to those of ABO clusters formed
in the absence of K162 (Figure 5.7c), supporting the hypothesis that the defects are imprints of
ABO clusters that shrank and diffused away from the BLM surface. This hypothesis could also
account for the K162-induced inhibition of ABOs binding to synapses.3*

K162 affects the AP aggregation in solution — AFM studies. The EIS and AFM results showed that
K162 inhibited BLM permeation by ABOs, formed after 24 h of AP aggregation. The K162
inhibition mechanism was studied by monitoring the K162 influence on AB aggregation in
membrane absence. Figure 5.8a shows the AFM image of AB molecules deposited on mica from
a freshly prepared AR solution (0 h of aggregation) in the absence of K162. Globular structures
are only visible. The most populated globules (~47%) with a height of ~0.3 nm correspond to
ABMs, while the remaining globules constitute a minor population of small ABOs (Figure 5.8g and
Table 5.2). These results are in excellent agreement with the literature data.'®* After 24 h of AB
aggregation in the absence of K162 (Figure 5.8b), the ABM population significantly decreased
from ~47% to ~19%, and two types of globular ABOs, with their respective heights of ~1.2 and
~2.4 nm, were formed (Figure 5.8h and Table 5.2). Considering the ABMs height, one can infer
that the two populations of ABOs presumably correspond to tetramers and octamers,
respectively. The AB aggregation occurs via the so-called nucleated conversion mechanism.20%:3%5
In this mechanism, two ABM molecules stack to produce an ABD, then two ABDs stack to produce
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a tetramer, and so on. This mechanism explains why ABMs, ABDs, tetramers, and octamers
dominate over trimers, pentamers, hexamers, etc.

Table 5.2. The population of different AR forms after 0, 24, and 48 h of AB aggregation in the
absence and presence of K162.

Aggregation AB monomers, % AP dimers, % AP tetramers, % AP octamers, %
time, h no K162 K162 no K162 K162 noK162 K162 noK162 K162
0 47 58 10 12 9 6 3 2
24 19 44 6 6 12 12 12 4
48 6 12 6 16 20 13 3 6
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Figure 5.8. The AFM topography images of AB forms produced after (a, d) O, (b, e€) 24, and (c, f)
48 h of AP aggregation in the (a-c) absence and (d-f) presence of K162 in the PBS (0.01 M
phosphate buffer, 0.0027 M KCI, and 0.137 M NaCl, pH = 7.4) solution at 4 °C. The corresponding
height distributions of AB forms produced after (g, j) O, (h, k) 24, and (i, |) 48 h of AP aggregation
in the (g, h, i) absence and (j, k, 1) presence of K162. Histograms corresponding to monomers,
tetramers, and octamers of AB are colored in blue, red, and green, respectively.
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In the presence of K162, a freshly prepared AB solution contains a slightly higher population of
ABMs (~58%) and a lower population of ABOs (Figures 5.8d and 5.8j) in comparison to those in
the K162 absence (Figures 5.8a and 5.8g). After 24 h of AP aggregation in the K162 presence, only
globular structures were formed (Figure 5.8e). The ABMs population decreased from ~58% to
~44%, which is significantly lower than that in the absence of K162 (Figure 5.8k vs. 5.8h).
Consequently, the population of ABOs formed in the K162 presence is lower than that in the K162
absence. Moreover, the height distribution of ABOs produced in the presence of K162
significantly differed from that in the K162 absence. That is, tetramers dominated over other ABO
forms, and the number of octamers was negligible compared to the ABOs distribution in the K162
absence (Table 5.2). These results suggest that K162 substantially preserves ABMs and inhibits
their aggregation into membrane-permeating ABOs like tetramers, octamers, etc.

So far, we have demonstrated that K162 suppressed the formation of ABOs during the first 24 h
of AP aggregation. However, it is unclear whether K162 merely delays or effectively inhibits the
formation of toxic ABOs. In the former case, the BLM damage would be delayed but unavoidable,
making K162 an ineffective therapeutic. Therefore, the AR aggregation in the absence and
presence of K162 was monitored by AFM for 48 h. After 48 h of AB aggregation in the absence of
K162, both globular and elongated structures were formed (Figure 5.8c and 5.9a). The ABMs
population decreased significantly (Figure 5.8i) compared to that observed after 24 h of AB
aggregation (Figure 5.8h). Moreover, the most dominant ABOs were tetramers, while the
octamer population decreased (Table 5.2). It might be surprising that globular AR aggregates
formed after 48 h of aggregation (Figure 5.8i) were smaller than those formed after 24 h of
aggregation (Figure 5.8h). However, a recent study showed that ABOs dissociated rather than
grew into larger forms,3%° even though ABFs were formed later along the aggregation pathway.
In the K162 absence, most elongated structures assumed a ring-like shape, while a minor
population has an elongated shape typical for ABFs (Figure 5.8c). The elongated structures' cross-
sectional profile showed that their height was ~1.2 nm (Figure 5.9c), identical to the AB
tetramers' height, indicating that these structures were formed lateral assembly of AB tetramers.

AB globules and ABFs were formed after 48 h of aggregation in the K162 presence (Figures 5.8f
and 5.9b), similarly as in the K162 absence (Figures 5.8c and 5.9a). However, the height
distribution differed significantly between the two cases. In the K162 presence, ABMs and ABDs
represented a substantial part of the AR aggregates (Figure 5.8| and Table 5.2). Interestingly, in
the presence of K162, there were no ring-like structures. The cross-sectional profiles showed that
ABFs, formed in the presence of K162 (Figure 5.8f and 5.9d), were much longer and by ~50%
thinner than the ABFs formed in the K162 absence (Figures 5.8c and 5.9c¢). The height of the ABFs
formed in the presence of K162 indicated that they were composed of AB dimers (ABDs), not
tetramers, as in the K162 absence.
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Figure 5.9. The AFM imaged topography of elongated AP aggregates formed in (a) the absence
and (b) presence of K162 after 48 h of AP aggregation. Cross-sectional profiles of ABFs shown in
(c) Panel a and (d) Panel b.

K162 affects the AP aggregation in solution — MD simulations. Molecular dynamics (MD)
simulations were performed to gain further insight into the K162 interaction with AB. Two
different AP structures were used for the MD calculations. ABMs and ABDs are represented by
the AP42 that assumes a so-called B-hairpin structure with an antiparallel B-sheet
arrangement.?*! This structure is typical for the prefibrillar AB forms, i.e., misfolded ABMs and
toxic ABOs.**1% For ABFs, the structure of AB42 fibrils with in-register parallel B-sheet
architecture, composed of ABDs, was used.3>? The in-register parallel B-sheet is typical for
ABFs.318352370371 |nteractions of these structures with K162 are shown in Figure 5.10.

MD identifies the binding sites and energies of the K162-AB interactions, thus providing
information about the K162 affinity towards ABMs, ABDs, and ABFs and its influence on AB
aggregation. MD simulations show that K162 binds to all Ap forms, i.e., ABMs, ABDs, and ABFs,
but also aggregates itself (Figure 5.10). In the K162-ABM complex (Figure 5.10a), K162 interacts
with hydrophilic residues, i.e., 13-16, of ABM372 via its Br terminal. In contrast to ABM, K162 binds
to hydrophobic residues of ABDs and ABFs (Figures 5.10b and 5.10c, respectively) via its
hydrophobic aromatic ring. The difference between K162-ABDs and K162-ABFs interactions is
that K162 interacts with both the central part (residues 16-18) and the C-terminal side (residues
31-35) of ABDs, while it binds only to the C-terminal part (residues 30-42) of ABFs.
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Fig. 5.10. The molecular dynamics modeled examples of configurations of the K162 complexes
with (a) ABMs, (b) ABDs, (c) ABFs, and (d) K162. K162 molecules are represented as spheres and
colored by the type of element, i.e., carbon is grey, bromine is pink, and nitrogen is blue. All AB
forms are shown as ribbon structures, and their residues are colored by lipophilicity, i.e.,
hydrophilic residues are blue, neutral residues are white, and hydrophobic residues are red.

The binding energy values for all AB-AB interactions in the K162 absence are negative, indicating
a high AP ability to aggregate (Table 5.3). On the other hand, the positive binding energies of all
AB-AB interactions in the K162 presence suggest that once the K162 binds to any AB form, its
further aggregation is energetically unfavorable. However, AFM imaging shows that despite the
K162 presence, AP aggregates are formed even at the K162 concentration ten-fold higher than
that of AB (the K162:Ap ratio is 10:1). K162 self-aggregates (Figure 5.10d), thus suggesting that
not all K162 molecules bind to AB. Therefore, AP aggregation is not entirely prevented because
K162 aggregation competes with the K162-Ap interaction.

Moreover, K162 does not inhibit the aggregation of all AB forms equally because it does not bind
to all of them with the same preference. The binding energy values for all K162-Ap interactions
indicate that the K162 affinity to different species in the order K162 < ABFs < ABMs < ABDs
(Table 5.3). This different affinity can be explained by considering structural changes of all AB
forms produced during AR aggregation. The AP aggregation steps occur in the following order:
(i) aggregation of misfolded ABMs to ABOs rich in antiparallel B-sheets,**>3195351 (ji) conversion
of ABOs to fibrillar seeds with in-register parallel B-sheets, and (iii) lateral assembly of fibril seeds
to ABFs with in-register parallel B-sheets.318352370.371 Dyring AB aggregation, the hydrophobic
residues of AP adopt the B-sheets conformation, thus are the main residues governing the AB
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aggregation.3’> As AB aggregation proceeds, hydrophobic residues are gradually buried more
deeply inside the AP aggregates, thus becoming less exposed and less accessible for K162.

Table 5.3. Binding energies of different AB-AB, K162-K162, and K162-Ap interactions, calculated
from the molecular dynamics simulations with explicit solvent and implicit-solvent
postprocessing using the MMPBSA method.

System Binding energy
(kJ/mol)
K162 — K162 -5.72+0.21
K162 — ABM -9.96+0.16
K162 — ABD -15.71+£0.21
K162 — ABF -7.71£0.28
ABM — ABM (in the absence of K162) -103.94 £ 0.93
ABD — ABD (in the absence of K162) -79.73+£1.30
ABF — ABF (in the absence of K162) -123.71+£1.54
ABM — ABM (in the presence of K162) 4.63£0.01
ABD — ABD (in the presence of K162) 73.65+2.02
ABF — ABF (in the presence of K162) 26.79+1.34

AFM study showed that after 24 h of AB aggregation, a high amount of ABMs was preserved
(Figure 5.8k and Table 5.2). However, both ABDs and APBFs were formed after 48 h of AP
aggregation (Figure 5.81 and Table 5.2). That is because K162 binds to the hydrophilic residues,
not to aggregation-relevant hydrophobic residues of the ABMs (Figure 5.10a). Therefore, K162
inhibits but does not entirely prevent ABM aggregation.

After 24-h AB aggregation in the K162 presence, a population of globular ABOs, larger than ABDs,
was minor (Figure 5.8k and Table 5.2). This result demonstrates that K162 inhibits ABD
oligomerization. After 48 h of AB aggregation in the K162 presence, ABDs and ABFs composed of
ABDs become the dominant structures (Figures 5.8f, 5.8l, and 5.9b). Apparently, some ABDs
managed to convert to fibril seeds and fibrillate in the K162 presence. Although K162 binds to
aggregation-relevant hydrophobic residues of both ABDs and fibril seeds/ABFs (Figures 5.10b and
5.10c), the hydrophobic residues of ABFs are more deeply buried, thus less accessible to K162.
Therefore, the K162-ABD interaction is energetically more favorable than the K162-ABF
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interaction (Table 5.3). Consequently, K162 more effectively prevents ABD oligomerization than
fibrillation of ABD converted to fibril seeds.

Long ABFs are formed in the K162 presence (Figures 5.8f and 5.9b), indicating that K162 cannot
compromise them. The in-register parallel B-sheet arrangement in fibril seeds/ABFs makes them
very robust and stable, giving them a strength comparable to steel and mechanical stiffness
comparable to that of silk3’3 that is significantly higher than that of ABOs.374

Our results explain why only ABMs and ABDs were observed inside neurons.3*® The only
remaining types of AP aggregates formed in the K162 presence are non-toxic ABFs, which adsorb
on the BLM surface without destroying it (Figure 3.7). Thus, they cannot permeate the neuronal
membrane and insert into neurons.34 Importantly, ABFs are widely known as non-toxic because
they are inactive towards various biosystems like lipid vesicles,®! PC12 cells,? glial cells in CGC
cultures, macrophage 1774 cells,®®> MC65 cells, U18666A-treated neurons, and Tg6799 5xFAD
mice.34® Moreover, our findings explain the influence of K162 on the formation of non-toxic ABDs.
In general, hydrophobic residues of ABOs are essential for their toxicity. The higher the surface
hydrophobicity of ABOs, the higher their toxicity.}?17193216 The interaction of ABO hydrophobic
residues with BLM’s hydrophobic core leads to the BLM permeabilization. Our results show that
K162 occupies the toxicity-relevant hydrophobic residues of ABDs, thus inhibits BLM permeation
by these ABOs.

5.4. Conclusions

We have demonstrated that K162 inhibited BLM poration by ABOs. The EIS results showed that
BLM integrity was preserved in the presence of K162. This inference was confirmed by AFM
imaging, showing no membrane's pores formed typically by ABOs. The BLM protection from ABOs
by K162 resulted from K162 binding to hydrophobic residues of AP aggregates. These residues
are not only responsible for ABOs toxicity but also for AP aggregation. Once K162 binds to the AB
molecule, its further aggregation is unfavorable. However, under the conditions used in the
present study, K162 did not entirely prevent aggregation of all AR forms present in the solution
because of competitive K162 self-aggregation. Therefore, K162 inhibited ABMs aggregation,
prevented ABDs oligomerization, but allowed ABDs fibrillation (Figure 5.11). As a result, non-toxic
AB forms, i.e., ABMs, ABDs, and ABFs, were only formed in the presence of K162. This way, the
production of membrane-permeating ABOs was bypassed. Unlike other AB toxicity inhibitors,
K162 preserved neurologically beneficial ABMs. However, it remains to be elucidated whether
K162-bound ABMs retain their neurologically-beneficial abilities. Even if they do not, the present
findings describe a unique AP toxicity inhibition mechanism that may inspire the production of a
novel type of AD therapeutics.
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Figure 5.11. Schematic illustration of the AB aggregation pathways (grey arrows) in the absence
and (blue arrows) presence of K162.
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Chapter 6. Research summary and future perspectives

Amyloid B attracts researchers' widespread attention because it is linked to incurable AD, a global
health problem. Understanding the mechanisms of amyloid proteins toxicity and aggregation is
essential for developing effective AD treatments. Many discoveries have contributed to the
understanding of AR behavior. A significant turning point in amyloid toxicity investigation was
when the research focus shifted from ABFs, initially thought to be toxic, to ABOs that exhibit
various harmful abilities. The ABO toxicity was demonstrated on many different biosystems
ranging from lipid vesicles and cells to animal models. However, polymorphism and metastability
of ABOs are significant challenges in AB studies, attenuating further advancement in
understanding their toxicity and aggregation mechanisms. Moreover, it is unclear why some
ABOs are toxic, while others aggregate into non-toxic ABFs.

Therefore, this research's first step was to distinguish between toxic (membrane-permeating)
and fibrillating ABOs and determine the mechanism of membrane permeation by ABOs. High-
resolution AFM imaging revealed that ABO formed at different aggregation stages behaved
differently. Large ABOs aggregated on the membrane surface via both primary and secondary
nucleation mechanisms. Most importantly, this kind of ABOs did not permeate the membrane.
Unlike the large ABOs, small ABOs destroyed the lipid bilayer. The first step in this destruction is
the formation of pores in the membrane. Next, the pores expand over time, and then small ABOs
insert into the membrane through these pores. The final step involves the lipid extraction from
the membrane, leading to the formation of AB-lipid complexes that diffuse away from the
membrane. Phospholipids from both BLM'’s leaflets are either extracted simultaneously or
sequentially, i.e., first, lipids are extracted from the outer and then from the inner membrane
leaflet. Interestingly, although large and small ABOs interact differently with the membrane, they
both cause a ~50% decrease in the bilayers Young's moduli. This decrease indicates that both
forms of AB oligomers affect membrane stability, but each in a different way.

The next research step consisted of expanding the knowledge of the ABO-induced membrane
permeation by supplementing the AFM findings with electrochemical and IR spectroscopic
analyses. Moreover, non-toxic ABMs were also studied, serving as the reference for comparing
the difference between their and ABOs’ behavior. Electrochemical measurements demonstrated
that the electric BLM properties were significantly altered only in the ABO presence because of
membrane poration by ABOs. Moreover, these properties differed from those reported for lipid
bilayers permeated by other toxins via the ion channel formation mechanism. This finding
revealed the fundamental difference between pores formed by ABOs and ion channel-forming
peptides. PM-IRRAS studies showed that both ABMs and ABOs caused significant lipid molecules
disordering. It appeared that both AB forms interacted with the membrane hydrophobic core.
They increased the tilt angle of lipid acyl chains, increased the number of gauche conformers in
the lipid acyl chains, decreased lipid acyl chains' mobility, and changed the lipid molecule packing.
Although both ABMs and APOs interacted with lipid acyl chains in the same manner, these
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changes were more significant in the presence of ABOs than in the presence of ABMs. However,
the respective interactions of ABMs and ABOs with lipid heads were different. ABMs dehydrated
lipid heads, but they did not affect their orientation, i.e., the angle of the C=0 bond located in
the lipid heads was not changed. In contrast, ABOs changed the angle of the C=0 bond, causing
the reorientation of lipid heads without affecting their hydration. The 2D-COS spectroscopy
results demonstrated that structural changes of lipids preceded those of AB. Moreover, these
results indicated sequential changes of different secondary structure elements of ABQOs, in
agreement with the AP aggregation mechanism.

After identifying the toxic kind of ABOs and their membrane permeation mechanism, the final
research step consisted of unraveling a potential inhibitor of ABO toxicity and deciphering the
inhibition mechanism. K162 is a compound that decreases ABOs toxicity in vivo, penetrates the
blood-brain barrier, inhibits ABOs binding to synapses, and decreases the amyloid load inside
MC65 cells and hippocampus of 5xFAD mice brain. However, the mechanism of its inhibition was
not provided. The EIS and AFM analyses show that BLM integrity is preserved in the presence of
both ABOs and K162. The MD study revealed that the BLM protection from ABOs by K162 resulted
from K162 binding to hydrophobic residues of AP aggregates. These residues are not only
relevant for ABOs toxicity but also for AR aggregation. Moreover, the MD study substantiated
that once K162 was bound to the AP molecule, its further aggregation was unfavorable. However,
K162 also self-aggregates. Under the conditions used in the present study, not all K162 molecules
were bound to AR molecules. Consequently, K162 did not entirely prevent AB aggregation.
Apparently, K162 inhibited ABMs aggregation, prevented ABDs oligomerization, but allowed
partial ABDs fibrillation. An important consequence was that the production of membrane-
permeating ABOs is bypassed because only non-toxic A forms, i.e., ABMs, ABDs, and ABFs, were
formed in the presence of K162. The main advantage of K162 over other amyloid inhibitors is
that it preserves neurologically beneficial ABMs. The present findings describe a unique
mechanism of AB toxicity inhibition by K162, which may inspire a novel AD therapeutic approach.

The findings presented herein brought new insight into AR toxicity, aggregation, and inhibition
of both. However, along with the accumulated knowledge, further questions arise, which might
be answered by future research.

1. What structural difference causes different ABOs to interact with the membrane
differently (i.e., large ABOs fibrillate on the membrane surface, while small ABOs
permeate the membrane)?

2. Do different membrane lipid compositions of membrane stimulate membrane
permeation or AB fibrillation?

3. Does the peptide-to-lipid ratio affect ApB-lipid interaction?

4. Are there any other membrane components, e.g., membrane proteins, that affect AB-
membrane interaction?
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5. Does K162-bound ABMs retain their beneficial neurological abilities? If not, what is the
reason for this limitation? Are there any candidates that can overcome it?

6. Does the K162 inhibition efficiency depend on the K162 concentration?

7. lIsit possible to provide conditions that will facilitate K162-Ap interaction over the K162-
K162 interaction, thus increasing the K162 inhibition efficiency?

8. Does the kinetics of the competing K162-K162 and K162-Ap interactions affect the K162

inhibition efficiency?

Answering these questions will improve the understanding of not only AB but also other amyloid
proteins because they share certain behavioral features. Such a molecular-level understanding
of crucial pathogenic processes and factors affecting them will be a significant step toward
developing efficient therapies for AD and other protein misfolding diseases.
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